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Résumé

Le besoin pour des biocapteurs a haute sensibilité mais simples a préparer et a utiliser
est en constante augmentation, notamment dans le domaine biomédical. Les cristaux
colloidaux formés par des microsphéres de polymére ont déja prouvé leur fort potentiel en
tant que biocapteurs grace a I’association des propriétés des polymeres et a la diffraction de
la lumiére visible de la structure périodique. Toutefois, une meilleure compréhension du
comportement de ces structures est primordiale avant de pouvoir développer des capteurs
efficaces et polyvalents. Ce travail propose d’étudier la formation et les propriétés des
cristaux colloidaux résultant de I’auto-assemblage de microsphéres de polymere en milieu
aqueux. Dans ce but, des particules avec différentes caractéristiques ont été synthétisées et
caractérisées afin de corréler les propriétés des particules et le comportement de la structure

cristalline.

Dans un premier temps, des microspheres réticulées de polystyréne anioniques et
cationiques ont été préparées par polymérisation en émulsion sans tensioactif. En variant la
quantité de comonomere chargé, le chlorure de vinylbenzyltriméthylammonium ou le
sulfonate styréne de sodium, des particules de différentes tailles, formes, polydispersités et
charges surfaciques ont ét¢ obtenues. En effet, une augmentation de la quantit¢ du
comonomere ionique permet de stabiliser de facon électrostatique une plus grande surface
et de diminuer ainsi la taille des particules. Cependant, au-dessus d’une certaine
concentration, la polymérisation du comonomeére en solution devient non négligeable,
provoquant un élargissement de la distribution de taille. Quand la polydispersité est faible,
ces microspheres chargées, méme celles non parfaitement sphériques, peuvent s’auto-
assembler et former des cristaux colloidaux diffractant la lumicre visible. Il semble que les
répulsions électrostatiques créées par les charges surfaciques favorisent la formation de la
structure périodique sur un grand domaine de concentrations et améliorent leur stabilité en

présence de sel.
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Dans un deuxiéme temps, le besoin d’un constituant stimulable nous a orientés vers les
structures cceur-écorce. Ces microsphéres, synthétisées en deux étapes par polymérisation
en émulsion sans tensioactif, sont formées d’un cceur de polystyréne et d’une écorce
d’hydrogel. Différents hydrogels ont été utilisés afin d’obtenir des propriétés différentes : le
poly(acide acrylique) pour sa sensibilité au pH, le poly(N-isopropylacrylamide) pour sa
thermosensibilité, et, enfin, le copolymere poly(N-isopropylacrylamide-co-acide acrylique)
donnant une double sensibilit¢. Ces microspheres forment des cristaux colloidaux
diffractant la lumiére visible a partir d’une certaine concentration critique et pour un large
domaine de concentrations. D’apreés les changements observés dans les spectres de
diffraction, les stimuli ont un impact sur la structure cristalline mais 1I’amplitude de cet effet
varie avec la concentration. Ce comportement semble étre le résultat des changements
induits par la transition de phase volumique sur les interactions entre particules plutdt
qu’une conséquence du changement de taille. Les interactions attractives de van der Waals
et les répulsions stériques sont clairement affectées par la transition de phase volumique de
I’écorce de poly(N-isopropylacrylamide). Dans le cas des microsphéres sensibles au pH, les
interactions électrostatiques sont aussi a considérer. L’effet de la concentration peut alors

étre mis en relation avec la portée de ces interactions.

Finalement, dans D’objectif futur de développer des biocapteurs de glucose, les
microspheres cceur-écorce ont été fonctionnalisées avec 1’acide 3-aminophénylboronique
afin de les rendre sensibles au glucose. Les effets de la fonctionnalisation et de la
complexation avec le glucose sur les particules et leur empilement périodique ont été
examings. La structure cristalline est visiblement affectée par la présence de glucose, méme

si le mécanisme impliqué reste a €élucider.

Mots-clés : Polymérisation en émulsion sans tensioactif, microspheres de polymere,
particules cceur-écorce, thermosensibilité, sensibilité au pH, cristaux colloidaux,

biocapteurs de glucose.
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Abstract

The need for biosensors with high sensibility but simple preparation and use has been
increasing, especially in the biomedical field. Crystalline colloidal arrays (CCAs) formed
by polymer microspheres have already demonstrated great potential for biosensing
applications, combining the polymer properties to the visible light diffraction caused by
their periodic structure. However, a better understanding of the behavior of such structures
is essential in the objective to develop efficient and versatile biosensors. This work
proposes to investigate the formation and properties of CCAs created by the self-assembly
of polymer microspheres in aqueous medium. For that purpose, particles with different
features have been synthesized and studied to highlight the correlation between the

properties of the particles and the behavior of the CCAs.

First, anionic and cationic cross-linked polystyrene microspheres have been prepared
by surfactant-free emulsion polymerization. Different sizes, shapes, polydispersities and
surface charge densities have been obtained by the use of various amounts of charged
comonomers, either vinylbenzyltrimethylammonium chloride or sodium styrenesulfonate.
Indeed, an increasing amount of the ionic comonomer leads to a decreasing particle size
because of the ability to electrostatically stabilize more surfaces. However, above a certain
concentration, the polymerization of the comonomer in solution increases the
polydispersity of the particle size. When allowed by a low polydispersity, the charged
microspheres can self-assemble into CCAs with intense visible light diffraction, even for
particles not quite spherical. It appears that the electrostatic repulsions created by the
charges help in the formation of the periodic structure over a wide range of particle

concentrations and improve their stability towards ionic strength.

Secondly, the need for a sensitive component brought us to investigate core-shell
structures. These microspheres, synthesized by a two-step surfactant-free emulsion

polymerization, are made of a polystyrene core and a hydrogel shell. Different hydrogels
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have been used to achieve different properties: poly(acrylic acid) for pH-sensitivity,
poly(N-isopropylacrylamide) for thermosensitivity and poly(N-isopropylacrylamide-co-
acrylic acid) for double sensitivity to both stimuli. Above a certain critical concentration,
and over a wide range of concentrations, these microspheres also form CCAs with visible
light diffraction. The resulting crystalline structures also display a response to the stimuli,
visible through changes in the diffraction spectra, but the response appears to be dependent
on the microsphere concentration. This behavior seems to be the result of a change in the
interactions between particles rather than the outcome of the volume change of the
particles. Attractive van der Waals and repulsive steric interactions are clearly affected by
the temperature-induced volume phase transition of poly(N-isopropylacrylamide)
microspheres. In the case of pH-sensitive, electrostatic interactions are also to be

considered. The effect of concentration can then related to the range of the interactions.

Finally, in the objective to develop glucose sensors, the previous microspheres have
been functionalized with 3-aminophenylboronic acid to make them responsive to glucose.
The effects of the functionalization and complexation with glucose on the particles and
their CCAs have been investigated. The crystalline structure is clearly affected by the

presence of glucose, even though the mechanism involved remains to be clarified.

Keywords : Surfactant-free emulsion polymerization, polymer microspheres, core-shell

particles, thermosensitivity, pH-sensitivity, crystalline colloidal arrays, glucose biosensors.
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Chapitre 1

Introduction

Depuis plusieurs années, les polymeéres font une percée remarquée dans les domaines
pharmaceutique et biomédical avec le développement de matériaux dits intelligents en lien
avec de nouvelles techniques thérapeutiques et de diagnostic."” On les retrouve ainsi en
ingénierie cellulaire et tissulaire, en galénique, et méme en imagerie médicale. La demande
croissante venant du milieu biomédical a poussé les scientifiques a se plonger massivement
dans la recherche de matériaux polymeéres innovants et répondant a de nouvelles
problématiques telles que la biocompatibilité et la biodégradabilité. Paralleélement, cela a
aussi motivé un effort de recherche pour développer de nouvelles techniques de synthese et
de caractérisation. Dorénavant, ’application désirée dicte la conception du matériau, le
chercheur ayant a sa disposition tout un éventail de polyméres et de techniques pour

I’ obtenir.

Parmi les différentes formes sous lesquelles on retrouve les polymeéres dans le domaine
médical, les particules occupent une place privilégiée avec le développement des systémes
a libération controlée, de nouveaux adjuvants pour les vaccins ou encore pour I’absorption
sélective de protéines.”” A lorigine de ce succés se retrouvent leurs uniques
caractéristiques et une combinaison gagnante entre les propriétés du polymere employé et
le facteur taille. En effet, le polymére sous forme de nano- ou de microsphéres offre de
multiples avantages : la formation de suspensions colloidales, une plus grande surface
pouvant étre fonctionnalisée, un acces plus facile aux organes ciblés dans le cas des
systémes a libération controlée mais aussi des propriétés mécaniques et optiques différentes

du polymeére en masse.



Un autre aspect intéressant des microsphéres de polymeére est leur capacité a former,
sous certaines conditions, des empilements réguliers appelés cristaux colloidaux. En raison

de leurs propriétés optiques, ces structures ont suscité beaucoup d’intérét avec des
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applications potentielles en tant que matériaux photoniques, commutateurs optiques
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et biocapteurs.'’

Leur utilisation pour la détection de molécules d’intérét est
particulierement attrayante puisqu’elles permettraient une détection optique, voire
colorimétrique, de leur présence et éventuellement de leur quantité. Toutefois, les cristaux
et leur comportement sont hautement liés aux propriétés des microsphéres, aux interactions
entre elles et, par conséquent, a I’environnement des microspheres. Une des nécessités pour
la conception de biocapteurs reposant sur les cristaux colloidaux est donc une bonne

compréhension du mécanisme de formation et des conditions de stabilité, et ce, en fonction

du type de microsphéres employé et de leurs propriétés.

Cette introduction propose une revue des principaux concepts abordés dans les
chapitres de cette thése, de la synthése des microsphéres aux polymeéres stimulables en
passant par les interactions entre colloides. Une bréve présentation des cristaux colloidaux
sera ensuite donnée, un complément détaillé pouvant étre trouvé au chapitre 2. Enfin, les

objectifs et le contenu de la thése seront décrits a la fin de cette introduction.

1.1 Synthese de particules de polymére

La formation des cristaux colloidaux est trés sensible a I'uniformité en taille des
particules. De plus, I’obtention de cristaux colloidaux diffractant dans le domaine du visible
nécessite des particules dont la taille est comprise dans une étroite fourchette (150-350 nm).
Toutes ces limitations donnent une importance primordiale au choix de la synthese utilisée.
Apres un bref apergu des synthéses couramment employées dans la littérature, nous nous
intéresserons plus précisément a la polymérisation en émulsion avec et sans tensioactif, a la

synthése des microgels et au cas particulier des particules dites coeur-écorce (core-shell).



1.1.1 Apercu des différentes syntheses possibles

Les particules sont principalement préparées par simple polymérisation radicalaire en
milieu dispersé. Plusieurs synthéses sont disponibles et le choix sera souvent dicté par les
monoméres/polyméres employés, le solvant mais aussi par la taille souhaitée.” La majorité
des particules polymériques sont préparées en milieu aqueux méme s’il est possible de
réaliser les synthéses, alors dites inverses, en solvant organique. Les deux principales
techniques sont la polymérisation en émulsion et la polymérisation en suspension. A ces
synthéses en milieu hétérogéne, il faut ajouter la polymérisation par précipitation qui
permet aussi 1’obtention de particules. Les caractéristiques de ces techniques sont

regroupées au tableau 1.1 afin de les comparer plus aisément.

Tableau 1.1 Caractéristiques des principaux procédés de polymérisation pour la

préparation de particules.

Emulsion

Polymérisation

Suspension

Précipitation

Dispersion

Monomere /
phase continue

Non miscibles

Non miscibles

Miscibles

Miscibles

Amorceur Phase continue Monomere Phase continue Phase continue
Agents de Tensioactifs (au- Polymeéres et/ou Polymeéres et/ou
e e dessus de la . . Non . .
stabilisation tensioactifs tensioactifs

CMO)
Site de . Gouttelettes de Oligoméres Oligoméres
. Micelles N . .
germination monomere insolubles insolubles
Taille des 50 — 500 nm 1 - 1000 um Variable 0.1 10 um
particules

1.1.2 Polymérisation en émulsion avec et sans tensioactif

Comme précisé précédemment, la polymérisation en émulsion se caractérise par un

amorceur non soluble dans le monomeére et la présence de tensioactif en concentration



supérieure a la concentration micellaire critique (CMC). L’agitation mécanique crée une
émulsion du monomere dans le solvant. Avec la température ou sous I’effet d’une réaction
d’oxydo-réduction, I’amorceur se décompose en radicaux dans la phase continue. Quelques
monomeres diffusent a travers la phase continue jusqu’aux micelles, 1a ou se situe la
rencontre avec un radical issu de la décomposition de I’amorceur, initiant la polymérisation
(Figure 1.1). On parle ici de germination hétérogéne (ou micellaire), par opposition a la
germination homogéne qui consiste en la précipitation d’oligoméres. Dans ce dernier cas,
des monomeres rencontrent un radical lors de la diffusion a travers la phase continue et
forment un oligomeére dans la phase continue. L’oligomére devient de plus en plus
hydrophobe et précipite, mais se stabilise en intégrant une micelle. Il a ét¢ montré que la
germination hétérogéne est favorisée par des concentrations en tensioactif bien au-dessus
de la CMC et pour des monomeres ayant une tres faible solubilité dans la phase continue,
comme le styréne. Dans les deux cas, des monomeres diffusent alors des gouttelettes vers
les micelles qui servent de nanoréacteurs a la polymérisation, alimentant les particules
primaires. Les particules continuent de croitre grace a la diffusion du monomeére et a
I’absorption de nouveaux oligomeéres mais, aussi, graice aux phénomenes de fusion et de
coagulation. Ce sont ces mécanismes et leur fréquence qui déterminent la taille et la
distribution des particules, ce qui explique I’importance de parametres tels que la
concentration en tensioactif, la température, la force ionique, la viscosité du milieu et la
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vitesse d’agitation.

La présence de tensioactifs est primordiale dans la polymérisation en émulsion mais
elle peut aussi €tre vue comme un inconvénient. En effet, a la fin de la polymérisation, les
particules restent couvertes d’une couche de tensioactifs adsorbés non souhaitable pour
certaines applications. Eliminer cette couche nécessite alors des étapes de purification
longues et parfois fastidieuses. Le développement de la polymérisation en émulsion sans
tensioactif a permis de s’affranchir de ce probléme tout en étant capable d’obtenir des
particules de taille similaire et avec une distribution étroite. Cependant 1’absence de micelle

implique un mécanisme différent.



La synthese de particules uniformes de polystyréne en 1’absence de tensioactif a été
rapportée des 1970, avec des études soulignant le possible contréle de la taille par la
concentration en amorceur et la force ionique.””' En 1977, Goodall et al. ont éclairci le
mécanisme impliqué et ont montré que des oligoméres se forment en solution et jouent un
role similaire aux tensioactifs en stabilisant et permettant la formation de particules
primaires vers lesquelles diffuse ensuite le monomére.” En effet, ’amorceur chargé, situé
en bout de chaine, joue le réle de téte polaire tandis qu'une queue hydrophobe est formée
aprés la polymérisation de quelques monomeres. En 1976, Juang et Krieger ont proposé
|’utilisation d’un comonomere chargé, le styréne sulfonate de sodium, afin d’accéder a des
tailles plus faibles.” De nombreuses études explorant le role du comonomére ont suivi,
permettant de mieux appréhender le mécanisme (Figure 1.1).>**° Des oligoméres chargés
sont formés dans la phase aqueuse par la polymérisation du comonomere chargé. Peu a peu,
des monomeres diffusant depuis les gouttelettes incorporent la chaine, augmentant son
hydrophobie jusqu’a la formation de la particule primaire (germination homogeéne). Celle-ci
est stabilisée électrostatiquement par les charges dues aux comonomeres et amorceurs, et
continue sa croissance comme en polymérisation en émulsion classique. En raison de
I’affinité plus grande du monomere hydrophile pour le solvant, les particules finales vont
posséder une structure cceur-écorce avec une écorce plus ou moins épaisse, plus riche en

comonomere que le cceur.

Des comonomeéres hydrophiles non ioniques ont aussi été testés pour stabiliser les
particules. En 1988, Pelton a ainsi stabilisé¢ des particules de styréne en les préparant en
présence de N-isopropylacrylamide (NIPAM).*” En 1990, Chen et Chang ont choisi le
méthacrylate de 2-hydroxyéthyle (HEMA) pour la synthése de microspheres de
polystyrene. Ils ont montré que ’HEMA n’est pas aussi efficace pour la germination des
particules mais donne tout de méme des particules uniformes.*® Plus récemment, Xu et al.
ont comparé ce méme monomére avec le styréne sulfonate de sodium.” Les deux
comonomeres ont donné des résultats similaires avec une diminution de la taille et une
polydispersité réduite en présence du comonomere, a condition que sa concentration ne soit
pas trop ¢levée. En effet, au-dela d’une certaine concentration, quel que soit le

comonomere, celui-ci tend a polymériser dans la phase continue et a former des



homopolymeéres ne participant pas a la formation des particules. Ces deux études ont aussi
démontré qu’il y a bien une ségrégation de phases avec une surface plus riche en unités

hydrophiles, donnant naissance a une structure coeur-écorce.

\ Tensioactif

@ Amorceur
_________________________________________________ o Monomeére
En présence d'un ‘ ‘
comonomeére chargé Ve R @ Comonomére chargé
@ r @ °
\_f’ S @ @
Q
[* ]

Figure 1.1  Comparaison des mécanismes de la polymérisation en émulsion avec et

sans tensioactif.

1.1.3 Synthese des microgels

Les microgels sont définis comme étant des particules de polymere réticulées et
gonflées lorsqu’elles sont dispersées dans un bon solvant. De ce fait, la synthése des
microgels est souvent réalisée en présence d’un agent de réticulation dans un solvant
incompatible par I’'une des méthodes décrites précédemment, suivie d’une redispersion

4
dans un bon solvant.**°

Un cas particulier est celui des polymeéres thermosensibles possédant une LCST
(Lower Critical Solution Temperature ou température critique inférieure de solubilité), dont
la solubilité¢ dans I’eau diminue lorsque la température dépasse cette LCST. Le PNIPAM

est ’exemple le plus couramment cité avec une LCST autour de 32°C. La grande majorité



des publications sur les microgels sensibles portent sur les microgels a base de PNIPAM,

avec une premiére synthése rapportée en 1986 par Pelton et Chibante.”!

Ces microgels sont couramment synthétisés par polymérisation par précipitation
lorsque leur LCST est inférieure & la température de polymérisation.® En effet, le
monomere hydrophile est soluble dans I’eau mais le polymere ne 1’est pas a la température
de synthese, typiquement entre 60 et 80°C pour une polymérisation radicalaire avec
décomposition thermique de I’amorceur. La situation est donc similaire au cas d’un
polymeére non soluble avec précipitation a partir d’un certain degré de polymérisation.
Lorsque la température est ramenée en dessous de la température de transition, les points de
réticulation permettent de conserver 1’intégrité de la particule tandis qu’elle se gonfle d’eau

(figure 1.2).

Particule Particule

OftosA Kt primaire finale

Figure 1.2  Mécanisme de formation des microgels thermosensibles : a partir d’un
certain degré de polymérisation, les chaines précipitent formant les particules
primaires qui continuent leur croissance jusqu’a atteindre leur taille finale. Lorsque la
température diminue en dessous de la température de transition, les particules se

gonflent de solvant.

L’effet du taux de réticulation sur la taille et le taux de gonflement mais aussi sur la
structure interne de la particule a été le sujet de plusieurs études.**® Comme attendu, plus
il y a de nceuds de réticulation, plus la capacité de la particule a gonfler dans un bon solvant
est réduite. Plus intéressante est 1’évolution de la densité des nceuds de réticulation au sein

du microgel de PNIPAM réticulé avec du N,N’-méthyléne bisacrylamide (MBA). Plusieurs



groupes ont montré la présence d’un cceur plus densément réticulé et une couche externe
avec moins de réticulation. Cela a été attribué aux cinétiques de polymérisation différentes
du NIPAM et du MBA, plus rapide dans le cas du MBA qui tend a étre consommé plus

rapidement et donc a se trouver au centre de la particule.

De nombreux groupes ont montré qu’il est possible de copolymériser le NIPAM avec
d’autres monomeéres sans altérer la synthése des microgels. Parmi les avantages potentiels,
on trouve I’amélioration de la stabilit¢ des particules (dans le cas d’un comonomere
chargé), Dintroduction de groupements fonctionnels et 1’obtention de propriétés
différentes.® ™ L’acide acrylique a souvent été employé. En plus d’introduire des
groupements acide carboxylique pouvant étre fonctionnalisés, cet ajout donne des
microgels doublement sensibles, le poly(acide acrylique) étant connu pour sa sensibilité au
pH." D’autres monoméres plus complexes ont aussi été utilisés pour atteindre des
sensibilités spécifiques. Un des exemples les plus fréquents est I'utilisation d’un monomere
portant un groupement acide phénylboronique, connu pour se complexer avec le glucose et

donner ainsi des microgels sensibles au glucose.**®

1.1.4 Synthése de microsphéres ceceur-écorce

L’intérét pour des structures de microsphére plus complexes s’est accru ces derniéres
années, notamment afin de combiner différents matériaux et obtenir de nouvelles
propriétés. Comme mentionné au paragraphe 1.1.2, le mélange de deux monomeéres
incompatibles cause une s€paration de phases et mene directement a une structure cceur-
écorce (core-shell), la surface de la particule étant plus riche en unités compatibles avec le

solvant, c’est-a-dire le plus hydrophile pour une synthése en milieu aqueux.

L’inconvénient d’une syntheése en une seule étape est la limite concernant la quantité
de monomeére hydrophile que I’on peut introduire. En trop grande concentration, ce dernier
tend a polymériser seul dans la phase continue, formant une grande quantité
d’homopolymere, au détriment des particules. Cette restriction implique alors une couche

externe de faible épaisseur, ce qui limite les intéréts potentiels de la structure cceur-écorce.



Une exception est toutefois a noter avec la copolymérisation du styréne et du NIPAM.
Hellweg et al. ont réussi a obtenir des microspheres cceur-écorce de poly(styréne-co-
NIPAM) quelle que soit la proportion de NIPAM au début de la synthése.”' En effet, bien
que relativement hydrophobe a la température de la synthese, le PNIPAM reste toutefois
plus hydrophile que le polystyréne, qui tend a se protéger du contact avec 1’eau en se
réfugiant au cceur de la particule. Le PNIPAM est alors repoussé vers la surface, expliquant

I’obtention d’une structure cceur-écorce.

Une parade au probléme de la polymérisation dans la phase continue a vite été trouvée
avec les synthéses en deux étapes, continues ou discontinues. On parle alors de
polymérisation par greffage et de polymérisation par ensemencement, qui font intervenir
deux mécanismes différents. La polymérisation par greffage nécessite la présence de
radicaux ou de groupements fonctionnels a la surface du cceur a partir desquels la couronne
polymérise. Il y a donc présence de liens covalents entre le coeur et la couche externe. La
polymérisation par ensemencement implique la formation d’oligomeéres dans la phase
continue qui s’adsorbent a la surface de la particule et continuent leur polymérisation. En
théorie, il n’y a donc pas de lien covalent entre le cceur et la couronne. Il semble cependant,
au vu de la stabilité de la couronne, que certains liens covalents se créent par transfert de

chaine.”

Deux stratégies existent donc pour la synthése de microsphéres cceur-écorce. La
premicre consiste a procéder en deux étapes distinctes avec la synthése du cceur lors d’une
premiére synthése et 1’ajout de la couche externe lors d’une seconde synthése.”””® La
synthése du cceur s’effectue par une des méthodes décrites dans les paragraphes précédents,
suivie des étapes de purification classiques. La deuxiéme synthése est alors typiquement
une polymérisation par ensemencement puisqu’il n’y a plus de radicaux a la surface de la
particule et un amorceur est de nouveau introduit pour initier la polymérisation de 1’écorce.
La deuxiéme stratégie consiste a synthétiser successivement le cceur et 1’écorce en une
seule synthése avec des ajouts successifs de monoméres.***!””*** Dans un premier temps, le
cceur est formé avec I’ajout du monomere hydrophobe, souvent accompagné d’une faible

quantité¢ du monomere hydrophile pour stabiliser les particules. Dans un deuxi¢me temps, le



10

reste du monomeére hydrophile est ajouté pour former 1’écorce. Ici, la présence probable de
radicaux a la surface du cceur lors de 1’ajout du monomere hydrophile suggere que la
polymérisation par greffage se produit en parallele de la polymérisation par

ensemencement.

1.2 Interactions entre microspheéres

La stabilité d’une dispersion de microsphéres est déterminée par le type d’interactions
présentes entre les particules. Ces interactions entre colloides jouent un réle important aussi
bien pendant la synthése qu’apres, puisqu’elles favorisent ou empéchent, selon les cas, les
phénomenes de fusion et d’agrégation. Elles ont aussi une forte influence sur les cristaux
colloidaux. Plusieurs manuels et périodiques proposent une vue d’ensemble de ces

892 1e¢ livre référence en la matiére étant sans aucun doute celui

interactions,
d’Israclachvili.”® Les trois principales interactions intervenant dans une dispersion de
particules uniformes sont les interactions de van der Waals, les interactions électrostatiques
et les interactions stériques, méme si d’autres interactions moins fortes et/ou de plus courte
portée, telles que les forces de solvatation et les interactions hydrophobes, sont aussi

présentes.

1.2.1 Interactions de van der Waals

Les interactions de van der Waals sont des forces intermoléculaires attractives dues aux
interactions entre dipdles. Il s’agit plus précisément de ’effet du champ électrique produit
par un dipdle sur un deuxieme dipdle. On distingue 3 types de forces : les forces de Keesom
entre dipdles permanents, les forces de Debye entre un dipdle permanent et un dipole induit

et les forces de London entre dipdles induits (majoritaires dans la plupart des cas).

Les interactions de van der Waals entre corps macroscopiques (par opposition aux
atomes ou molécules) peuvent étre considérées dans un premier temps comme étant la

somme de toutes les interactions entre les atomes qui composent ces corps. La constante de
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Hamaker, notée A, a alors été introduite pour tenir compte de cette additivité et est
caractéristique du matériau. Le potentiel des interactions de van der Waals pour deux

particules sphériques dans le vide est donné par 1’équation

A 2mm, 2ny1, +z( fH,r,15) )] (1.1)

Voaw = — —
vaw 6 lf(H,r,13)  f(H,1,13) +4nm, f(H,1,15) + 411y

avec f(H,1y,1,) = H® + 2H(r; + 1,), 1y et , étant les rayons des sphéres et H la distance
entre surfaces. Si la distance H est faible en comparaison des rayons, c’est-a-dire r > H

(approximation de Derjaguin), I’équation 1.1 se simplifie

v _ Arry 12
YAV T 6H (1, + 1) (1-2)
Enfin, pour deux particules sphériques de méme rayon, on obtient
Ar
- _ 1.3

La portée de ces interactions pour des particules peut atteindre la centaine de nanomeétres
contre quelques nanometres pour des molécules, dont le potentiel varie proportionnellement

a1/H®.

Si les colloides interagissent dans un milieu autre que le vide, la constante de Hamaker

peut étre approximée par

A= (VA - A, (1.4)

avec A et A,, respectivement les constantes de Hamaker dans le vide des particules et du
milieu. D’aprés cette €équation, plus les constantes de Hamaker de la particule et du milieu
sont différentes, plus les interactions attractives de van der Waals sont fortes, et vice versa.
Cela permet notamment de comprendre la stabilité des microgels peu chargés. En effet, la

particule gonflée de solvant a une constante de Hamaker proche de celle du solvant,



12

donnant lieu a une constante apparente faible et, par conséquent, des interactions de van der

Waals faibles.

II faut noter que ce modele supposant [’additivité utilise de nombreuses
approximations, en ne tenant pas compte des interactions entre les atomes au sein d’un
méme objet macroscopique ainsi que du phénomeéne de retardement (déphasage des champs
émis par les dipoles au-dela d’une certaine distance, provoquant une diminution plus rapide
des interactions). Des théories plus €élaborées ont été développées pour tenir compte de la
non-additivité dans le calcul de A, cette derniére tendant a surestimer les valeurs de A, en
particulier pour les composés polaires. La théorie de Lifshitz, notamment, traite désormais
le corps macroscopique comme un continuum et non plus comme un ensemble d’atomes,

proposant le calcul de A a partir de la constante diélectrique du matériau.”’

1.2.2 Interactions électrostatiques et théorie DLVO

Le type de synthéses employées pour la préparation de particules de polymére implique
souvent la présence de charges a la surface des particules et, par conséquent, une
stabilisation électrostatique, qui contrebalance notamment les interactions de van der Waals

attractives.

La répulsion ¢lectrostatique entre deux colloides est directement liée au
chevauchement de leur double couche électrique. Chaque particule posseéde une double
couche ¢lectrique constituée des charges propres de la particule, la premiere couche, et de
la couche de contre-ions. Des théories successives ont tent¢ de mieux appréhender la
composition et I’épaisseur de ces couches. Un premier modele a été proposé par Helmholtz
supposant une couche rigide de contre-ions solvatés, avec une décroissance linéaire du
potentiel sur I’épaisseur de cette couche. Gouy et Chapman ont plutot opté pour la présence
d’une couche diffuse, dans laquelle le potentiel décroit de fagon exponentielle, avec pour

1

grandeur caractéristique la longueur de Debye, notée k™, et assimilée a I’épaisseur de la

couche diffuse. Cette dernicre est donnée par 1’équation
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ekgT
B (1.5)
2Ny e?l

avec ¢ la permittivité diélectrique du solvant, kg la constante de Boltzmann, T la
température (en Kelvin), N4 la constante d’Avogadro, e la charge ¢lémentaire et I la force

ionique (en mol.m™).

Le modéle de Stern (ou de Gouy-Chapman-Stern) combine ces deux théories comme
illustré dans la figure 1.3. Le potentiel décroit linéairement dans la couche de Stern,
équivalente a celle décrite par Helmholtz avec des contre-ions fortement adsorbés a la
surface, puis exponentiellement dans la couche diffuse. On peut distinguer deux plans dans
la couche de Stern. Le plan interne d’Helmholtz (Inner Helmholtz Plan ou IHP) relie le
centre des ions adsorbés et partiellement ou non-solvatés tandis que le plan externe

d’Helmholtz (Outer Helmholtz Plan ou OHP) comprend les ions totalement solvatés.

Potentiel | |

Surface de la particule

L 4

Distance

Figure 1.3  Illustration du mod¢le de Stern de la double couche électrique avec
I’évolution du potentiel électrique en fonction de la distance par rapport a la surface de

la particule.
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Pour résoudre I’équation de Poisson-Boltzmann et remonter au potentiel d’interaction
¢lectrostatique, des approximations sont nécessaires. La premiére approximation possible
est ’approximation de Derjaguin, comme dans le calcul des interactions de van der Waals,
qui assimile les particules sphériques a des surfaces planes lorsque la distance les séparant
(H) est faible en comparaison avec leur rayon, soit r > H. Le potentiel d’interaction est

alors donné par

_ 64me rngkgT y2-kH (1.6)

el K2

avec n, la concentration de 1’¢électrolyte en nombre d’ions par unité de volume et y est

défini par

ze
—r

avec @, le potentiel électrique de surface de la particule et z la valence de I’¢électrolyte.

Dans le cas de potentiels faibles, I’approximation de Debye-Huckel peut s’appliquer

simplifiant I’équation précédente
V, = 2mer @pyle ™ (1.8)

La théorie DLVO (Derjaguin-Landau-Verwey-Overbeek) définit 1’énergie totale

d’interaction comme étant la somme des potentiels électrostatique et de van der Waals, soit

Ar (1.9)

—KH _
12H

Vi = Vo + Vpaw = 2me T @y2e
Ce modele donne donc le potentiel d’interaction total en fonction de la distance H et permet
de comprendre simplement I’effet des charges surfaciques et de la force ionique sur la
stabilit¢ d’une dispersion colloidale comme illustré schématiquement sur la figure 1.4.
Dans le cas A, des interactions ¢€lectrostatiques répulsives fortes, typiquement pour une
force ionique faible et/ou un potentiel électrique de surface élevé, surpassent les

interactions attractives de van der Waals, créant une barriére de potentiel qui empéche le
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rapprochement des particules et ’agrégation. Une augmentation de la force ionique
diminue le potentiel électrostatique en faisant écran aux charges des particules. Le potentiel
d’interaction total comporte alors un puits de potentiel, appelé minimum secondaire (cas
B). Ce minimum secondaire est cependant faible et 1’attraction éprouvée par les particules
peut étre facilement contrebalancée par 1’énergie thermique. Si la force ionique augmente
davantage, la barrieére de potentiel diminue jusqu’a éventuellement disparaitre et peut étre
facilement surmontée par 1’énergie thermique, entrainant les particules dans le minimum

primaire, c’est-a-dire a 1’agrégation irréversible (cas C).

La théorie DLVO posséde cependant de nombreuses limites. D’une part, elle n’est pas
valable pour de trés faibles séparations ou d’autres interactions a faible portée peuvent
jouer un réle important. D’autre part, si le modéle décrit correctement les interactions entre
deux particules, il ne s’extrapole pas facilement a des systémes a plusieurs corps comme

dans le cas des cristaux colloidaux.

Barriére de
potentiel

Energie d'interaction

Minimum
secondaire

Minimum
primaire

Figure 1.4  Illustration schématique de I’effet de la force ionique sur I’énergie
d’interaction entre deux particules telle que définie par la théorie DLVO. (A) Faible

force ionique, (B) force ionique moyenne et (C) force ionique élevée.
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1.2.3 Stabilisation stérique

Une alternative ou un complément a la stabilisation électrostatique est la stabilisation
stérique. Elle est obtenue principalement de deux fagons, soit par 1’adsorption de chaines
polymére compatibles avec le solvant (pendant ou apres la synthése), soit par leur greffage
a la surface de la particule. Les microgels constituent un cas particulier car les chaines ne
sont ni adsorbées ni greffées mais elles sont solvatées autour de la particule, créant un effet

similaire.

La stabilisation stérique est due au confinement des chaines lorsque deux particules se
rapprochent, ce qui crée une force répulsive d’origine entropique. De plus, I’augmentation
locale de la concentration en polymere crée une pression osmotique favorisant
I’¢loignement des particules. Exprimer cette force mathématiquement s’avere toutefois
complexe car elle dépend de nombreux parametres, notamment du type de polymere, de la
longueur des chaines et de leur densité a la surface, du solvant et du lien entre les chaines et
la particule. Des modéles ont ainsi été¢ développés au cas par cas pour correspondre au

systéme étudié.*o-581:93

La stabilisation stérique présente certains avantages par rapport a la stabilisation
¢lectrostatique tels qu’une faible sensibilité a la présence d’électrolyte mais aussi la

capacité de stabiliser une dispersion en milieu organique.

1.3 Polymeéres stimulables

Certains polymeres possedent la propriété de changer de comportement en solution en
fonction d’un paramétre externe, souvent qualifi¢ de stimulus. On parle alors de polymere

stimulable ou sensible. La température et le pH sont les stimuli les plus fréquemment

97-99

94-96 . .
et aux champs électrique ou

étudiés, mais des matériaux sensibles a la lumiére

0

rii 10 . . . A . S 1
magnétique ~ sont maintenant développés, méme si les applications médicales de ces

derniers restent plus limitées.*” Derniérement, on a aussi cherché a rendre certains
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polymeres sensibles a la présence d’une molécule d’intérét, comme le glucose, afin

d’obtenir des biocapteurs.

Un grand nombre de matériaux stimulables sont composés des gels réticulés qui
présentent la capacit¢ de gonfler ou de se contracter sous l’effet du stimulus, en
concordance avec la théorie de gonflement de Flory. Le taux de gonflement d’un gel a
I’équilibre est dicté par la pression osmotique du gel, elle-méme ayant plusieurs origines.

La variation de I’énergie libre de gonflement du systeme AG, est donnée par I’équation :
AGy = AGypg + AGgiast + AGion (1.10)

AG g est I’énergie libre de mélange et traduit I’affinité polymeére/solvant. Elle dépend
notamment du parametre de Flory et de la fraction volumique du polymere. AGg,q: €5t
I’énergie libre d’¢élasticité et est due a la réticulation qui s’oppose au gonflement du gel. Le
dernier terme AG;,, est I’énergie libre li¢e a la présence d’ions et n’existe donc que dans le
cas de gels chargés. Deux contributions composent cette énergie : la pression osmotique
due aux ions confinés dans le gel (contre-ions) et les répulsions électrostatiques entre
chaines. L’effet du stimulus modifie un ou plusieurs de ces termes et, par conséquent, le
taux de gonflement a I’équilibre du gel. La transition entre gel gonflé et contracté
provoquée par le stimulus est typiquement appelée transition de phase volumique (VPT), en

raison du changement de volume.

L’utilisation de microgels ou microsphéres cceur-écorce est notamment trés populaire
en raison d’une réponse plus rapide et d’une détection aisée de la réponse. En effet, comme
pour un gel classique, le stimulus provoque généralement un gonflement ou une
contraction, ou éventuellement une agrégation des particules s’il affecte les interactions
entre elles. Or, tous ces phénoménes peuvent étre facilement suivis par diffusion de la

lumiére dynamique.



18

1.3.1 Thermosensibilité

La température est sans aucun doute le stimulus le plus étudié. Parmi les polymeres
thermosensibles, on distingue deux comportements : ceux présentant une température
critique supérieure de solubilit¢ (UCST pour Upper Critical Solution Temperature) au-
dessus de laquelle ils sont parfaitement solubles, et ceux présentant une température
critique inférieure de solubilit¢ (LCST) au-dessus de laquelle une séparation de phases
intervient (Figure 1.5). Il faut noter que ’appellation UCST ou LCST ne désigne que le
point minimal ou maximal de la courbe du diagramme de phases, a une fraction volumique
bien déterminée dite critique, les autres points de la courbe étant plutot appelés points de

trouble (cloud point).""'

1 phase

2 phases
UCST

LCST |- - -

1 phase

\ 4

Pc P

Figure 1.5 Diagrammes de phases typiques polymére-solvant pour des polymeéres

présentant une UCST (gauche) ou une LCST (droite).

Ces comportements sont liés a un changement dans les contributions enthalpiques et
entropiques de 1’énergie libre de mélange polymere-solvant. Pour les polymeres présentant
une UCST, des interactions intra ou inter-moléculaires empéchent la solubilisation jusqu’a
ce que I’énergie thermique soit suffisante pour les briser, permettant la solubilisation. Pour
ceux présentant une LCST, ce sont les interactions entre le polymére et le solvant qui sont
brisées par 1’énergie thermique a partir d’une certaine température, notamment les liaisons

hydrogéne dans le cas d’un systéme aqueux, diminuant 1’enthalpie du systéme. De plus, la
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libération des molécules d’eau, auparavant ordonnées autour des chaines polymeres et en
contact forcé avec les groupements apolaires du polymére cause un gain d’entropie

favorisant aussi la séparation de phases (Figure 1.6).

3 & D
<
6 & % °
D D
T>LCST o ¢ 3
—
p— S ‘@(6
T<LCST & &
VDY 3 & D D
3 o)

Figure 1.6  Séparation de phases d’un polymeére thermosensible possédant une

LCST.

Si la présence d’'une UCST est un phénomene fréquent, I’existence de la LCST est
moins commune et a attiré beaucoup d’attention dans le domaine des polymeres,
particuliérement en milieu aqueux pour des applications biomédicales.'**!'%* Parmi les

polymeéres thermosensibles bien connus, on trouve bien évidemment le PNIPAM, sujet de

104-109

nombreuses publications et notamment d’une revue approfondie par Schild,'"* mais

aussi le poly(vinyl méthyl éther) (PVME),'® le poly(N-vinylcaprolactame) (PVCL)'",

certains poly(2—alky1-2_oxazolines)1 12,113

et d’autres poly(N-alkylacrylamides) tels que le
poly(N,N-diéthylacrylamide) (PDEA).'%!*11¢ Les structures et les LCST de ces polyméres

sont répertoriées au tableau 1.2.

La valeur de la LCST est le résultat d’un équilibre entre interactions hydrophiles et
hydrophobes ; plus I'unit¢ monomeére est hydrophile, plus la LCST est élevée et vice versa.
Différents paramétres peuvent influencer la valeur de la LCST comme la masse molaire et
la présence d’autres composés, comme un co-solvant, des tensioactifs ou des sels, qui

affectent les interactions entre le polymére et le solvant,''”'*!
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Tableau 1.2 Quelques polymeéres thermosensibles avec leur structure et la valeur de

leur LCST.

Polymére thermosensible Sigle LCST (°C) Structure

Poly(N-isopropylacrylamide) PNIPAM 32

I
<

Poly(N-éthylacrylamide) PEA 82
Poly(N,N-diéthylacrylamide) PDEA 32 o J Y

‘{\ N ~1,
Poly(2-éthyl-2-oxazoline) PEOx 62 OA\‘

+ N ./\\/}/n

Poly(2-isopropyl-2-oxazoline) PiPOx 36 o

N
Poly(N-vinylcaprolactame) PVCL 34 U
Poly(vinyl méthyl éther) PVME 37 ’h/f

Une autre facon de faire varier la LCST est de jouer sur la structure chimique et, par
conséquent, la balance hydrophilie/hydrophobie. 11 a en effet ét¢ démontré que la
modification des bouts de chaine peut affecter la température de séparation de phases.'** La
copolymérisation séquentielle avec le greffage d’un second bloc au polymeére
thermosensible peut avoir un effet similaire.'’> De plus, si ce bloc est hydrophile,
I’augmentation de la température au-dessus de la LCST méne a la formation de micelles.
On peut aussi obtenir une sensibilité a plusieurs étapes en associant des blocs possédant des

LCST différentes.'>*
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Une méthode encore plus efficace pour moduler la LCST est la copolymérisation
statistique avec un autre monomere. La copolymérisation avec un monomére plus
hydrophobe tend a diminuer la LCST tandis que I’utilisation d’un monomeére plus
hydrophile augmente la LCST.'*'® L >amplitude du changement est alors liée a la force du
caractere hydrophobe ou hydrophile, mais aussi a la proportion de ce comonomeére dans le
polymere. Si les deux monomeres choisis correspondent a des homopolymeéres tous deux
thermosensibles, la LCST du copolymeére sera comprise entre les deux valeurs de LCST,
toujours dépendamment du ratio des deux monomeéres.''* Des copolyméres thermosensibles
ont aussi été obtenus en associant deux monomeéres aux propriétés opposées, soit 1’'un
soluble a toute température (entre 0 et 100°C) et I’autre insoluble.!'*!''"13%131 Ainsi, Ia
copolymérisation statistique du N,N-diméthylacrylamide (DMA) et du N-tert-
butylacrylamide (TBA), dont les homopolymeéres sont respectivement soluble et insoluble
dans I’eau, donne des copolymeres dont la LCST varie entre 15 et 80°C selon la fraction de

chaque monomere.

1.3.2 Sensibilité au pH

La sensibilité au pH a, elle aussi, attiré beaucoup d’intérét dans le domaine biomédical,
particulierement pour des applications concernant le relargage ciblé de médicaments, en
raison des variations de pH au sein du corps humain.*'” Les polyméres sensibles au pH les
plus utilisés sont répertoriés au tableau 1.3. On y retrouve les polyacides portant des
groupements acides carboxyliques, tels que le poly(acide acrylique)*® et le poly(acide

133,134

méthacrylique), mais aussi les polybases portant des amines, comme le

poly(méthacrylate de 2-(diméthylamino)éthyle).'*>"*

En dessous du pH de transition, les polyacides sont protonés et insolubles dans I’eau
avec la présence d’interactions intra- et intermoléculaires, notamment des liaisons
hydrogéne entre leurs groupements carboxyliques. Au-dessus de ce pH, la déprotonation

entraine la rupture des liaisons hydrogeéne intra- et intermoléculaires et donne naissance a
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Tableau 1.3 Quelques polymeres sensibles au pH avec leur structure et la valeur

de leur pK..

Polymére sensible au pH Sigle PK, Structure
Poly(acide acrylique) PAA 4.3 /(,Ih
0~ "OH

Poly(acide méthacrylique) PMAA 5.3 %

0~ "OH
Poly(méthacrylate de 2- PDMAEMA 8.4 "jj‘
(diméthylamino)éthyle) ) o D/\I

" = N s

Poly(meéthacrylate de 2- o 0/\
(diéthylamino)éthyle) PDEAEMA 7.3 ~N )

un polyéléctrolyte compleétement soluble. Dans le cas des polybases, on assiste évidemment

au phénomene inverse, avec une solubilisation en dessous du pH de transition.

Le pH de transition pour ces polyméres peut différer de leur pK, (souvent assimilé au

pK, de leurs unités) selon 1I’environnement qui peut influencer les interactions présentes.

Ainsi, comme dans le cas des polymeres thermosensibles, il est possible de moduler ce pH

en jouant sur la balance hydrophile/hydrophobe, en copolymérisant par exemple avec des

monoméres plus hydrophiles ou plus hydrophobes.*>"**!* La sensibilité¢ au pH est aussi

souvent associée a la thermosensibilit¢ donnant naissance a des systémes doublement

sensibles. De plus, dans le cas d’une copolymérisation statistique, le changement du pH

peut aussi induire une modification de la température de transition.

126,140-143
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1.3.3 Sensibilité au glucose

Pour développer des biocapteurs, il faut des polymeres capables de réagir a la présence
de la molécule a détecter et ce, de fagon spécifique. Plusieurs molécules d’origine
biologique ont suscité 1’intérét du fait de leur implication dans des maladies. Il y a bien str
les protéines parmi lesquelles les enzymes et les antigénes, qui imposent des attentions
supplémentaires du fait de leur fragilité, mais aussi d’autres molécules plus simples qui

. - . 5,144
interviennent dans 1’organisme.™

Une de ces molécules est le glucose, dont la détection et la quantification est devenue
un enjeu de santé publique avec 1’augmentation des cas de diabétes. Les biocapteurs
polymériques pour glucose se répartissent en trois catégories utilisant des sondes
différentes.>'* Dans la premiére catégorie, I’enzyme glucose oxydase (GOx) décompose le
glucose en acide gluconique (Figure 1.7), ce qui induit alors un changement de pH. Ce sont
donc des polymeres sensibles au pH, associés a I’enzyme GOx, qui réagissent
indirectement a la présence de glucose. En effet, sous 1’effet de ’augmentation du pH, le
gel résultant se contracte ou gonfle selon qu’il s’agit respectivement d’un polyacide ou
d’une polybase (Figure 1.8). Hassan et al. ont ainsi préparé un gel de poly(acide
méthacrylique-g-éthyléne glycol) dans lequel est piégée ’enzyme GOx et se contractant
sous I’effet du glucose."*® Une des limitations des systémes a GOx est le besoin d’oxygéne.
Une parade intéressante est d’ajouter une seconde enzyme, la catalase, qui catalyse la
dismutation du peroxyde d’hydrogéne, formant de 1’eau et du dioxygéne.'"*’ Traitel et al.,
ainsi que Satish et al., ont poussé plus loin leur systéme en incorporant de I’insuline,
expulsée du gel lors de sa contraction.'**'* Plusieurs des systémes étudiés piegent les
enzymes dans les gels sans lien covalent mais il est possible de synthétiser des monomeres
dérivés afin de les incorporer de facon covalente."”*"'> 11 faut toutefois préter attention aux

conditions de polymérisation afin de ne pas dénaturer les enzymes et maintenir leur activité.

Dans la deuxiéme catégorie, la lectine concanavaline A (Con. A) est utilisée, les
lectines étant des glycoprotéines qui se lient aux carbohydrates.'>*'>® Miyata ez al. se sont
penchés sur ce systéme a plusieurs reprises.'>*'>’ Leur premier biocapteur utilise un gel de

poly(méthacrylate de 2-glucosyloxyéthyle) (PGEMA) réticulé qui possede des molécules
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Figure 1.7  Décomposition du glucose par I’enzyme glucose oxydase (GOx) en

présence d’oxygene, formant 1’acide gluconique et le peroxyde d’hydrogéne.
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Figure 1.8  Schéma du fonctionnement des biocapteurs a glucose utilisant I’enzyme
glucose oxydase et montrant la différence de comportement selon la nature anionique
(polyacides) ou cationique (polybases) du gel employé. Reproduite de la Réf. 145 avec

la permission de I’ American Chemical Society. © 2011 American Chemical Society.

de glucose pendantes. La Con. A a quatre sites de fixation et peut donc former un complexe
avec plusieurs molécules de glucose simultanément, ce qui permet la formation éventuelle
de nceuds de réticulation supplémentaires au sein du gel. Lorsque des molécules de

glucoselibres sont introduites, ces nceuds de réticulation se défont afin de permettre a la
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Con. A de complexer avec ces derniéres, entrainant le gonflement du gel (Figure 1.9)."* Le
probléme potentiel de la perte de I’enzyme a plus tard été résolu en la fixant sur le

monomére d’acide acrylique, puis en le copolymérisant avec le monomére GEMA."’

£l
. Concanavalin A \_/_Q_)—\, Polymer chain with saccharides; Glucose

Figure 1.9  Schéma du fonctionnement des biocapteurs a glucose utilisant I’enzyme
Con. A montrant la disparition de nceud de réticulation et le gonflement du gel lors de
I’ajout de glucose. Reproduite de la Réf. 145 avec la permission de I’American

Chemical Society. © 2011 American Chemical Society.

Si les protéines utilisées comme sondes dans les deux précédentes catégories possedent
I’avantage certain d’étre spécifiques au glucose, elles présentent aussi un inconvénient
majeur du fait de leur fragilité et de leur instabilité, ce qui explique le développement d’une
troisieme catégorie, les biocapteurs dérivés des acides boroniques. Ces biocapteurs sont
moins spécifiques, les acides boroniques pouvant se complexer avec les diols 1,2 et 1,3
(Figure 1.10), mais ils sont aussi trés stables et facilement synthétisés. Parmi les acides
boroniques, ’acide phénylboronique (PBA pour phenylboronic acid) est couramment
employé et son pK,, initialement autour de 8.8, peut étre modifi€¢ en ajoutant des

substituants sur le cycle phényle afin de s’approcher du pH physiologique.'”"*!

Pour les biocapteurs utilisant des polymeéres, deux stratégies ont été¢ explorées : d’une

part, la synthése d’'un monomeére portant le groupement PBA suivi de sa
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68.162-166 g autre part la fonctionnalisation du polymére.'®”'"" Le groupe de

polymérisation,
Kataoka a été particulierement productif et a étudi¢ en profondeur la sensibilité¢ au glucose
de polyméres portant des groupements PBA.'*'17173 Un de leurs polyméres est préparé
par copolymérisation du NIPAM et de 1’acide 3-acrylamidophénylboronique (Figure 1.11)
et réticulé avec du MBA. Le gel résultant présente un gonflement qui croit avec la
concentration de glucose. Par ailleurs, ils ont montré que leur gel peut libérer de 1’insuline
sous I’effet du gonflement induit par le glucose (Figure 1.12).'® Plus tard, ils se sont
tournés vers un autre dérivé du PBA, I’acide 4-(1,6-dioxo-2,5-diaza-7-oxamyl)

phénylboronique (Figure 1.11), possédant un pK, plus proche du pH physiologique (7.8).'”

R4 LRz
OH OH" OH HO  OH on
R—B ~—— R—B-OH ——— R—I?'—O
OH OH o) Ry
R;
Figure 1.10 Complexation des acides boroniques avec les diols.
Hzc:(I:H |-|2c=(|:H
(I:=0 ?:0
NH lilH
(?Hz)z
lilH
B(OH), c=0
B(OH),

Figure 1.11 Structures chimiques des monoméres acide 3-acrylamidophénylboronique

(2 gauche) et acide 4-(1,6-dioxo-2,5-diaza-7-oxamyl) phénylboronique (a droite).
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insulin; glucose

Figure 1.12 Schéma d’un gel sensible au glucose relarguant 1’insuline lors de son
gonflement. Reproduite de la Réf. 145 avec la permission de I’American Chemical

Society. © 2011 American Chemical Society.

Les chercheurs se sont ensuite rapidement tournés vers les microgels qui offrent une
réponse plus rapide.”'"*'7® Zhang et al. ont synthétisé des microgels de poly(NIPAM-co-
AA), puis ont fonctionnalis¢ les wunités d’acide acrylique avec 1’acide
aminophénylboronique afin de les rendre sensibles au glucose. Ils ont ensuite étudié a la
fois I’effet du glucose sur la taille, montrant un gonflement des particules qui varie en
fonction du pH, mais aussi son effet sur la VPTT des microgels avec un clair décalage vers

des température de transition plus élevées en présence de glucose (Figure 1.13).'7

Lapeyre
et al. ont opt¢ pour la copolymérisation du NIPAM avec [D’acide 3-
acrylamidophénylboronique pour leurs microgels mais ont obtenu des effets similaires.”” Le
méme groupe a ensuite exploré des microgels avec une structure coeur-écorce, le ceeur étant
en PNIPAM et I’écorce en poly(NIPAM-co-acide 3-acrylamidophénylboronique). Ils ont
observé, en diminuant la température apres la synthese, que 1’écorce, dont la VPTT est plus
faible, maintient le cceur compressé quand la température est comprise entre la VPTT du
ceeur et celle de 1’écorce. L’ajout de glucose permet de débloquer le systéme: la
complexation du glucose avec I’écorce augmente sa VPTT, entrainant son gonflement et

permettant enfin celui du cceur. Ces particules ont ensuite €té chargées en insuline afin d’en

r . r 1
étudier le relargage en présence de glucose.'”’
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Figure 1.13 Effet de la concentration en glucose sur la VPT des microgels de
poly(NIPAM-co-acide 3-acrylamidophénylboronique) (a gauche) et le gonflement de
celles-ci en fonction de la concentration en glucose a différents pH (a droite).
Reproduite de la Réf. 174 avec la permission de 1’American Chemical Society. ©

2006 American Chemical Society.

1.4 Cristaux colloidaux

Comme dé¢ja précisé succinctement au début de ce chapitre, certaines microspheéres
forment spontanément en solution, au-dessus d’une certaine concentration et dans certaines
conditions, des structures organisées, apparentées a des structures cristallines, d’ou
I’appellation cristaux colloidaux. Nous allons ici les introduire briévement mais de plus
amples détails sur la formation, les propriétés et les applications des cristaux colloidaux

formés par les microsphéres de polymere peuvent étre trouvés au chapitre 2.

Par analogie a la diffraction des rayons X par les cristaux atomiques et moléculaires,
les cristaux colloidaux diffractent la lumicre allant de I’ultraviolet a I’infrarouge en raison
des distances interréticulaires allant de quelques dizaines a quelques centaines de
nanometres, comme illustré a la Figure 1.16. Lorsque la longueur d’onde diffractée
correspond a la lumiere visible, les cristaux colloidaux apparaissent iridescents avec une

couleur qui varie selon I’angle de la lumiére incidente, suivant la loi de Bragg :
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mA = 2ndpy,; sinf (1.12)

ou m est I'ordre de diffraction, A la longueur d’onde diffractée, n I’indice de réfraction,

dni la distance interréticulaire et 8 1’angle de la lumiére incidente.

Figure 1.14 Diffraction de la lumiére visible par les cristaux colloidaux, la distance

interréticulaire et I’angle incident sont indiqués.

La formation des cristaux colloidaux dépend grandement des propriétés des
microsphéres mais aussi du milieu environnant. Il a été trés tot démontré que les
microspheres de polystyréne uniformes et chargées s’organisent spontanément en milieu

178,179 .
78179 1 > obtention d’une

aqueux déionisé au-dessus d’une certaine concentration critique.
structure cristalline est ici le résultat direct de la minimisation des répulsions
¢lectrostatiques entre particules. Tout ce qui peut affecter ces répulsions joue donc
fortement sur les cristaux colloidaux et leur stabilité, du potentiel électrique des particules a
la force ionique du solvant en passant par la distance entre particules (directement liée a la
concentration). Plus récemment, des cristaux colloidaux de microgels peu ou pas chargés
ont été obtenus, semblant indiquer que les répulsions stériques favorisent aussi la formation

. ’ . 180,181
des empilements réguliers.'**'®

Ces observations ont par ailleurs été confirmées avec des
microspheres cceur-écorce constituées d’un cceur de polystyréene et d’une écorce

d’hydrogel. Ainsi, Meng et al. ont montré que ces microsphéres forment des cristaux
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colloidaux mais qu’en ’absence de cette écorce molle, le cceur seul de polystyréne n’en

83
forme pas.

L’utilisation d’hydrogels stimulables pour les cristaux colloidaux est particuliérement
intéressante afin d’étudier I’'impact de la VPT sur la structure cristalline. Cette combinaison
a d’ailleurs suscité un vif intérét dans le domaine des biocapteurs en raison des propriétés
optiques des cristaux colloidaux. Si le stimulus modifie I"ordre ou les distances entre
particules, une disparition ou un changement de la couleur diffractée des cristaux
colloidaux permettra une détection visuelle. Le groupe d’Asher a I’Université de Pittsburgh
a développé de nombreux biocapteurs utilisant des cristaux colloidaux piégés dans un
hydrogel stimulable comme illustré dans la figure 1.15."72"87 14 présence de la
substance a détecter entraine la contraction ou le gonflement du gel, ce qui diminue ou
augmente respectivement la distance interréticulaire des cristaux colloidaux et change la

longueur d’onde diffractée selon la loi de Bragg.
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Figure 1.15 Schéma des biocapteurs développés par le groupe d’Asher utilisant des
cristaux colloidaux piégés dans une matrice d’hydrogel sensible a la molécule
d’intérét. Reproduite de la Réf. 20 avec la permission de I’American Chemical

Society. © 2003 American Chemical Society.
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1.5 Contexte et objectifs de la thése

Les microsphéres de polymeres sensibles et leurs cristaux colloidaux plus
particulierement ont démontré un fort potentiel pour les applications biomédicales,
notamment en tant que biocapteurs. La détection colorimétrique et potentiellement
quantitative qu’offrent les systémes a base de cristaux colloidaux constitue un avantage
certain. De plus, ces biocapteurs possedent de nombreux avantages parmi lesquels une
préparation relativement aisée, une possible régénération aprés usage et une capacité a
s’adapter a un grand nombre de composés en raison d’un large choix de matériaux

stimulables.

Beaucoup de biocapteurs a base de cristaux colloidaux emprisonnent les particules
organisées dans un gel afin d’améliorer la stabilité¢ du systéme. La diffusion a travers ce gel
implique un délai de réponse plus long. Notre objectif est d’utiliser les cristaux colloidaux
assemblés dans 1’eau sans cette matrice. Toutefois, un effort supplémentaire doit étre
accompli pour garantir la stabilit¢ du systeme afin que la future introduction des
échantillons a analyser n’engendre pas de perturbations autres que celles liés a la molécule
a détecter. Dans ce but, un choix réfléchi du type de microsphéres, un bon controle de leur
synthése et de leurs propriétés sont, dans un premier temps, essentiels. Dans un second
temps, il faut acquérir une parfaite compréhension de leur auto-assemblage en solution
permettant la formation des cristaux colloidaux, notamment en faisant le lien entre
propriétés des microsphéres et comportement de la structure cristalline. Enfin, dans
I’objectif final de les utiliser comme biocapteurs, il faut comprendre comment le stimulus

les affecte et si une détection est possible.

Dans cette theése, aprés une étude sur les microsphéres chargées de polystyréne
montrant I’importance des charges surfaciques, nous nous sommes tournés vers des
microsphéres cceur-écorce afin de garder un coeur dur et stable (en polystyréne) tout en
possédant une sensibilité a travers I’écorce stimulable. Les premiers stimuli étudiés ont
d’abord été la température et le pH avant de commencer 1’exploration des biocapteurs a

glucose en utilisant une écorce fonctionnalisée avec 1’acide phénylboronique.
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1.6 Contenu de la these

Cette thése est constituée de sept chapitres incluant cette introduction et une
conclusion. L’ensemble des travaux présentés et la rédaction ont été réalisés par ’auteur de

cette thése avec 1’aide de son directeur de recherche, le Pr. Julian Zhu.

Le chapitre 2 propose une revue de la littérature sur les cristaux colloidaux et leurs

applications. Ce chapitre a été soumis pour publication dans Progress in Polymer Science.

Les chapitres 3 a 6 présentent nos résultats expérimentaux et discussions associées ; ils

forment le coeur de cette thése.

Le chapitre 3 couvre la synthése de microsphéres de polystyréne chargées par
polymérisation en émulsion sans tensioactif ainsi que la formation des cristaux colloidaux.
Les propriétés de ces derniers sont étudiées et mises en relation avec celles des particules.
Ce chapitre a été publié en tant qu’article complet dans Soft Matter en 2010 (Bazin G., Zhu
X. X., Soft Matter, 2010, 6, 4189).

A partir du chapitre 4, une deuxiéme structure de particules est explorée avec des
microsphéres dites core-shell ou cceur-écorce. Le choix a été fixé sur des microspheres

possédant un cceur de polystyréne enrobé d’une couche d’hydrogel sensible.

Le chapitre 4 décrit la formation et les propriétés des cristaux colloidaux pour des
microspheres possédant une écorce doublement sensible au pH et a la température grace a
la copolymérisation de I’acide acrylique et du NIPAM. Ce chapitre a été publié¢ en tant
qu’article complet dans Canadian Journal of Chemistry en 2012 (Bazin G., Zhu X. X.,
Can. J. Chem., 2012, 90, 131).

Le chapitre 5 se penche plus en profondeur sur le comportement des cristaux
colloidaux formés par des microsphéres coeur-€corce possédant une couche externe de
PNIPAM. L’objectif de ce chapitre est de comprendre comment la thermosensibilité¢ des
particules se traduit au niveau des cristaux colloidaux. Ce chapitre a été publi¢ en tant
qu’article complet dans Soft Matter en 2012 (Bazin G., Zhu X. X., Soft Matter, 2012, 8§,
1909).
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Le chapitre 6 présente des résultats préliminaires sur 1’utilisation des microspheres
ceeur-écorce et de leurs cristaux colloidaux comme base pour le développement de
biocapteurs du glucose. Ce chapitre a été soumis en tant que communication dans Science

China Chemistry.

Le dernier chapitre conclut la thése en proposant une discussion générale des résultats

et en présentant les perspectives futures du projet.
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Chapitre 2

Crystalline colloidal arrays from the self-assembly of

polymer microspheres *

Abstract: Various polymer microspheres have demonstrated their ability to form
crystalline colloidal arrays in relatively concentrated suspensions. The behaviors of such
structures are closely related to the characteristics and properties of the microspheres,
which could be easily tuned with the choice of monomers and the polymerization
procedure. Three commonly used kinds of microspheres are reviewed here: charged hard
microspheres, microgels and core-shell particles with a hydrogel shell. The light diffraction
displayed by the resulting crystalline colloidal arrays has triggered an increasing interest for

potential applications such as optical switches and biosensors.

2.1 Introduction

In search of advanced polymeric materials, polymer particles have been particularly
popular, owing to the ease of synthesis and their interesting properties, for a wide variety of
applications such as drug delivery,'” supported catalysis® or selective extraction.*> One
particular characteristic of some polymer particles is their ability to pack into crystalline

colloidal arrays (CCAs), a phenomenon that has attracted much interest.

CCAs have been obtained from all kinds of particles uniform in size and shape.

However, the ease for the formation of such arrays and the appropriate method are highly

*Soumis pour publication comme article de revue en février 2012 : Bazin, G.; Zhu, X. X., Prog. Polym. Sci.
2012.
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dependent on the particle properties. While many polymer particles self-assemble
spontaneously above a certain concentration in solution or upon drying, some other
particles such as silica may require more sophisticated techniques such as Langmuir-
Blodgett deposition,®’ vertical and horizontal deposition® or convective methods.'’ In
most cases, only monolayers can be obtained and layer by layer depositions must be
applied to form three-dimensional CCAs. The possible control over the number of layers

may be an advantage but this method is less straightforward than a simple centrifugation.

Two main models have been used to understand the colloidal crystallization and the
formation of CCAs: the “hard sphere” model and the “soft sphere” model. They differ from
each other by the kind and the range of the interactions and by the shape of their resulting
potential curves, leading to different phase diagrams. The “hard sphere” model describes
correctly the behavior of non-charged particles in aqueous and organic solvents or charged
particles in suspensions with high ionic strength, where only short-range interactions are
involved. The crystallization of such particles is entropy-driven and results directly from
the minimization of dead space. Therefore, it depends only on the volume fraction. The
crystalline phase of hard spheres covers a very narrow range of volume fractions. The
particles start to crystallize above volume fraction of 0.494 (freezing point), and between
0.494 and 0.545 the crystalline phase coexists with the fluid phase which disappears above
0.545 (melting point).ll Theoretically, the maximum volume fraction is 0.74 but such a
value is not easily reached experimentally as the particles will start to pack randomly
because of the high viscosity and movement restriction. The thermodynamically-favored
crystalline structure is the face-centered cubic (fcc) but, because of the low difference in
free energy between fcc and hexagonal compact (hep), the hard spheres tend to form
random hexagonal compact (rhep) crystals.'> The crystallization of colloids classified as
hard spheres as well as the techniques to investigate it have been thoroughly described in

reviews, notably by Palberg."*™"

Ordered aqueous suspensions of polymer particles with low ionic strength usually
belong to the “soft sphere” model because of the presence of surface charges and the

resulting long-range repulsions, allowing the formation of CCAs over a wider range of
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volume fractions. Indeed, the freezing and melting points are quite different from those
determined for hard spheres. The spontaneous self-assembly of polymer particles in
solution is driven by many-body interactions, the most prominent being the electrostatic
interactions caused by the surface charges and the electrical double layer. The particles
organize themselves to maximize the distance between them and their neighbors, and
minimize the repulsions. Thus, while the volume fraction remains the most relevant
parameter, contrary to hard spheres, other parameters such as the surface charge density
and the ionic strength are also important parameters that dictate the formation of CCAs as
illustrated in the phase diagrams for different “soft” particles. In addition, depending on the
polymer and the surface properties, other forces may play a role in the balance such as
steric and van der Waals interactions. As a result, the crystallization process and kinetics
differ from hard spheres, even if the same three steps are also clearly identified: nucleation,
growth and ripening. However, similarly to hard spheres, the most commonly observed
structures with soft spheres are still close-packed lattices such as fcc and rhep, depending
on the crystallization kinetics. Fast crystallization favors the random stacking of hexagonal
planes while a slow crystallization favors the most thermodynamically structure, i.e. the fcc
lattice. Body-centered cubic organizations can also be obtained under certain conditions,
typically low volume fractions, small amount of salt, high charge density or increased
temperature or pressure, as enumerated by Okubo.'® As a result of their periodic packing,
CCAs diffract light, similarly to atomic and molecular crystals diffracting X-rays. Usually,
CCAs diffraction is in the range from UV to IR depending on the interparticle distance.
Diffraction in the visible range gives iridescent samples with an angular dependence of the

color as stated by Bragg’s law:
mA = 2ndpy,; sinf (2.1)
where m is the order of diffraction, A the wavelength of the diffracted light, n the refractive

index, dy the lattice spacing for the lattice plane defined by the Miller indices (hkl), and €
the angle between the incident light and the diffracting lattice plane.

CCAs formed by polymer particles have already proven to be of great interest for

photonic materials and biosensors, taking advantage of their optical properties. To further
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improve the characteristics and properties and to meet the requirements for potential
applications, a variety of particles has been investigated for the formation of CCAs.
Concentrated suspensions of hard and charged spheres with polystyrene or poly(methyl
methacrylate) have been extensively studied as model colloids to better understand the
mechanism of the formation of CCAs. In a review published in 1993, Okubo detailed the
formation, structure and mechanical properties of CCAs formed by charged hard particles
in deionized suspensions.!” Lately, these studies have been extended to soft spheres or
microgels as they introduce new properties and tunable interactions. Lyon and co-workers
reviewed thermoresponsive microgels and the CCAs thereof highlighting the effect of the
volume phase transition and the potential applications of such dynamic systems.'™'* More
complex particles have been investigated to achieve better stability and specific properties,
such as core-shell particles. In a review published recently on thermosensitive core-shell
particles, Lu and Ballauff covered CCAs formed by microgels and core-shell particles and
particularly the rheology of concentrated suspensions, noticing that core-shell particles may
be less soft than microgels.”” More specifically, the crystallization of these kinds of
microspheres, classified as soft spheres, has also been the subject of some reviews, but a lot
remains to be explored and explained as their phase diagrams appear to be more complex

than what the hard sphere model can predict.”'*

A large collection of particles have been studied in the literature for the formation of
CCAs resulting in different behaviors and properties and the stability and sensitivity of
these CCAs toward the surrounding medium may be adjusted depending on the research
objectives and intended applications. This article attempts to review the formation of CCAs
by polymer-based particles, regrouped in three categories: hard charged particles, microgels
and core-shell microspheres. This may provide a general overview of the different systems
and their potential applications. The comparison of these particles gives a better
understanding of the role of the interparticle interactions in the formation of CCAs as well
as the relationship between the properties of the particles and those of the CCAs formed by

these particles.
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2.2 Hard and charged microspheres

2.2.1 Charged and sterically-stabilized particles

The uniformity of the particles was identified as a major requirement for the formation
of crystalline colloidal arrays (CCAs). Thus, the investigation on the self-assembly of
polymer microspheres really started when the optimization of the emulsion polymerization
allowed the synthesis of monodisperse particles a few decades ago. Vanderhoff and co-
workers first showed in 1954 the spontaneous organization of uniform polyvinyltoluene
particles into close-packed crystalline arrays upon drying as well as the resulting visible
light diffraction.”> Several years later, Luck er al. demonstrated that monodisperse
polyacrylate particles dispersed in water were able to form three-dimensional CCAs when
concentrated enough.”® They identified a face-centered cubic lattice and assumed that the
structure was close-packed. In 1968, Krieger and co-workers fully characterized the Bragg
diffraction of two- and three-dimensional CCAs using polystyrene and polyvinyltoluene
microspheres.””*® Both dried films and concentrated suspensions were investigated and
diffraction was observed for particle volume fraction as low as 1 %, indicating no more
contact between the particles while keeping the close-packed organization. They first hinted
the importance of the electrical double layer and electrostatic repulsions. Indeed, all the
particles used in the previous studies were synthesized with the use of ionic surfactants and
initiators and only formed ordered arrays in low ionic strength medium. The presence of
these long-range interactions maintains the crystalline structure even when the particles are
quite far from each other, i.e., at low concentrations. They also extended their study to non-
aqueous suspensions, where CCAs were obtained depending on the surface charge
dissociation and the medium polarity.”” Since then, several groups contributed to the
characterization of the structure and optical properties of CCAs of polystyrene latexes.
Ottewill and co-workers notably used small-angle neutron scattering to investigate the
effects of volume fraction and shear on the ordering of concentrated colloidal
dispersions.***® Interestingly, they showed that shear could cause both disordering for
crystalline samples and ordering for initially disordered samples. They also showed that

steric stabilization could help in the formation of CCAs and decrease the sensitivity to ionic
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strength. It is achieved by the addition of hydrophilic polymer chains during the synthesis.
Thus, they compared the packing of charge-stabilized latices and one of the sterically-
stabilized latices with grafted PEG chains in the presence of salts: while the charge-
stabilized particles aggregated and did not present any ordered packing, the sterically-

stabilized ones formed well-organized CCAs.*'

Asher and co-workers explored extensively the diffraction properties, showing the
angular dependence (Figure 2.1) and identifying the lattice planes and the crystalline

34-36
structure.

Okubo and co-workers investigated extensively the crystallization of charged
spheres.*”?’ They found that homogeneous nucleation occurred in the bulk while the
presence of a wall (the cell walls) favored heterogeneous nucleation. They also showed that
the nucleation rate increased with the sphere concentration, leading to smaller single
crystals. The crystallization kinetics were studied by following the evolution of the
diffraction peak intensity over time. They identified a two-step process with a fast start
where metastable crystals are formed, followed by a slower growth, characterized by a
reorganization, and possibly Ostwald ripening, to form more stable crystals. Recently, they
compared the crystallization of aqueous suspensions of polystyrene, poly(methyl
methacrylate) and silica and showed that the interparticle distance and the crystal growth

rate are only dependent on the particle size and concentration regardless of the kind of

particles used.”

2.2.2 Highly charged particles

Knowing the ability of polystyrene microspheres to self-assemble through electrostatic
interactions, several groups tried to optimize the synthesis to achieve higher surface charge.
Asher and co-workers used polymerizable anionic surfactants and showed the ability of the
resulting particles to form CCAs.** The development of a surfactant-free emulsion
polymerization helped in eliminating adsorbed surfactants since the charges brought by the
initiator were shown to stabilize the particles. However, it appeared that they were not

enough to allow the formation of CCAs. The introduction of a charged comonomer solved
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Figure 2.1  Extinction spectra of CCAs formed by highly charged polystyrene
particles as a function of the incident angle, with the 1200 nm peak due to the Bragg
diffraction of face-centered cubic (111) planes. Reprinted from Ref 36 with the

permission from the American Physical Society. © 2004 American Physical Society.

the problem by increasing the surface charge density. Reese and Asher used hydroxyethyl
methacrylate as a comonomer to form charged polystyrene particles, as the hydroxyl group
is easily oxidized by the persulfate from the iniator to form carboxylate.* They obtained
large particles (above 400 nm) forming CCAs with diffraction in the near-infrared range.
After an extensive work on anionic particles, Okubo and co-workers turned to CCAs
formed by cationic polystyrene particles synthesized with methacryloyloxyphenyldimethyl-
sulfonium methylsulfate as a comonomer.* Our group investigated CCAs formed by
anionic and cationic polystyrene microspheres.”” Charged comonomers, sodium
styrenesulfonate and vinylbenzyltrimethylammonium chloride, were used in the surfactant-
free emulsion polymerization along with styrene to obtain highly charged particles. As

expected, concentrated suspensions of particles synthesized without a charged comonomer
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do not exhibit crystallinity, probably because of a high polydispersity and insufficient
amount of charges. In particular, it was also shown that the uniformity in shape is not
primordial as the structure is not close-packed due to the strong electrostatic interactions
and that the tolerance to ionic strength increases with the surface charge density, as more
ions are required to screen the surface charges. The SEM image in Figure 2.2A shows the
organized structure formed by the cationic particles despite their defects. The concentrated
suspensions of these particles display angular-dependent iridescence which corresponds to
a peak in the diffraction spectrum. Figure 2.2B shows the stability of the CCAs over a wide

range of concentrations with a red shift of the diffraction peak upon dilution.

2.2.3 Polymerized CCAs

Because of the simplicity of the synthesis and the self-assembly of the PS particles,
their CCAs have been used as the basis for more complex systems such as polymerized
crystalline colloidal arrays (PCCAs). PCCAs consist of crystallized polymer particles
surrounded by a polymerized matrix. Asher’s group used charged polystyrene particles
embedded in a sensitive hydrogel matrix made of polyacrylamide or poly(acrylic acid)
containing functional groups to develop sensors for a wide range of analytes, such as metal
cations, creatinine and glucose.**>* The principle lies in the responsive behavior of the
functionalized hydrogel which swells or shrinks upon complexation with the analyte,
changing the interparticle distances while maintaining the crystalline structure and causing
the shift of the diffraction peak (Figure 2.3A). The PCCAs are adapted to complex with the
target molecules simply by functionalizing the hydrogel with the suitable recognition agent,
such as crown ether for metal cations, or phenylboronic acid for glucose. Guan’s sensors,
depicted in Figure 2.3B, used functionalized microgel particles in a non-functionalized
matrix (detailed in Section 3.4). Figure 2.4 shows the performance of PCCA-based sensors
for metal cations developed by Asher’s group. The complexation between the crown ether
and the copper cation causes the swelling of the hydrogel and consequently the increase of

the interparticle distance. In Figure 2.4A, the diffraction peak of the PCCA clearly shifts
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Figure2.2 (A) SEM image of the dry cationic polystyrene particles showing
ordered packing of the particles despite the non-perfect shape of the particles. The
inset shows the color due to Bragg diffraction of the self-assembled particles in water.
(B) Evolution of the diffraction peak during dilution for the same particles. Weight
percentages of the particles are indicated. Adapted from Ref. 43 with permission from

the Royal Society of Chemistry. © 2010 Royal Society of Chemistry.

towards higher wavelengths when the concentration of copper ions increases, providing a
calibration curve for further quantitative detection (Figure 2.4B). Asher’s group also put the
emphasis on the detection of glucose.”’ > Figure 2.5A shows the effect of glucose on the
diffraction spectra of PCCAs formed by charged polystyrene particles embedded in a
poly(acrylic acid) matrix functionalized with phenylboronic acid groups. A clear shift of
the diffraction peak towards lower wavelengths is visible when the concentration of glucose

increases, accompanied by a change of color. The calibration curve (Figure 2.5B) allows
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the determination of the glucose concentration according to the peak wavelength and/or
color. They also quantified the glucose concentration in tears and showed that their PCCAs

were sensitive enough to detect such low concentrations, with the ultimate goal to use a

lens with embedded PCCAs where the diffracted color may indicate the glucose
54,56

concentration.

Figure 2.3  Comparison of the structure and sensing principle of two PCCA-based
sensors. (A) PCCA developed by Asher and co-workers: non-sensitive charged
particles are organized and trapped in a responsive functionalized hydrogel matrix.**
The complexation with the analyte induces the swelling or contraction of the hydrogel
and a subsequent increase or decrease of the interparticle distance. (B) PCCA
developed by Guan and co-workers: thermosensitive and functionalized microgels are
organized and trapped in a non-sensitive matrix. The complexation with the analyte
induces the swelling of the microgels and the decrease in the scattering efficiency.
Reprinted from Ref. 57 with permission from the Royal Society of Chemistry. © 2009
Royal Society of Chemistry.
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Figure 2.4  Demonstration of the sensing properties of the cross-linked 8-
hydroxyquinoline PCCA developed by Asher and co-workers for metal ions
detection.”’” (A) Effect of the concentration of Cu®” with a clear shift of the diffraction
peak; (B) The calibration curve of the diffraction peak wavelength versus the analyte
concentration (the two curves corresponds to two runs, showing the reproducibility
and regeneration of the sensor). Reprinted from Ref. 47 with permission from the

American Chemical Society. © 2003 American Chemical Society.

2.2.4 Binary CCAs

Charged and hard particles also served as model colloids for the formation of binary
CCAs, consisting of particles of two distinct sizes. Yoshimura and co-workers first
obtained binary CCAs using charged polystyrene particles with different sizes by simply
mixing the suspensions.”®” Various crystalline structures were observed depending on the
ratio of small and large particles. However, a long time (more than 10 hours) was required
to allow the crystallization. Bartlett et al used poly(methyl methacrylate) cores which were
stabilized sterically with a thin layer of adsorbed poly(12-hydroxystearic acid) and worked
with different size ratios of small and large particles and relative amounts of the

601 Binary mixtures of size ratio of 0.62 and 0.58 were tested but a crystalline

particles.
structure was only obtained with the lowest size ratio. The CCAs were obtained by mixing

the particles in a solvent which was evaporated over a long period of time (several months).
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Figure 2.5  (A) Effect of glucose concentration on the diffraction of Asher’s PCCA
sensor in 2 mmol/L glycylglycine (pH 7.4)-150 mmol/L NaCl, with the resulting
change of color from red to blue with increasing glucose concentration. The
diffraction peaks are labeled with the corresponding glucose concentration (mmol/L);
(B) dependence of diffraction peak maxima on glucose concentration. Reprinted from
Ref. 54 with permission from the American Association for Clinical Chemistry. ©

2004 American Association for Clinical Chemistry.

As a result, many different crystalline structures were observed, depending on the relative
amount of small and large particles in the initial solution, allowing them to build a phase
diagram. Since then, many methods have been developed to obtain such binary structures
more quickly, leading to a wide variety of structures. Layer by layer deposition has been

62-64

one of the techniques used for this purpose. Park and co-workers used sulfonated PS

particles of different sizes and deposited them in two steps through convective assembly.*
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First, the larger particles are deposited on the substrate forming hexagonal arrays. Then,
using the same procedure, the small particles are deposited on top of the first layer and go
in the interstices. Kingshott and co-workers prepared 2D binary CCAs by drop-casting a
suspension of mixed large sulfated PS particles (between 350 and 550 nm in diameter) and
small amino-functionalized PS particles (between 50 and 200 nm in diameter) on a treated
hydrophobic surfaces.”” The crystalline structure could be tuned by varying the size ratio

and volume fractions of each kind of particles, as shown in Figure 2.6.

Figure 2.6  SEM images of binary CCAs formed by (A) 520 nm diameter sulfated
PS and 152 nm amino-functionalized PS particles assembled on carbon tape with a
particle number ratio of 1:200 and (B) 368 nm sulfated PS and 59 nm carboxylated PS
particles with a ratio of 1:50. Reprinted from Ref. 65 with permission from the

American Chemical Society. © 2007 American Chemical Society.
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2.3 Soft microspheres

2.3.1 Microgels

The use of microgels as building blocks for CCAs appeared later. One of the obvious
reasons lies in the preparation of the particles, less straightforward because of the polymer
solubility, by dispersion or precipitation polymerization with the use of a crosslinker to
maintain the particle integrity. As in the case of sterically-stabilized particles, steric
interactions are of importance for microgels due to the solvated chains. Depending on the
absence or presence of surface charge, microgels will either follow the “hard sphere” or the
“soft sphere” model in which electrostatic interactions still play a prominent role.®®®
Interestingly, neutral and weakly charged microgels displayed a similar phase diagram as
hard spheres in microgravity. Indeed, the microgels, swollen by the solvent, are less
sensitive to gravity because of the matching densities.”” Charged microgels, like charged
hard particles, follow the “soft sphere” model but the compressibility of the particles may
allow to reach higher volume fractions.”"’* Such particles are then expected to present more
complicated phase diagrams than charged hard spheres, with crystallization occuring at

very high volume fractions.”"*

The responsiveness to stimuli exhibited by some hydrogel particles brings additional
useful properties to the CCAs. Indeed, the response is usually expressed by a volume phase
transition (VPT) accompanied by a change in the size of the particles but also by a change
in the interactions between particles. Van der Waals interactions and steric repulsions can
be affected by the VPT with a change in the Hamaker constant due to the collapse of the
particles and the desolvation or dehydration of the polymer chains around the particles. In
the case of pH-sensitive microgels, the electrostatic interactions are affected as well, since
the change in pH induces both a change in the ionic strength and in the surface charges.
Given the properties of such particles, it is particularly interesting to investigate how the
VPT affects the crystallization and how the responsiveness is transferred to the CCAs.
Thus, the VPT has been successfully used to compare the crystallization in the swollen and

shrunken states. In particular, it was shown that the kinetics of crystallization in the
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shrunken state was much slower. Besides, as the VPT causes a change of size, it has also
been used to tune the effective volume fraction and investigate the effect on the freezing

and melting.”%""7

2.3.2 Thermoresponsive microgels

The most studied responsive particles are based on poly(N-isopropylacrylamide)
(PNIPAM) since the thermo-sensitivity of linear PNIPAM has been extensively
investigated with its well-known lower critical solution temperature at 32 °C. Asher and co-
workers first reported CCAs formed by PNIPAM microgels diffracting visible light.”
Above the VPT temperature, at 40 °C, the diffraction peak intensity increases without
wavelength shifts, and this observation was attributed to the change of the sphere scattering
cross-section. Interestingly, Lyon and co-workers also investigated how the VPT affected
the periodic packing of poly(NIPAM-co-acrylic acid) microgels by light diffraction but did
not report the same observations.”’ Their particles formed CCAs below the VPT
temperature but not above as indicated by the decreased intensity of the diffraction at 30 °C
and the disappearance of the diffraction peak at 34 °C. The difference in behavior was
explained by the difference of surface charges and the subsequent strength of the
electrostatic repulsions. In Asher’s work, the microgels were prepared with a charged
comonomer, while in Lyon’s work acrylic acid was used but the study was conducted
below the pK, of the acrylic acid units. Similar observations were made by others with pure
PNIPAM microgels. Senff and Richtering studied the colloidal phase behavior of PNIPAM
microgels and showed the effect of temperature on the effective volume fraction leading to
crystallization as well as the instability above 33 °C.°® Hellweg et al. clearly showed the
molten state of their CCAs above the VPT temperature and followed the crystallization
upon cooling by video microscopy.” The melting of CCAs of PNIPAM microgels with
temperature was more precisely investigated by Yodh and co-workers to identify the steps
leading to the loss of order.”®"” They found that the initial loss of order, called premelting,
occured first at the grain boundaries and that the extent of this premelting depended on the

defects and on the volume fraction. For single crystals, the melting starts at the interfaces
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and then propagates in the bulk. They also studied the effect of the thickness on the melting
of CCAs films, clearly identifying different melting behaviors between monolayers, thin (<
4 layers) and thick films (> 4 layers). While melting at grain boundaries is predominant in
thick films like in 3D CCAs, interfacial melting is equally favored for thinner films.
Moreover, there is no coexistence of the crystalline phase with the liquid phase in case of

thin films, contrary to 3D CCAs and thick films.

Hu and co-workers explored the optical properties of aqueous dispersions of PNIPAM
microgels versus concentration and temperature, clearly showing the transitions from liquid
to crystal and from crystal to glassy phases and even elaborated a phase diagram, supported
by theoretical calculations.*™®" They concluded that their PNIPAM microgels behave as
hard spheres at low temperature, while strong attractive interactions cause a phase
separation at high temperatures. Studying the melting kinetics of the CCAs with
temperature, they also noticed a gradual blue shift of the diffraction peak due to the lattice
contraction, along with the loss of crystallinity.*” The existence of attractive forces were
also suggested by Lyon and co-workers when they studied the melting of the CCAs formed
by poly(NIPAM-co-acrylic acid) microgels at pH 3.8 and with an ionic strength of 1 mM.
Under such conditions, the long-range repulsive forces are suppressed and the microgels
are expected to behave like hard spheres. However, the order was maintained for volume
fractions as low as 0.12 with the microgels reaching a diameter larger than that measured in
dilute suspensions. Attractive enthalpic forces, such as hydrogen bonding, and multibody

interactions were suggested as possible causes.”>?

Besides, the VPT of PNIPAM microgels proved to be interesting in obtaining better-
ordered CCAs. Lyon and co-workers showed that a simple cycle of temperature above and
below the VPT temperature, called an annealing cycle, gave a narrower and more intense
diffraction peak.”"”” The decrease in size of the particles upon heating allows them to move
freely and rearrange into a more ordered packing upon cooling. Other CCAs formed by
thermosensitive PNIPAM-based microgels displayed the same behavior versus temperature
as poly(NIPAM-allylamine) microgels with both the loss of order above the VPT and a

more ordered structure after the annealing cycle.* An example of the phase diagram of
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these particles in Figure 2.7 shows the effect of the concentration on the transition

temperatures for the different phases of the system.
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Phase diagram of concentrated suspensions of poly(NIPAM-co-

allylamine) particles. The VPT temperature (dashed lines), the melting temperature

(square) and the glass transition (circle) are plotted versus the weight fraction of the

particles. Reprinted from Ref. 84 with permission from Wiley. © 2003 Wiley-VCH.

Okubo and co-workers studied the effect of ionic strength and degree of cross-linking

on CCAs of PNIPAM microgels to shed light on the interactions involved in the self-

assembly, concluding that electrostatic repulsions were mostly responsible of the

crystallization, above the excluded volume effect.®*®”® In addition, they showed that the

increase in the degree of cross-linking further decreases the extent of the excluded volume

effect, getting closer to the behavior of hard spheres such as polystyrene particles.

In our group, CCAs have been obtained with other thermosensitive particles. Colonne

et al. modulated the VPT temperature by varying the amount of 2-hydroxyethyl

methacrylate in poly(N,N-dimethylacrylamide-co-2-hydroxyethyl methacrylate) particles
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and obtained diffraction spectra from the self-assembly of such particles.*® Chen et al.
observed a loss of order above the VPT for CCAs formed by poly(N,N-
dimethylacrylamide-co-N-ethylacrylamide-co-2-hydroxyethyl methacrylate) particles, as
illustrated in Figure 2.8A.%" They also showed the improved diffraction after an annealing

cycle, similarly to the PNIPAM-based microgels (Figure 2.8B).
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Figure 2.8 (A) Light diffraction spectra of the CCAs formed by poly(N,N-
dimethylacrylamide-co-N-ethylacrylamide-co-2-hydroxyethyl methacrylate) particles
(7 wt%) at 10 °C before and after temperature cycling; (B) light diffraction spectra of
the same CCAs (7 wt%) at different temperatures after temperature cycling. Reprinted
from Ref. 87 with permission from the Royal Society of Chemistry. © 2007 Royal
Society of Chemistry.
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2.3.3 PCCAs with microgels

These CCAs prepared by Chen et al were later trapped either in non-thermosensitive or
thermosensitive polymerized matrices, forming PCCAs with one or two temperature-
induced transitions, respectively.”” The diffraction peaks of both kinds of PCCAs blue-shift
as the temperature increases, but the diffraction peaks of thermosensitive matrix-based
PCCAs eventually disappeared, either due to the unfavorable mismatch of the refractive

indices or the disruption of the crystalline structure (Figure 2.9).
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Figure 2.9  Diffraction spectra of PCCAs with (A) a non-thermosensitive matrix
and (B) a thermosensitive matrix at different temperatures. The non-thermosensitive
matrix maintains the crystalline structure above the VPT temperature, contrary to the
thermosensitive matrix, where the diffraction peak disappears at 33 °C, similarly to
simple CCAs. Adapted from Ref. 87 with permission from the Royal Society of
Chemistry. © 2007 Royal Society of Chemistry.

In addition to their usual PCCAs with PS particles and a sensitive matrix for sensing
applications, Asher and co-workers prepared PCCAs with PNIPAM microgels trapped in a
non-sensitive matrix for optical switching applications.*® An increase of temperature caused

a fast increase of the diffraction paired with a decrease of the transmission, as a result of the
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shrinkage of the particles. Based on the same model, glucose sensors were developed by
Liu et al. around PCCAs with functionalized thermosensitive microgels embedded in a
non-sensitive matrix.”’ These sensors are not based on the same principle as Asher’s
sensors. Here, the particles underwent a VPT under the influence of the analyte (Figure
2.3B), as opposed to the hydrogel matrix in Asher’s case. As a result, the diffraction peak
did not shift but the particle swelling changed the scattering efficiency, decreasing the peak

intensity.

Hu and co-workers used another method to improve the stability of CCAs by the
formation of covalent bonds between PNIPAM-based microgels.**®*' The procedure did
not affect the crystalline phase as proved by the iridescence of the samples. In addition, the
crystalline structure was mechanically and thermally stable as it regained its initial state
after compression and after heating above the VPT.* Figure 2.10 shows the
thermosensitivity of the system formed by poly(NIPAM-co-allylamine) particles, with a
visible change of color depending on the temperature confirmed by the shift of the

diffraction peak.

2.4 Core-shell microspheres

The applications of CCAs require particles with new properties and more complex
particles. The core-shell structure allows the association of two materials with different or
complementary properties. Thus, CCAs with various core-shell particles have been

9293 inorganic core coated with a polymeric

prepared, from inorganic core-shell particles,
shell’**® to polymeric core with an inorganic shell.”*’” Here, we will focus on systems

where both the core and the shell are polymers.

2.4.1 Synthesis and self-assembly of core-shell microspheres

Different synthetic methods have been used to obtain polymeric core-shell particles.

First, it has been shown that the emulsion copolymerization of two monomers can lead to a
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Figure 2.10 Covalently-bonded CCAs of poly(NIPAM-co-allylamine) particles
switching colors with the change of the temperatures (top). The turbidity versus
wavelength curves for poly(NIPAM-co-allylamine) crystal hydrogels (4.5 wt %) at
different temperatures (bottom). Adapted from Ref. 90 with permission from the

American Chemical Society. © 2007 American Chemical Society.

core-shell structure through phase separation when one of the monomers is more
compatible with the reaction medium.”®” Adding more of the shell monomer in a second
step gives a thicker shell with a higher swelling ratio in the case of a stimuli-sensitive
hydrogel.'™'® 1t is also possible to use seed polymerization to prepare the core in one
batch and form the shell in a second batch.'**'% Most core-shell particles used for CCAs in
aqueous suspensions are typically made of a hard hydrophobic core and a soft hydrophilic

shell. Polystyrene is commonly used for the core, due to its simple polymerization and its
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hydrophobicity, and has been combined with many hydrogels depending on the intended
properties.

Some of these particles have successfully demonstrated their ability to self-assemble
into CCAs. One of the first examples was published by Herzog Cardoso et al. who used
poly(styrene-co-2-hydroxyethyl methacrylate) particles and observed iridescence for the
aqueous dispersions as well as for the dried samples. The crystalline structure was further
proved by the SEM observations (Figure 2.11).'"”” Okubo ef al. investigated the self-
assembly of poly(styrene-co-ethylene oxide) core-shell particles, especially the
crystallization kinetics. They noticed no difference in behavior from “hard” spheres such as
polystyrene, leading to the conclusion that the internal structure of the particles does not
interfere with the formation of the CCAs which is mainly dictated by long-range repulsive

forces.'®

Figure 2.11 SEM images of CCAs formed by poly(styrene-co-hydroxyethyl
methacrylate) particles. The bar represents 2 um. Adapted from Ref. 107 with

permission from Elsevier. © 2007 Elsevier.



65

2.4.2 Poly(styrene-co-NIPAM) microspheres

PNIPAM is a popular choice of shell in the preparation of core-shell particles. Hellweg
and co-workers investigated core-shell microspheres with a polystyrene core and a
PNIPAM shell and showed their ability to form CCAs.'” Similar particles were used by
Lyon and co-workers to prepare “paint-on” CCAs.'"’ They studied the evolution of the
diffraction spectra during the solvent evaporation process (Figure 2.12) and obtained a
bright film. Li et al. first studied the thermo-response of such particles, the only difference
being the presence of a small amount of acrylic acid units in the shell.''! While a
concentrated thin self-assembled sample was heated, they noticed a gradual blue-shift of
the diffraction peak as well as a decrease of the peak intensity. This behavior contrasts with
what was obtained for PNIPAM microgels which showed a total loss of the order above the
VPT temperature. The difference may originate from the smallest change of volume for the
core-shell particles: microgels can decrease their volume up to 10 times when shrinking,
increasing the interparticle distance and subsequently decreasing the interactions which
previously maintained the crystalline structure. For core-shell particles, the interparticle

distance and the interactions are less affected, allowing them to maintain the order.

Our group went further trying to understand the thermo-sensitivity of CCAs formed by
core-shell poly(styrene-co-NIPAM) microspheres.''? The effect of temperature on these
CCAs was investigated at different concentrations, displaying a different behavior at low
and high concentrations. At high concentrations, the results obtained are similar to Li’s
work, with a clear shift of the diffraction peak towards lower wavelengths and a decrease of
the peak intensity when heated above the VPT temperature (Figure 2.13A). Even if the
origin of such behavior remains unclear, these observations seems to point towards the
formation of crystalline clusters with more closely packed particles separated by
disorganized areas. Several explanations can be advanced but the nature of the interactions
in CCAs is still controversial. Here, the phenomenon was attributed to the increase of the
short-range attractive interactions between the particles occurring during the VPT (increase
of the attractive van der Waals interactions and decrease of the steric repulsions).

Interdigitation of the compressed shells could also take place and force the particles to stay
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Figure 2.12 (A) In situ reflectance spectra of poly(styrene-co-NIPAM) particles
collected during sample drying over time on the order of ~5 min. The curves
correspond to the onset of diffraction, the continuous blue-shift of this diffraction, and
the emergence and final diffraction stabilization due to crystals composed of
completely dried particles. The arrows indicate the evolution of the diffraction peaks
over time during the drying process. (B) Digital camera images of the dried crystalline
films formed through solvent evaporation of the aqueous suspension of the same
particles. Adapted from Ref. 110 with permission from the Royal Society of
Chemistry. © 2007 Royal Society of Chemistry.

close after the VPT. As a result, the particles are brought closer in the crystalline clusters.
However, as the concentration decreases, the shift as well as the decrease of intensity
becomes less significant (Figure 2.13B): the interparticle distance remains dictated by the

long-range electrostatic repulsions and no significant change occurs.

2.4.3 Microspheres with other responsive shells

Other responsive shells than PNIPAM have been explored. Thermoresponsive CCAs
have been obtained with poly(styrene-a-zert-butoxy-w-vinylbenzylpolyglycidol) core-shell

microspheres with an interparticle distance varying with the temperature of formation of the
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Figure 2.23 (A) Evolution of the diffraction spectra of the CCAs of poly(styrene-co-

NIPAM) particles at different temperatures for a concentrated sample. (B) The

magnitude of the diffraction peak shift on the raw spectra between 25 and 45 °C

versus the particles concentration, showing a clear effect of the concentration on the

thermo-responsiveness of the CCAs. Adapted from Ref. 112 with permission of the

Royal Society of Chemistry. © 2012 Royal Society of Chemistry.
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CCAs."*'"* Meng et al. obtained CCAs with polyacrylamide and poly(acrylic acid) shells

and showed that the presence of the soft shell favored the formation of CCAs by

comparison to bare polystyrene cores.'"” It was also shown that the ordering of the CCAs
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was disrupted once the shell became less soft or hardened by the change of the external
media. Thus, the order of the particles with a polyacrylamide shell was lost when a poor
solvent (ethanol) of the shell was gradually added into the medium. These results indicate
that the loss of the steric cushion of the soft gels is detrimental to the formation of CCAs
and the steric effect may be vital for the formation of CCAs by such core-shell
microspheres. The particles with poly(acrylic acid) as a shell formed pH-sensitive CCAs as
indicated by the shift of the diffraction peak with the pH. The periodic structure is
maintained at pH above and slightly below the pK, of the PAA shell but becomes disrupted
at pH 2, probably due to the screening of the electrostatic repulsions caused by the
protonation of the carboxylic acid units combined with the high ionic strength. Once again,
the protonation of the acid group and the added salt caused the hardening of the shell and
the loss of the steric cushion. Similar observations were made for a shell synthesized by
copolymerization of AA and NIPAM."'® CCAs formed by such particles display double-
sensitivity to both pH and temperature exhibiting the same behavior as particles with
corresponding homopolymer shells: the increase of temperature and the decrease of the pH
both cause a blue shift of the diffraction peak along with a decrease of intensity, but a pH
value of 2 disrupts the crystalline structure. Prashant et al. also obtained CCAs from pH-
sensitive core-shell particles, using acrylic acid, methacrylic acid and itaconic acid
separately for the shell.''” They did not investigate the response to pH but followed by light
diffraction the drying process, noticing a shift of the diffraction peak towards lower
wavelengths and the crystalline structure stability as the solvent evaporates and the particles

get closer.

2.5 Conclusion

The extensive studies on the packing mechanism of polymer microspheres have
provided a better understanding of the CCAs formation as well as the relationship between
their behavior and the particle properties, establishing a basis for the development of

various promising applications, notably in the biosensing field. CCAs with suitable
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properties may be obtained by tuning the particle characteristics, through the synthesis and
choice of components. The use of charge- and sterically-stabilized microspheres helped in
identifying the interactions involved. Lately, responsive microspheres have attracted much
attention. The volume phase transition triggered by an external stimulus or caused by the
binding with an analyte is particularly interesting as it can cause a detectable change in the
optical properties of the CCAs. In addition, recent work shows that the CCAs of core-shell
microspheres present the advantages of a gradual change and an improved stability, both
desirable qualities for biosensors. The search for stable CCAs with potential applications is
now leading to the development of more complex particles, such as core-shell-corona
microspheres and hybrid particles, associating inorganic materials, for example silica or

gold, with responsive polymers.''*'"’
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Chapitre 3

Formation of crystalline colloidal arrays by anionic and

cationic polystyrene particles *

Abstract: Cross-linked polystyrene microspheres bearing positive and negative
charges have been prepared by surfactant-free emulsion polymerization by the use of
various amounts of vinylbenzyltrimethylammonium chloride and sodium styrenesulfonate
as comonomers, respectively. Increasing the amount of the ionic comonomers tends to
decrease the particle size due to better surface stabilization, but a high concentration of an
ionic comonomer leads to a competitive mechanism that increases the polydispersity of the
particle size. The amount of cationic and anionic comonomers leads to differences in size,
shape and uniformity of the particles. The cationic particles can self-assemble into
crystalline colloidal arrays with intense visible light diffraction just like the anionic ones. It
is particularly interesting to observe that good packing can be obtained even for particles
not quite uniform in size. To better understand the packing behavior, the properties and
stability of the colloidal crystals have been studied as a function of the particle
concentration and ionic strength of the media. The presence of charges helps in the
formation of periodic structure over a wide range of particle concentrations at low ionic

strength.

*Publié comme article : Bazin, G.; Zhu, X. X., Soft Matter, 2010, 6, 4189-4196.
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3.1 Introduction

Crystalline colloidal arrays (CCAs) can be obtained from a variety of particles
including polymers' and inorganic spheres such as silica beads.” They diffract light in the
UV-visible range the same way as atomic or molecular crystals diffract X-rays. This
property makes them useful as photonic band-gap materials™* and as chemical and

- - 5-7
biological sensors.

Monodisperse polystyrene particles easily self-assemble into CCAs, while soft and
neutral thermosensitive microgels and core-shell particles can also pack into CCAs.*!! For
hard polystyrene particles, repulsive forces among the charged spheres are considered to be
crucial in the formation of the ordered structures. Goodall e al. showed that the charges
brought by the initiator were enough to stabilize the particles.'” Juang and Krieger used an
ionic comonomer, sodium styrenesulfonate (SS) to obtain smaller and more highly charged
particles.”® Surfactant-free emulsion polymerization with anionic comonomers has been
extensively studied.'*" Krieger and Hiltner studied the order/disorder transition of
negatively-charged latexes depending on the particle concentration and ionic strength,
showing that they can form non-close-packed structures.***' Anionic polystyrene particles
have been used as the ideal candidate in the study of the diffraction properties of CCAs.
Asher and co-workers studied their crystalline structures in detail through the diffraction

22,23

spectra, showing some defects in the CCAs, and developed various sensors™® with

polymerized CCAs by the use of negatively-charged particles.

In comparison, positively-charged particles have received less attention. Ford and co-
workers synthesized cationic latexes by copolymerization of styrene and vinylbenzyl
chloride followed by the reaction of benzylchloride with amines.” Pichot and co-workers

2628 Liu et al.

introduced cationic comonomers in a surfactant-free emulsion polymerization.
studied specifically the effect of quaternary ammonium cationic monomers including
vinylbenzyltrimethylammonium chloride (VBTA).”” They found a similar mechanism as
for anionic comonomers but noticed the formation of agglomerates with the use of 10%

VBTA.
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Positively-charged particles have not been used as often for the CCAs. One of the first
studies was published by Okubo ef al. on poly(styrene-co-methacryloyloxyphenyldimethyl-
sulfonium methylsulfate).”® In many cases, the cationic particles are organized on solid

31,32 . . L . . 33,34
= or associated with anionic ones to form binary colloidal crystals.”””" These

substrates,
studies helped in the understanding of the synthesis and the formation of colloidal crystals
by cationic particles. However, much remains to be better understood, especially when the
cationic particles can be used to adsorb anionic polyelectrolytes and biomacromolecules

such as DNA.

In this work, we have synthesized both anionic and cationic cross-linked polystyrene
microspheres by surfactant-free emulsion polymerization. The comparison between the
cationic and the anionic particles provides a better understanding of their self-assembly
process. The particles have been characterized in detail through measurements of their size,
charge density and zeta-potential. Colloidal crystals formed by these particles have been
studied and developed.

3.2 Experimental

3.2.1 Materials and synthesis of charged particles

Styrene, divinylbenzene (DVB), sodium styrenesulfonate (SS), potassium persulfate
(KPS), vinylbenzyltrimethylammonium chloride (VBTA), 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AMPA) were purchased from Sigma-Aldrich.
Styrene and DVB were washed with 10 wt% sodium hydroxide and water, dried over
anhydrous magnesium sulfate and distilled under reduced pressure. The other chemicals

were used as received.

The charged polystyrene microspheres were synthesized by surfactant-free emulsion
polymerization.''>** The negatively-charged particles were prepared with SS as a

comonomer and KPS as the initiator, and the positively-charged particles were prepared
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with VBTA as a comonomer and AMPA as the initiator. Otherwise, the procedure is the
same for both kinds of microspheres. The amount used of each component is listed in Table

3.1.

In a 500 mL three-neck flask equipped with a reflux condenser, the comonomer was
dissolved in 200 mL of milli-Q water, followed by the addition of styrene and DVB. The
system was degassed with nitrogen for 30 min while stirring with a mechanical stirrer at a
speed of 350 rpm. The initiator was then added with 50 mL of water and the flask was
heated to 70°C in an oil bath. The temperature and the stirring were maintained for 24 h,
before the milky solution was filtered through a 2-um membrane to remove the coagulum
and centrifuged. After the removal of the supernatant, the particles were dispersed in milli-
Q water with the help of a vortex and a sonicator. The centrifugation procedure was
repeated three times, followed by dialysis against distilled water for one week at room

temperature in a cellulose sack (MW cut off at 3200).

3.2.2 Characterization of the particles

The size of the microspheres was measured by dynamic light scattering on a
Brookhaven BI-200SM instrument equipped with a 532 nm green laser. The samples were
prepared by diluting 10 pL of the particle solution (ca. 10 wt%) in 10 mL of milli-Q water,
followed by filtration through a 0.45 or 2-um pore membrane. No sedimentation was
observed during the measurements (and even after 6 months) at all concentrations used in
this study for the ionic particles. However, sedimentation could occur after few weeks for
the polystyrene particles prepared without charged comonomers. For each sample, five
measurements were taken. To obtain the size distribution from the normalized
autocorrelation function g4 (t), the method of cumulants was chosen with a 3" order fit.
The function g4 (t) was fitted with the function

&tz—&t”) (3.1)

g1(t) = exp(—Tt) x (1 + o T
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Table 3.1 Preparation conditions and characteristics of the particles.

Comonomer *

Sample (mol%) Comonomer (g)  Styrene (g) dy250c (nm) o (uC cm™)
P(S-SS) 0 0.00 26.0 460 10.8

0.5 0.26 25.9 306 14.0

1 0.52 25.8 280-210¢ 12.6 - 14.1

2 1.03 25.5 173 12.7

3 1.55 25.3 137 16.1

5 2.58 24.7 103 - 1001 33.8-24.5

7 3.61 242 66 28.7

10 5.16 23.4 60 35.2

20 10.3 20.8 100 136.7
P(S-VBTA)" 0 0.00 26.0 546 8.7

0.5 0.27 259 213 11.8

1 0.53 25.8 132-127¢  14.0-113

2 1.06 25.5 123 17.7

3 1.59 25.3 94 19.5

5 2.65 24.7 129- 127¢ 39.6-44.9

7 3.71 242 126 50.8

10 5.29 23.4 129 138.1

20 10.6 20.8 105 252.4

“ based on the total amount of monomer (styrene + ionic comonomer, DVB excluded). ” 0.326 g of DVB and
2.703 g of KPS were used.  0.326 g of DVB and 2.712 g of AMPA were used. 4 Data from a repeated
experiment.

where ¢ is the time and T, the mean decay rate, is linked to the translational diffusion
coefficient Dy by the relation I' = Dyq? where q is the magnitude of the scattering wave
vector, and u, and u; are fitting parameters. In the case of very dilute samples and purely
translational ~ diffusion, D = D,. The diffusion coefficient D, is related to the
hydrodynamic diameter dj by the Stokes-Einstein relation

kT
"~ 3mnd,

(3.2)

Dy

where £ is the Boltzmann’s constant, 7' the absolute temperature and 1 the viscosity of the
medium. The polydispersity index (PDI) corresponds to the relative variance of the

distribution and is given by
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PDI = % (3.3)

The surface charge density was determined by colloid titration.”**>*® The particles
were dispersed in milli-Q water at ca. 0.1 wt% and titrated with a 0.1 mN potassium
polyvinylsulfate (PVSK) solution. The equivalence point is detected by colorimetry with
toluidine blue-O as the indicator. The cationic particles were titrated directly. For anionic
particles, an excess of poly(diallydimethylammonium) chloride (PDAC) was added and the
non-neutralized polyelectrolyte was titrated with the PVSK solution. The surface charge
density o was then calculated with

CT Veq

Sp

o =

(3.4)

where F is the Faraday constant, Cy the concentration of the titration agent, V,, the volume

added at the equivalence point, and S, is the total surface area of the particles.

The zeta-potential was measured with very dilute samples in pure milli-Q water at
25°C on a Zetasizer (Nano ZS) from Malvern. The effect of salt on the zeta-potential and
size was studied with the same instrument mounted with an autotitrator (MPT-2, Malvern)
with a 10 g/L NaCl solution. The final values are the averages of two series of 3

measurements. The zeta-potential ¢ c is determined through the electrophoretic mobility Ug

with Henry’s equation:

~ 2ed ¢ f(xa)

T (3.5)

where ¢ is the dielectric constant and 71 the viscosity, f{xa) is the Henry’s function with k=1
the Debye length and a the particle radius. The value of f(ka) depends on the particles size
and the ionic strength of the medium and varies between 1 and 1.5. When xa > 1, which is
generally the case for large particles (¢ > 100 nm) in aqueous media with ionic strength

higher than 0.001 M, the Smoluchowski approximation is used, fixing the value of f (ka) at
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1.5. We assume that the charged microspheres have a sufficiently high ionic strength, even

though they are dispersed in pure milli-Q water.

3.2.3 Study of particle packing

For scanning electron microscopy (SEM), the particles were drop-cast from a
concentrated solution and dried at room temperature. The samples were prepared with a 20-
nm-thick Pd/Au coating and observed on a FE-SEM (Hitachi S-4700) with an accelerating
voltage of 2 kV.

Diffraction measurements were made using a home-assembled spectrophotometer
(USB2000, Ocean Optics) equipped with a tungsten-halogen source (400 - 1000 nm) and a
backscattering probe (R200-7 VIS/NIR, Ocean Optics). The concentration of the particles
was achieved by simple centrifugation of the suspension in water. The supernatant water
was removed and the sample was homogenized on a vortex. The colloidal crystals were
then transferred in square cuvettes to carry out the visible light diffraction measurements.
The samples remained stable throughout the experiments and even months after the

experiments.

The colloidal crystals formed by the microspheres can diffract light following the
Bragg’s law

mA = 2ndyy,; sin 6 (3.6)

where m is the order of diffraction, A the wavelength of the diffracted light, n the refractive
index of the CCAs, dp; the interplanar spacing for the lattice plane defined by the Miller
indices (%kl), and 6 the angle between the incident light and the diffracting lattice plane.
The refractive index of the colloidal crystals was calculated using the combination of
Cauchy’s relations (3.7) and (3.8), which give the refractive index as a function of the
wavelength in nm, and the approximation relating the volume fraction of polymer ®@p¢ to

the refractive indices of water (n,,) and of polystyrene (nps), through relation (9)
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3046
my = 1324 +— 3.7)
10087
nps = 1.5683 +— (3.8)
n = npsPps + Ny, (1 — Ppg) (3.9)

3.3 Results and discussion

Surfactant-free emulsion polymerization'>'” was simplified for the preparation of the
particles. No buffer, salt or co-solvent was added and the monomers were all introduced
together in one single step. This method provided a good reproducibility and an easy

separation of the effects of the ionic comonomers from those of the other components.

3.3.1 Effect of the comonomer ratio on the particle size, charge density

and zeta-potential

Figure 3.1A shows the effect of the comonomer ratio on the particle size and size
distribution for both positively- and negatively-charged particles. The mechanism has been
extensively studied for the surfactant-free emulsion polymerization with an anionic
comonomer, particularly SS for polystyrene particles. Our results with SS agree well with
the works already published.'*'® A larger amount of SS helped decrease the mean diameter
by stabilizing the particles surface as a result of the electrostatic repulsions, preventing their
coagulation during the synthesis. The presence of even a small amount of SS improves the
uniformity in size of the particles. According to Kim ez al."” and confirmed by Zeng et al.,"”
nucleation occurs with the oligomers formed by the charged comonomer in the aqueous
phase. Similar to the classic emulsion polymerization where the nucleation happens in the

micelles, the styrene monomers diffuse from the droplets to these oligomers becoming less
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water-soluble as more styrene reacts. This leads to the formation of the primary particles.
Above a certain concentration of the ionic comonomer, the size reaches a lower value and
remains almost constant while the particles become more polydisperse. Styrenesulfonate at
a higher concentration tends to polymerize by itself in the aqueous phase and form

polyelectrolytes and secondary particles.

We expect the mechanism to be the same for the cationic comonomer as the same
trends are observed for both comonomers. Like SS, VBTA is a surfactant which can
stabilize the particle surface. Above a certain concentration of VBTA, the minimum size is
reached and the particles are even smaller than the ones synthesized with SS, indicating that
VBTA may be more efficient in stabilizing the emulsions, providing smaller particles with
a smaller amount of the comonomer. This may be due to a difference in the solubility of
oligomers as smaller oligomers with VBTA lead to the primary particles. The effect on
polydispersity is less clear though a higher polydispersity is still observed at higher
comonomer concentrations. Liu ef al. obtained aggregates at a styrene-VBTA ratio of 9:1
and proposed that different phenomena might be the cause.”’ As in the case of anionic
particles, secondary particles may be formed but the formation of polyelectrolytes and other

ionic species may also lead to agglomerates.

The surface charge densities measured for the particles are summarized in Table 1 and
shown in Figure 3.1B. The surface charge density increases slowly at first with the
comonomer ratio and then more sharply at about 10% of the comonomer. This result agrees
well with the observations in the literature.'>? As the comonomer concentration increases,
the formation of soluble polyelectrolytes not participating in the particles nucleation may
no longer be negligible. Even with rigorous purification, some polyelectrolytes may still
remain and may be titrated together with the particles, explaining the larger increase of the
apparent surface charge density. In addition, the zeta-potential measurements tend to

confirm this (as discussed below).
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Figure 3.1 (A) Hydrodynamic diameter (dy) and polydispersity index (PDI), (B)
surface charge density (o) and (C) zeta-potential (¢¢) of the microspheres of P(S-co-
SS) (squares) and P(S-co-VBTA) (circles) as a function of the mole percentage of the

fed ionic comonomer over the total amount of monomers used.
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The zeta-potential value does not correspond to the surface charge density but provides
an idea of the stability of the particles in solution, which is linked to the charges on the
particles that cause electrostatic repulsions. Usually, higher surface charge density leads to
better particle stabilization. As a result, the charges of the particles can be compared
indirectly through their zeta-potentials, even if other parameters such as particles size need
to be taken into account. The changes of the zeta potential with the amount of comonomer
(Figure 3.1C) are consistent with the surface charge density for ratios lower than 10%. For
both anionic and cationic particles, the same trend is observed: the particles become more
stable as the surface charge increases with a sharp increase at low contents of charged
comonomers followed by a gradual increase at higher contents. The zeta-potential
measurements are based on light scattering experiments, meaning that only the particles
large enough to scatter light are analyzed here. Thus, no sudden increases of the zeta-
potential are observed for high comonomer ratio, even though the apparent surface charge
density seems to have changed more drastically (especially in the case of cationic particles),
indicating that the particles may not be the only species titrated for the surface charge

density determination (thus the possible presence of small or linear polyelectrolytes).

3.3.2 Formation of colloidal crystals arrays

Colloidal crystals can be formed by concentrating and packing the charged
microspheres by centrifugation. The diffracted wavelength, related to the lattice spacing by
Bragg’s law, depends on interparticle distances, thus mainly on the particles size. Figure
3.2A shows the bright iridescence observed for the colloidal crystals due to visible light
diffraction. The diffraction spectra for charged particles with different sizes but with
identical concentrations in water (27 wt%) are shown in Figure 3.2B. It is interesting to
note that the PS particles prepared without any ionic comonomers did not show any
diffraction due to the lack of regular crystalline structure since the initiator might not have

. . . . . 10
provided enough electrostatic repulsion as in some of the previous cases.
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Figure 3.2 (A) CCAs obtained from charged polystyrene particles diffracting
visible light. (B) Corresponding diffraction spectra of colloidal crystals at the same
concentration of 27 wt% with microspheres of different sizes and charges. From left to

right: P(S-VBTA_1), P(S-VBTA_0.5), P(S-SS_1) and P(S-SS_0.5).

Only samples with diffraction spectra in the 400-1000 nm range were studied, typically
microspheres with low contents of the ionic comonomer at 0.5 and 1 wt%, as smaller
particles made with larger amounts of comonomers diffract outside this wavelength range.
The increasing polydispersity of smaller particles may also affect the formation of perfect

CCA:s.

The SEM images (Figure 3.3) showed that the cationic particles are neither perfectly
spherical nor uniform in size, as shown particularly for P(S-VBTA 0.5), while the anionic
particles can be considered as more spherical and more uniform. The particles are still able
to form crystalline structures even though they contain defects, especially in the dry state.
In the swollen state in water, the colloidal crystals obtained from both kinds of charged

particles provide narrow and intense diffraction peaks, indicating that their packing is good
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even in the presence of defects. When the particles are not very closely packed, the
colloidal crystals may be less sensitive to shape and size uniformity. The images in Figure
3.3 also provide information on the crystalline structure. Only one plane is visible and the
hexagonal structure is typical of the face-centered cubic or the hexagonal compact lattices,
but the three-dimensional colloidal crystals are known to be more likely a random
succession of hexagonal planes. In this work, the diffraction of the cationic particles is as
intense as the diffraction of the anionic particles, showing that the perfect spherical shape is
not a necessary condition when enough electrostatic repulsion is present to maintain the

ordered structure.

3.3.3 Effect of the polymer concentration on CCA diffraction

The particles can form non-closely packed structure due to the electrostatic repulsions.
The diffraction spectra for the anionic and cationic microspheres at different concentrations
are shown in Figure 3.4. The light diffraction is observed over a broad range of
concentration of particles, meaning the periodic structure remains stable during dilution.
Two phenomena appear during the dilution of the colloidal crystals. First, the diffraction
peak shifts towards higher wavelengths. The dilution increases the interparticle distance
and thus the lattice spacing as shown in Figure 3.5. Second, the diffraction peaks become
narrower before disappearing, an effect that is especially obvious for the sample P(S-
VBTA 0.5) in Figure 3.4. The intensities of the peaks shown in Figure 3.4 are normalized
to the same height since the intensities of the light source at various wavelengths are not
identical (more stable in the region of 550 - 725 nm with a maximum at 625 nm). However,
we also observed an increase of the peak intensity at the beginning of the dilution, followed
by a stabilization. With further dilution, the intensity decreases quite abruptly until the
sudden and complete disappearance of the diffraction peak due to the disappearance of the
crystalline structure of the spheres. The concentrated microspheres are closely packed and

immobile. During dilution, the particles are re-organized to form more homogeneous
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Figure 3.3  SEM images of the dry particles P(S-SS_0.5) (A), P(S-VBTA_0.5) (B)
and P(S-VBTA 1) (C), showing ordered packing of the particles. The deformation of
the particles in the dry state did not affect the diffraction of the CCAs formed in

aqueous media.

colloidal crystals and consequently a narrower and more intense diffraction peak. In
addition, the defects in the periodic structure, caused by some of the particles, become less
important as the particles move away from each other. In Figure 3.5, the lattice spacing
calculated from Bragg’s law is plotted versus the volume fraction of the polymer particles,

showing the same tendency for all the particles studied. The range of wavelengths available
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and the centrifugation are the principal limits for high or low concentration, but it appears
that a crystalline structure may be obtained from 5 to 60 vol% of the particles. The only
factor maintaining the order at low concentrations is the electrostatic repulsions due to the
presence of charges on the particles. The more heavily charged particles are capable of
maintaining order at higher dilutions than the less charged ones. Upon further dilution, the
loss of order is almost sudden. At a certain distance, the repulsive interactions are overcome
by the thermal energy and the motion of the particles is not restrained anymore, causing the

loss of the crystalline structure.

P(S-S5_05) 28.3% P(S-VBTA_0.5) 9.9% JL
v
d

P(S-sS_1) ' " 16.8%

400 500 600 700 800 900 1000 400 600 700 800 1000
Wavelength / nm Wavelength / nm

Figure 3.4  Evolution of the diffraction peak during dilution of the particles P(S-
SS 0.5), P(S-SS_1), P(S-VBTA 0.5) and P(S-VBTA _1). Spectra normalized to the
same intensity for the highest peak for better comparison. Weight percentages of

particles are indicated.
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Figure 3.5 Evolution of the lattice spacing obtained from Bragg’s law versus the
polymer weight fraction for the microspheres P(S-SS 0.5), P(S-SS 1), P(S-
VBTA_0.5) and P(S-VBTA_1).

Usually, for a close-packed structure where the microspheres are in contact, the
compacity or volume fraction for CCAs is 0.74. Here, the electrostatic repulsions prevent
the microspheres from coming into contact and fix a minimal distance between them,
limiting the attainable volume fraction in solution but also bringing stability by avoiding
aggregation. As shown by Hiltner and Krieger®, the interparticle distance d;p, is linked to

the volume fraction ® and the particle diameter d, by

3

d:

@ (i> = 0.74 (3.10)
do

The volume fraction can be calculated from the weight fraction by using the

polystyrene density and assuming a face-centered cubic packing unit. This allows us to

compare the particles sizes obtained from DLS, SEM and light diffraction as shown in

Table 2. No significant difference is seen, but, as expected, dynamic light scattering, which
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measures the hydrodynamic diameter, and SEM, because of the coating of the particles by

Au/Pt, give slightly higher values for the particle sizes.

Table 3.2 Comparison of the particle sizes obtained by DLS, SEM and diffraction.

Sample dh250c (Nm) dsem (nm) dgife (nm)
P(S-SS_0.5) 306 305 300
P(S-SS 1) 280 270 259
P(S-VBTA _0.5) 213 209 198
P(S-VBTA 1) 132 129 126

3.3.4 Effect of the ionic strength

The charged particles may be sensitive to the ionic strength of the medium. This
sensitivity can be a problem for sensor applications with biological samples. Charged
particles are known to quickly destabilize in the presence of salts if nothing else prevents
their aggregation. The ionic strength effect is thus studied in two ways: on the diluted

particles and on the concentrated and packed particles.

Figure 3.6 shows the effect of NaCl concentration on the dilute P(S-SS) and P(S-
VBTA) particles (< 0.02 wt%). The suspensions remain stable with a high absolute value of
zeta potential until a higher salt concentration is reached where the suspension destabilizes
very quickly, resulting in the aggregation of the particles and an increase in the apparent
size. The presence of salt first causes the collapse of the electrical double layer and
secondly screens the electrostatic repulsions. Thus, there is no more barrier preventing the
aggregation. This critical concentration moves towards higher salt concentrations when the

particles are more densely charged.

At low salt concentrations, the particles seem to become more stable with a slight

increase in the absolute value of the zeta potential. Such a behavior was observed

38,39

previously by Midmore et al.*” and de las Nieves and co-workers and several plausible
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explanations were given including a two-stage process,” where the co-ions approach to the
surface of the microspheres and participate in the electrical double layer. The strengthening
of the double layer increases the stability of the system, but this is quickly balanced by the
counterions that neutralize this effect and compress the double layer, resulting in a
subsequent decrease in stability. The same phenomenon is observed for both the positively-
and negatively-charged particles and, like the critical concentration, the maximum shifts to
higher concentration when the charge density of the particles increases. More counterions

are required for the more highly charged particles to interrupt the double layer.
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Figure 3.6  Effect of NaCl concentration on the zeta-potentials of the diluted
particles (< 0.02 wt%) showing the instability of the particles at high concentrations of
the salt. The positively-charged P(S-VBTA) particles become unstable at lower salt
concentrations than the negatively-charged P(S-SS) particles. The more highly

charged particles are more stable toward high ionic strength in both cases.

Cationic and anionic particles show the same behavior, except that the cationic
particles are slightly less tolerant and become unstable at a lower ionic strength. This is not

unexpected since we found that the cationic particles with < 1% of comonomer were
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slightly less charged and less stable than the anionic particles synthesized with the same

amount of comonomer.

This ionic strength dependence is directly reflected on the colloidal crystalline
properties. Two concentrated samples that diffract light, P(S-SS 1) and P(S-VBTA 0.5),
both at 35 wt% in water, were studied at different NaCl concentrations. Figure 3.7 shows
the same behavior for both kinds of particles. The initial increase in ionic strength leads to
thinner electric double layers and weaker electrostatic interactions. The first consequence is
a decrease in the medium viscosity allowing the particles to reorganize to form a more
homogeneous crystal, leading to a narrower and more intense diffraction peak. Further
addition of salt causes a decrease in the peak intensity followed by the final disappearance

of the diffraction peak.

When the interparticle interactions are interrupted, the particles start to aggregate and
the periodic structure is thus interrupted. Compared to the diluted particles, the colloidal
crystals become unstable at a much lower ionic strength: a weakening of the electrostatic
repulsions has more effect when the particles are closer to each other. The charged colloidal
crystals are stable at a low ionic strength and a better stability can be achieved for CCAs

with more heavily charged particles.

3.4 Conclusion

A simplified single-step surfactant-free emulsion polymerization method suffices in the
preparation of both negatively- and positively-charged colloidal particles based on
copolymers of styrene and divinylbenzene for the formation of colloidal crystals. VBTA
can stabilize the particle surface through electrostatic repulsions, allowing the synthesis of
smaller particles than in the case of SS at the same proportion. One main difference is the
shape of the beads: SS yielded more monodisperse and more spherical beads, while VBTA
yielded more deformed particles less uniform in size and shape. Even so, CCAs were

obtained from both kinds of particles with narrow and intense diffraction in the visible light
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Figure 3.7  Evolution of the diffraction peak and the peak intensity maxima as a

function of the salt concentration for the CCAs formed by P(S-VBTA_0.5) (top) and

P(S-SS_1) particles (bottom). Note that the diffraction peaks are narrower and more
intense at intermediate ionic strengths.
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range, indicating the formation of fine colloidal crystalline structures caused by

electrostatic repulsions regardless of the uniformity of the shape of the particles. It is

interesting to note that the lack of uniformity can be compensated by the strong electrostatic

repulsions between the particles during the formation of colloidal crystals. Both anionic and

cationic particles showed very similar properties in both diluted and concentrated states and

in presence of a salt. A higher amount of surface charges makes the particles more stable in

presence of a salt. The anionic particles seem to be more stable than the cationic ones with
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similar amounts of the ionic comonomers. The results and their understanding may be

useful in the design and application of such colloidal particles and their CCAs.
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Chapitre 4

Responsive properties of crystalline colloidal arrays
formed by core-shell microspheres with pH and

temperature sensitivities *

Abstract: Polymeric microspheres responsive to pH and temperature changes have
been prepared by a two-step surfactant-free emulsion polymerization with a polystyrene
core and a hydrogel shell. The double sensitivity is achieved by the copolymerization in the
shell layer of acrylic acid and N-isopropylacrylamide, which are pH and thermo-responsive,
respectively. Above a certain critical concentration, these microspheres are able to self-
assemble into crystalline colloidal arrays, causing intense visible light diffraction. The
behavior of these structures has been studied and correlated to the properties of the
microspheres. The packing of these microspheres results in stimuli-sensitive colloidal
crystals, with a behavior directly linked to the interactions between the particles and the

surrounding media.

4.1 Introduction

Polymer microspheres have been the subject of intense research interests for biosensor-
related applications due to their high surface area, hence fast response and easy
functionalization.! Stimuli-responsive microgels have proven to be particularly interesting

3

because of their ability to swell or shrink, depending on their environment > or their

*Publié comme article : Bazin, G.; Zhu, X. X., Can. J. Chem, 2012, 90, 131-137.
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interaction with an analyte such as the complexation with a biological molecule.*®
Crystalline colloidal arrays (CCAs) may be formed through the self-assembly of these
particles, and the stimuli-responsiveness combined to their visible light diffraction make
these structures interesting and useful. CCAs may be used as photonic gap materials™® and
biosensors”'® mainly in the form of polymerized crystalline colloidal arrays where the self-
assembled hard spheres are fixed inside a crosslinked hydrogel matrix which is responsive
toward the external stimulus. With this system, Asher and co-workers developed sensors

for a large range of analytes from glucose to metal ions.'"'?

For a direct response of the particles, stimuli sensitivity can be introduced into the
particles. Lyon and co-workers have studied thermo-responsive  poly(NV-
isopropylacrylamide) (PNIPAM) microgels containing a very small fraction of acrylic acid

monomers and investigated the effect of temperature on their self-assembly,"*"”

noticing a
loss of order above the lower critical solution temperature (LCST) of PNIPAM. The
demand for more advanced properties also led to the development of particles with core-
shell structures, often with a rigid core and a soft hydrophilic shell. Two kinds of stimuli-

responsive core-shell particles have been synthesized, either with one responsive

16-19 20-22

component or even two or more components, forming multi-responsive systems.
The stimuli sensitivity can be introduced into the particles by adding a soft and responsive
shell made of a hydrogel. Meng et al. showed the importance of the hydrophilic shell in the
packing mechanism of core-shell particles with a polystyrene core.'” They also showed the
pH response of CCAs with a shell made of poly(acrylic acid). Li ef al. investigated the
response to temperature using a poly(N-isopropylacrylamide) shell and noticed a shift of

the diffraction peak.'®

In this work, microspheres were synthesized by surfactant-free emulsion
polymerization with a polystyrene core and a hydrogel shell. The shell was made of
poly(acrylic acid) for pH-sensitivity and of a copolymer of acrylic acid and N-
isopropylacrylamide for double sensitivity to both pH and temperature. These particles
easily self-assemble into CCAs and display visible light diffraction. The packing

mechanism and the properties of the CCAs in response to both pH and temperature changes
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have been studied and compared. The preliminary results indicate that the response is

closely related to the kind of interactions that exist among the microspheres.

4.2 Experimental

4.2.1 Materials and synthesis of core-shell particles

Styrene, acrylic acid (AA), N-isopropylacrylamide (NIPAM) and potassium persulfate
(KPS) were purchased from Sigma-Aldrich. Styrene and AA were distilled under reduced

pressure. NIPAM was recrystallized from hexanes. The initiator KPS was used as received.

The core-shell microspheres were synthesized by a two-step surfactant-free emulsion
polymerization in an aqueous medium following a procedure reported by Xiao ef al.”> and
Meng et al.'” In a 250-mL three-neck flask equipped with a reflux condenser, 2.3 g of
styrene and 0.2 g of hydrophilic monomers, either AA or a 1:1 mixture (weight ratio) of
AA and NIPAM, were dissolved in 130 mL of milli-Q water. The system was degassed
with nitrogen for 30 min while stirring with a mechanical stirrer at a speed of 300 rpm. The
initiator KPS was then added with 20 mL of water and the flask was heated to 70°C in an
oil bath. After 2 h of stirring, 1 g of the hydrophilic monomer or the mixture of hydrophilic
monomers was added. The temperature and the stirring were maintained for an additional
22 h. The water-particle mixture was centrifuged and the supernatant was removed and
replaced by milli-Q water. The particles were redispersed by the use of a vortex and a
sonicator. The centrifugation procedure was repeated three times, followed by dialysis
against distilled water for one week at room temperature in a cellulose sack (MW cut off at

3200).

4.2.2 Characterization of the particles and the CCAs

The microsphere sizes were measured by dynamic light scattering on a Brookhaven BI-

200SM instrument with a 532 nm green laser. The samples concentration was 0.02 wt%.
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For each sample, three measurements were taken. Our samples are composed of only one
population of particles with a narrow distribution, the method of cumulants with a 3 order
fit was used to obtain the average size from the normalized autocorrelation function. The
pH of the samples was adjusted by adding HCl,q or NaOHq for the study of pH
sensitivity. The temperature was controlled with a water bath and the samples were allowed

to equilibrate for 30 min before the measurements.

The particle packing was obtained with simple centrifugation before being studied by
visible light diffraction, which was measured by the use of a home-assembled
spectrophotometer (USB2000, Ocean Optics) equipped with a tungsten-halogen source
(400 - 1000 nm), a backscattering probe (R200-7 VIS/NIR, Ocean Optics) and a cuvette
holder with water circulation for temperature control. For pH studies, 5 samples of the same
particle concentration but with different pH values were prepared with solutions of HCl,q)

or NaOH yq).

Transmission electron microscopy (TEM) images of the particles were obtained with a
Philips CM200 instrument at an acceleration voltage of 200 kV. TEM samples were
prepared by depositing a 20 uL. drop of particles solution of 0.1 wt% on a carbon-coated
copper grid for 2 min before absorbing the excess with precision paper. The grids were then

dried at room temperature overnight.

For scanning electron microscopy (SEM) of the CCAs, a concentrated solution of
particles was drop-casted and dried at room temperature. The samples were coated with a
20 nm thick layer of Pd-Au and observed on an FE-SEM (Hitachi S-4700) with an
accelerating voltage of 2 kV.

4.3 Results and discussion

4.3.1 Preparation and morphology of the polymer spheres

The two-step synthesis of the core-shell particles can be described as a surfactant-free

emulsion polymerization followed by a seed polymerization. The first step is the synthesis
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of the microsphere core: the hydrophilic monomers start to polymerize in the aqueous
medium, initiated by the water-soluble KPS. As more styrene units are incorporated, the
oligomers become less water-soluble and start to form the core. The second step is the shell

formation onto the cores which serve as seed particles.

It has been shown that even one-step synthesis with a hydrophobic monomer and a
hydrophilic one can yield core-shell structures to minimize unfavorable interactions
between the hydrophobic units and water.”* However, it has also been shown that the use of
a second step gives better uniformity and a thicker shell."”** The use of a more hydrophilic
monomer in the first step helps stabilize the surface, leading to more particles smaller in
size. However, larger amounts of hydrophilic monomers in the reaction medium can result

in their polymerization in the solvent rather than their participation in the particles.

TEM images in Figure 4.1 confirm that the core-shell structures of the particles and
their uniformity in both size and shape. The surface of the P(S-AA-NIPAM) particles is
smooth but the P(S-AA) particles are less regular, probably due to the solubility difference

of the polymers in the shell at the temperature of preparation.

4.3.2 Double sensitivity toward pH and temperature

Figure 4.2A shows the pH effect on both kinds of microspheres. As expected, the P(S-
AA) particles show a pH-induced transition characterized by a decrease in size at lower pH
values, as the protonation facilitates hydrogen bonding between the carboxylic acid groups
and thus the expulsion of water from the shell. The stimuli responsiveness of the hydrogel
particles can be manifested by a volume phase transition (VPT), analogous to the cloud
points of linear polymers. The VPT happens here between pH 6 and 7. The pK, of the
monomer is 4.3, but it is known that the polymerization, the chains entanglements and the
presence of hydrophobic units all may affect the value of the effective pK,.>>*® In this case,
it may be shifted to a higher value. The P(S-AA-NIPAM) particles show a similar behavior
versus pH with a decrease in size at acidic pH. The transition for the P(S-AA-NIPAM)
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Figure4.1 TEM images (top) of (A) P(S-AA) and (B) P(S-AA-NIPAM)
microspheres showing the spherical and core-shell structures and SEM images
(bottom) of the dried films showing the self-assembly of the particles into crystalline

colloidal arrays.

microspheres versus pH at room temperature occurs over the same range of pH, but the
change in size is less significant because of the smaller amount of AA in the shell in
comparison to the P(S-AA) particles. At 46°C, above the LCST of PNIPAM, the polymer
becomes more hydrophobic and shrinks, causing a decrease in size. As a result, the
particles are less pH-responsive with a broader transition and a smaller change in size than

at lower temperatures.
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Figure 4.2 (A) Hydrodynamic diameters of P(S-AA) and P(S-AA-NIPAM) as a
function of pH, and (B) hydrodynamic diameters of P(S-AA-NIPAM) as a function of

temperature showing its double sensitivity.

In addition to the pH responsiveness, the P(S-AA-NIPAM) microspheres clearly

demonstrate a temperature sensitivity as shown in Figure 4.2B. At pH 9, all the acrylic acid

units are deprotonated, making the shell highly hydrophilic. There is a sharp VPT at ca.
30°C, slightly under the known LCST of linear PNIPAM (32°C), probably because the
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hydrophobic polystyrene core may lower the apparent hydrophilicity. The VPT at pH 3.5
(lower than the pK,) is more gradual and spread over a temperature range of over 20°C
with a smaller change in size. Under this condition, PAA is protonated and less swollen,
decreasing the hydrophilicity and making the particles less responsive to temperature.
Matsuoka et al. showed that the addition of some ionic groups in PNIPAM particles
sharpens the VPT compared to PNIPAM alone and attributed it to the presence of
electrorepulsive force decreasing entanglements and interactions between the PNIPAM

chains.?’

4.3.3 Crystalline colloidal arrays

When the concentration is sufficiently high, both P(S-AA) and P(S-AA-NIPAM)
microsphere samples can self-assemble into CCAs and exhibit intense color which varies
with the angle of the incident light, as a result of visible light diffraction. The diffraction of
light by the CCAs formed by the microspheres follows Bragg’s law:

mA = 2ndyy,; sin6 4.1

where m is the order of diffraction, A the wavelength of the diffracted light, n the refractive
index of the CCAs, dpy; the interplanar spacing for the lattice plane defined by the Miller
indices (hkl), and 6 the angle between the incident light and the diffracting lattice plane.
The refractive index of a mixture, such as a solution of polymer in water, is regarded as

additive and thus can be estimated from Eq. 4.2:
n= np(pp + le(l - (pp) (4.2)

where @; is the volume fraction of the particles and npand n,, are the refractive indices of
the particles and water, respectively. The refractive index of the polymeric particles is

estimated according to Eq. 4.2 from the refractive indices of the corresponding

28-30

homopolymers found in the literature and the volume fractions of the core and shell as
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determined from TEM images. In the case of P(S-AA-NIPAM), the PAA/PNIPAM ratio in

the shell is assumed to be identical to the feed ratio.

Light diffraction is observed over a wide range of particle concentrations as shown in
Figs. 4.3A and B, with the diffraction peaks red-shifting upon dilution. Figure 4.3C shows
the estimated interparticle distance versus the particle weight fraction. The interparticle
distance was obtained through the lattice space given by Bragg’s law (Eq. 4.1) by using the
estimated values of refractive index (Eq. 4.2). It is interesting to compare the smallest
interparticle distance, corresponding to the highest concentration obtained, to the
microsphere size. The estimated interparticle distance for P(S-AA) CCAs at 36 wt% is 214
nm for a value of refractive index of 1.40. For P(S-AA-NIPAM) CCAs at 49 wt%, the
estimated interparticle distance is 201 nm for a refractive index of 1.43. For both kinds of
CCAs, these values are higher than the hydrodynamic diameters of the particles, 203 and
170 nm for P(S-AA) and P(S-AA-NIPAM), respectively. This may be an indicator that the

CCAs are not close-packed, even at the highest concentrations obtained.

Figure 4.3C shows the same decreasing trend of the interparticle distances with the
particle concentration for both kinds of particles. As the sample is diluted, the particles
move further away from each other, while maintaining the crystalline structure, leading to a
larger interparticle distance and thus a higher wavelength of diffracted light. At some point
of dilution (7 wt% and 14 wt% for P(S-AA) and P(S-AA-NIPAM), respectively), the order
is disrupted, highlighted by the disappearance of the diffraction peak. At this distance
(estimated to be ca. 350 and 300 nm for P(S-AA) and P(S-AA-NIPAM), respectively) the
electrostatic repulsion between particles is strong enough and is overcome by the Brownian
motion, leading to a disordered suspension. As expected, with similar sizes, the P(S-AA)
particles remain crystalline until 7 wt% compared to only 14 wt% for the P(S-AA-NIPAM)
particles: fewer charges mean weaker electrostatic interactions that are effective over

shorter distances.
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Figure 4.3  Evolution of the diffraction spectra at 25°C and pH 7 upon dilution of
the CCAs of (A) P(S-AA), and (B) P(S-AA-NIPAM) particles, and (C) the evolution
of the estimated interparticle distance versus the polymer weight fraction. Spectra are
normalized to the same intensity for the highest peak for better comparison. Weight
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The P(S-AA-NIPAM) microspheres in dilute suspensions clearly demonstrate double
sensitivity through their change in size. There is a greater complexity for more concentrated

samples as the particles are packed into CCAs.

In Figure 4.4, the effect of pH on CCA diffraction is shown. Both kinds of particles
show the same trend. At pH 2, the acrylic acid residues chains are fully protonated
decreasing the surface charge density. In addition, compared to pH 4, the aqueous medium
at pH 2 has a higher ionic strength because of the HCl,q) added to adjust the pH. The higher
ionic strength results in weaker electrostatic interactions.’’~* According to the DLS
experiments, this happens for all pH values lower than 3, leading to the aggregation of
particles in dilute suspensions. For the CCAs, the electrostatic repulsion is not strong
enough to stabilize the system, causing a total loss of order. Between pH 4 and 10, the
microspheres are organized into CCAs as shown by the presence of the diffraction peaks.
At pH 10, the diffraction peaks are intense while the PAA chains are fully deprotonated. As
the pH decreases, the peaks become less intense and start to shift towards shorter
wavelengths, indicating that the particles are closer to each other with a certain loss of
order. Figure 4.4C summarizes the variation of the estimated interparticle distance as a
function of pH. The same tendency is observed for both kinds of particles but the changes
seem to be larger for the P(S-AA) particles for which the variation of the surface charge

density is more significant.

The thermo-responsiveness was also studied for the CCAs of P(S-AA-NIPAM), as
shown in Figure 4.5. First, a very concentrated sample at 49 wt% of the particles was
studied at pH 7 (Figure 4.5B). The increase in temperature causes a blue shift of the
diffraction with a decrease of intensity, similar to the effect of pH. However, contrary to
pH, the change in temperature does not affect the electrostatic repulsion but does affect the
van der Waals interactions through the Hamaker constant which increases from the swollen
to the collapsed states of PNIPAM. At pH 4 (Figure 4.5A), the shift is more significant,
probably due to weaker electrostatic interactions, which make the system more sensitive to

the van der Waals interactions. This proposed origin for the diffraction peak shift is further
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particles at different pH with a particle concentration of 28 wt% at 25°C, and (C) the

variation of the estimated interparticle distance as a function of pH.
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confirmed by the results obtained with a less concentrated sample (Figure 4.5C). At this
concentration (26 wt%), the particles are further away from each other and the van der
Waals interactions are weaker between them, despite the increase of the Hamaker constant.
As a result, the increase in temperature does not affect the interparticle distance to any
significant extent, only a small decrease of the diffraction peak intensity due to the faster

Brownian motion.

4.4 Conclusion

Core-shell microspheres with double sensitivity have been made via a simple two-step
emulsion polymerization. The copolymerization of NIPAM and AA in the shell makes the
particles responsive to changes in both pH and temperature. It appears that the best
sensitivity to temperature is obtained at high pH values, while the highest pH sensitivity is
observed at low temperatures: the VPT is more intense and sharper when the shell is more
hydrophilic. The CCAs obtained from these particles exhibit a good stability over a wide
range of concentrations and also responsiveness to both temperature and pH stimuli. The
increase of temperature and the decrease of pH both cause a decrease of the interparticle
distance and a reduced order of the CCAs. These behaviors appear to be related to the
nature and evolution of the interactions between particles rather than the change of particles
size at the VPTs. The understanding of the self-assembly of the core-shell particles and the
response of the CCAs toward the external stimuli is essential to their applications,

especially in the design of biosensors by the use of such materials.
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Chapitre 5

Understanding the thermosensitivity of crystalline
colloidal arrays formed by poly(styrene-co-/V-

isopropylacrylamide) core—shell microspheres *

Abstract: Poly(styrene-co-N-isopropylacrylamide) core-shell microspheres have
been synthesized by a two-step surfactant-free emulsion polymerization process. These
microspheres are thermo-responsive with a clear volume phase transition around 30°C and
form crystalline colloidal arrays over a wide range of concentrations. The resulting
crystalline arrays also display a response to temperature, visible through a change in the
diffraction spectrum. However, the response appears to be highly dependent on the
microsphere concentration. This behavior seems to originate from a change in the short-
range interactions between particles rather than from the volume change of the particles
caused by the volume phase transition. Attractive van der Waals interactions increase while
repulsions decrease; these changes only affect the equilibrium of concentrated samples,

where the interparticle distance is short enough to have an effect.

5.1 Introduction

The self-assembly of microspheres into crystalline colloidal arrays (CCAs) has been
observed for different kinds of particles, from inorganic to polymeric or even hybrid,'™

with as many ways to form the periodic packing, such as Langmuir-Blodgett deposition™®

*Publié comme article : Bazin, G.; Zhu, X. X., Soft Matter, 2012, 8, 1909-1915.



116

and convective methods.”® The principal applications of CCAs include photonic band-gap

11,12

materials™'® and biosensors, and both make use of their interesting optical properties.

New CCA systems include inverse opals'>'*

and polymerized crystalline colloidal arrays
(PCCA), notably used by Asher and co-workers for biosensors.'"'>'® Uniform polymeric
microspheres with soft and/or charged surface easily self-assemble by a simple

17,18

concentration. Thus, charged polystyrene particles and microgels'’’ have demonstrated

their ability to form CCAs in water when their concentrations are sufficiently high.

The use of a responsive hydrogel brings an additional interest. Among them, poly(/N-
isopropylacrylamide) (PNIPAM) has been extensively studied, due to its thermosensitivity
represented by its well-known lower critical solution temperature (LCST) around 32°C.*'
The synthesis of PNIPAM-based microgels as well as the characterization of their volume
phase transition (VPT) have been reported.””*’ Several groups showed that such particles
can form CCAs.”*° In general, a sudden loss of order was observed when the CCAs were

heated above the VPT temperature. 28,2931

Hu and co-workers determined the phase
diagram of aqueous dispersions of PNIPAM microgels depending on the concentration and

the temperature, showing the boundary between the crystalline phase and the fluid phase.*

The responsiveness can also be achieved with core-shell microspheres combining a
hard polystyrene core with a responsive hydrogel shell. CCAs have been obtained with
different shells,””*> among which PNIPAM. Hellweg et al. synthesized such particles with
various contents of styrene and NIPAM and showed their ability to form CCAs at room
temperature.”” Lyon and co-workers obtained self-assembled dried films with similar
particles.”® Li et al. studied CCAs formed by such particles with a small amount of acrylic
acid and first showed for a very concentrated thin sample that a certain order was
maintained above the VPT temperature. In addition, they noticed a shift of the diffraction
peak wavelength and a decrease of the peak intensity as the temperature increases.*” This
gradual change, as opposed to the sudden loss of the crystalline structure for microgels, is

particularly interesting for biosensor applications.

The ordered packing of CCAs formed by core-shell particles with other forms of

responsiveness than thermosensitivity manifested a complete loss of order when the shell
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becomes less compatible with the surrounding environment.”>* Such drastic changes have
not been observed for the thermo-responsive core-shell microspheres. It is of particular
interest to understand the gradual change in the thermosensitive core-shell polymer
particles. In this work, we investigate the packing of thermo-responsive poly(styrene-co-N-
isopropylacrylamide) core-shell microspheres. The response of the CCAs to temperature is
characterized by light diffraction at different concentrations to better understand the
mechanism involved and the link between the VPT of the microspheres and the behavior of

the CCA:s.

5.2 Experimental

5.2.1 Materials and synthesis of the core-shell microspheres

Styrene, N-isopropylacrylamide (NIPAM) and potassium persulfate (KPS) were
purchased from Sigma-Aldrich. Styrene was distilled under reduced pressure and NIPAM

was recrystallized from hexanes. KPS was used as received.

The core-shell microspheres were synthesized by a two-step surfactant-free emulsion
polymerization in an aqueous medium following a procedure reported elsewhere.””* In a
250-mL three-neck flask equipped with a reflux condenser, 2.3 g of styrene and 0.2 g of
NIPAM were dissolved in 130 mL of milli-Q water. The system was degassed with
nitrogen for 30 min while being stirred with a mechanical stirrer at a speed of 450 rpm. 0.2
g of the initiator KPS was solubilized in 20 mL of water and added. The flask was heated to
70°C in an oil bath. After 2 h of stirring, 1 g of NIPAM was added. The temperature and
the stirring were maintained for an additional 22 h. The water-particle mixture was
centrifuged and the supernatant was removed and replaced by milli-Q water. The particles
were redispersed by the use of a vortex and a sonicator. The centrifugation procedure was
repeated three times, followed by dialysis against distilled water for one week at room

temperature in a cellulose sack (MW cut off at 3200).
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5.2.2 Characterizations

Transmission electron microscopy (TEM) images of the particles were obtained with a
Philips CM200 instrument at an acceleration voltage of 200 kV. TEM samples were
prepared by depositing a 20 uL drop of 0.1 wt% particle solution on a carbon-coated
copper grid for 2 min before absorbing the excess with precision paper. The grids were then

dried at room temperature overnight.

The microsphere size was measured by dynamic light scattering on a Brookhaven BI-
200SM instrument equipped with a 532 nm green laser. The sample concentration was 0.02
wt%. The temperature was controlled through a circulating water bath and the sample was
allowed to equilibrate for 30 min before the experiment. For each temperature, three
measurements were taken. The average hydrodynamic diameter was obtained from the
correlation function by the use of the 3™ order cumulants analysis, assuming one population
with a narrow distribution as proven by TEM observations. The zeta-potential was
measured in pure milli-Q water at 25°C on a Zetasizer (Nano ZS) from Malvern. The final

values are the averages of two series of 3 measurements.

The CCAs were obtained with a simple centrifugation after the removal of the
supernatant. The concentration was adjusted when needed by adding milli-Q water. The
CCAs were studied by scanning electron microscopy (SEM) and visible light diffraction.
For SEM, the particles were drop-cast with a concentrated solution and dried at room
temperature. The samples were coated with a 20 nm thick Pd/Au film and observed on an
FE-SEM (Hitachi S-4700) with an accelerating voltage of 2 kV. Light diffraction
measurements were made by the use of a home-assembled spectrophotometer (USB2000,
Ocean Optics) equipped with a tungsten-halogen source (400 - 1000 nm), a backscattering
probe (R200-7 VIS/NIR, Ocean Optics) and a cuvette holder with water circulation for

temperature control.

The refractive indices were measured with a digital refractometer AR200 from

Reichert Technologies (US).
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5.3 Results and discussion

5.3.1 Characteristics of the microspheres

The two-step surfactant-free emulsion polymerization leads to the formation of
poly(styrene-co-N-isopropylacrylamide) (P(S-NIPAM)) microspheres with a core-shell
structure. The addition of a small amount of NIPAM during the first step helps stabilizing
the polystyrene core while the second addition with a larger amount of NIPAM feeds the
growth of the shell. The TEM image in Figure 5.1 clearly shows the presence of a core
appearing darker than the shell as well as the uniform size and shape of the particles. A few
smaller particles were observed by TEM and SEM, probably corresponding to the core on
which no shell grew during the second step. Indeed, the average diameter for these smaller
particles according to the SEM images is about 130-140 nm, similar to the average size of

the shaded cores on the TEM images (136 nm + 7 nm).

The PNIPAM shell brings thermosensitivity causing a VPT for the microspheres.
This is highlighted by the change in hydrodynamic diameter measured by DLS at different
temperatures as shown in Figure 5.2. The transition occurs around 30°C, slightly under the
known lower critical solution temperature of PNIPAM, 32°C.*' The diameter decreases ca.
15 %, causing a decrease in volume of about 40 %. The shrinkage involves only the shell
layer and is thus less significant than that observed for homogeneous cross-linked
thermosensitive microgels.'”** According to TEM and DLS measurements, the PNIPAM
shell is 95 nm thick when swollen, decreasing to 70 nm when shrunk and 65 nm when dry.

The zeta-potential value of the microspheres in pure milliQ water is -45 mV.

5.3.2 Crystalline colloidal arrays

The real interest of these microspheres lies in their ability to self-assemble into CCAs
when they are sufficiently concentrated. The SEM image in Figure 5.1 shows the hexagonal

arrays in the dry state. The CCAs diffract light in the UV to near IR range depending on the
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Figure 5.1 TEM image (top) of P(S-NIPAM) microspheres showing the spherical
and core-shell structures and SEM image (bottom) of the dried films showing the self-

assembly of the particles into crystalline colloidal arrays.
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Figure 5.2 The wvariation of the hydrodynamic diameter of P(S-NIPAM)

microspheres as a function of temperature, showing a VPT around 30°C.



121

microsphere size. The diffraction follows Bragg’s law, similarly to atomic or molecular

crystals diffracting X-rays:
mA = 2ndpy,; sinf (5.1

where m is the order of diffraction, A the wavelength of the diffracted light, n the refractive
index of the CCAs, dj the lattice spacing for the lattice plane defined by the Miller indices
(hkl), and @the angle between the incident light and the diffracting lattice plane.

The CCAs in water were studied by light diffraction as illustrated in Figure 5.3. The
organized packing remained stable from 54 wt%, the highest concentration obtained after
centrifugation, to 11 wt%, upon dilution. The 1* peak (800 - 1000 nm) shifts out of the
spectral range at 21 wt% but the 2" peak (400 - 600 nm) is still visible until the particles
are diluted to 11 wt% to indicate the presence of the crystalline organization (data not
shown). Below 11 wt%, the diffraction peak disappeared and the iridescence is no longer
visible, indicating the loss of order in the sample. Only data coming from the 1% peak are
used in Figure 5.3B where the interparticle distance is plotted versus the polymer weight
fraction. The interparticle distance is calculated from the lattice spacing dnw, which can be
obtained through Bragg’s law (Eq. 5.1) using an extrapolated refractive index. The
refractive index of the microsphere suspension was measured for different concentrations

and fitted to the linear equation between the volume fraction and the refractive index

n=n,p,+ nw(l — qop) = (np — nw)cpp +n, (5.2)

where @, is the volume fraction of the particles and », and n,, are the refractive indices of
the particles and water, respectively. Then, the refractive indices for other concentrations
were extrapolated using Eq. 5.2. The influence of wavelength was neglected over the

spectral range (750-1000 nm).
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Figure 5.3  (A) Evolution of the normalized diffraction spectra upon dilution of the
CCAs of P(S-NIPAM) microspheres, (B) the evolution of the estimated interparticle
distance versus the polymer weight fraction and (C) versus the inverse of the cubic
root of the microsphere volume fraction. Weight percentages of particles in water are
indicated in A. The dashes in (B) indicate the hydrodynamic diameter of the

microspheres in water at 25°C.
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At the highest concentration, the interparticle distance is lower than the hydrodynamic
diameter of the microspheres determined by DLS, indicating a compression of the shells as
it has already been observed for PNIPAM-based microgels.”**’ The order is disrupted
below 11 wt%, when the electrostatic repulsive interactions stabilizing the crystalline
structure can no longer be maintained by the surface charges originated from the initiator
used in the polymerization. The position of the microspheres becomes random leading to a
disordered suspension. In addition, Figure 5.3C shows a linear relationship between the

interparticle distance and the inverse of the cubic root of the volume fraction (1/
W) which proves that the CCAs follow Eq. 5.3 as demonstrated by Hiltner and Krieger™
for spheres packed into hexagonal arrays:

3

@ (‘i—’:) =0.74 (5.3)

where d;), is the interparticle distance, ¢ the volume fraction and d, the particle diameter.

The slope gives a value for the diameter of 323 nm, which agrees very well with the values

measured by DLS (325 nm) and TEM (dried particles, 275 nm).

5.3.3 CCAs response to temperature and concentration dependency

It is expected that the thermo-responsiveness of the microspheres would be also
manifested by the CCAs once the particles are packed. A complete loss of order has been
observed for core-shell particles containing responsive polymers other than thermosensitive
polymers when the media is adjusted to be less compatible with the shell layer (such as pH
and solvents).”” For these systems containing a thermosensitive polymer in the shell, no
such drastic changes were observed under the conditions used in this study, which is

. . . . . 4
consistent with observations in previous work.*

The effect of temperature on the CCAs diffraction was investigated at different
concentrations, as shown in Figure 5.4. For the most concentrated sample (54.3 wt%)

shown in Figure 5.4A, the diffraction peaks of the CCAs exhibit a response to temperature.
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Figure 5.4  Evolution of the diffraction spectra of the CCAs of P(S-NIPAM)
particles at different temperatures and for samples with different weight fractions of
particles: (A) 54.3 wt%, (C) 45.9 wt% and (D) 29.6 wt%. (B) The evolution of the
peak wavelength and intensity as a function of temperature for the most concentrated

sample (54.3 wt%), clearly displaying a transition around 35°C.

Two general characteristics are to be noted as the temperature increases. First, the peak
shifts toward lower wavelengths, indicating a decrease of the interparticle distance; second,
the intensity of the peak decreases, a sign of a certain loss of order in the crystalline
structure. The changes in wavelength and in intensity with temperature for this sample are

represented in Figure 5.4B, displaying a clear and sharp transition around 35°C, similar to
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the VPT observed for the microspheres. But no total loss of order of the CCAs is observed

at the VPT since the diffraction peak is still present.

The same study at a lower concentration (29.6 wt%, Figure 5.4D) highlights the
importance of the concentration. At this concentration, the response to temperature is much
less evident. Both the peak shift and the decrease of intensity are not as significant. At an
intermediate concentration (45.9 wt%, Figure 5.4C), the response is in-between the effects
shown in Figs. 5.4A and 5.4D, with a small decrease in wavelength and intensity. The
influence of concentration is summarized in Figure 5.5 where the peak shift between 25 and
45°C is plotted as a function of the polymer weight fraction. It appears that the response

gradually increases as the microsphere concentration becomes higher.
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Figure 5.5  The magnitude of the diffraction peak shift on the raw spectra between
25 and 45°C versus the particles concentration, showing a clear effect of the

concentration on the thermo-responsiveness of the CCAs.

Throughout the concentration range, the behavior of CCAs formed by the core-shell
particles is different from those observed for PNIPAM-based microgels. Lyon and co-
workers noticed a total loss of the crystalline structure above the VPT temperature for the

CCAs of poly(NIPAM-co-acrylic acid) particles.”’ The change in volume for the microgels
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may be much larger than that of the core-shell microspheres, meaning the particles become
further apart after the shrinkage and interactions may be too weak to maintain the order.
The thermo-response of CCAs of P(S-NIPAM) core-shell microspheres with a small
amount of acrylic acid units were described by Li et al.,** who studied a very concentrated
sample between two cover glasses separated by 0.3 mm, showing a similar behavior as the
concentrated sample in our study. They attributed the response to water evaporation
causing attractive capillary force and volume change. It has been proven that the
microspheres shrink above the VPT temperature but the effect of the concentration shown
in Figure 5.4 indicates that the change in size is not the main factor. Therefore, there should
be another parameter affected by the VPT which may explain the observed behavior. We

present a different hypothesis with a proposed mechanism described in Figure 5.6.

The crystalline structure is due to many-body interactions between the particles that
maintain the periodic packing. The evolution of these interactions during the VPT is
particularly interesting. Among all the interactions found in such systems, electrostatic
repulsions and van der Waals interactions are common, to which steric forces may be added
in the case of these core-shell microspheres. Electrostatic repulsions are long-range
interactions compared to van der Waals and steric interactions which are effective when the
distance is short enough. The mathematical expressions of these interactions are more
complicated for many-body systems like CCAs than for a pair-wise system and the DLVO
(Derjaguin, Landau, Verwey and Overbeek) theory is no longer suitable,” but the

simplified equations below can help understand the effect of the VPT.” For electrostatic

interactions
V. = 2me eq T pleH (5.4)
and for van der Waals interactions
Ar
V. = — 5.5

where g, is the vacuum permittivity, &, the relative permittivity, k the inverse of Debye
length, r the radius of the particles, ¢ the surface charge potential, A the Hamaker constant

and H the surface to surface distance.
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Electrostatic interactions are slightly affected by the temperature through the
permittivity and the Debye length but do not change drastically with the VPT. However,
van der Waals and steric interactions are directly affected by the VPT, as explained by
Pelton on the stability of diluted suspensions of PNIPAM microgels below and above the
VPT temperature.”* Below the VPT temperature, the swollen shell contains a high amount
of water as the microspheres interact in an aqueous medium. In the case of particles

suspended in an aqueous medium, the Hamaker constant is given by

A= (/A - JA) (5.6)

where A, A, and A,, are the Hamaker constants of the total system, the particles and water,
respectively. A, is a combination of the Hamaker constants of the components of the
particle. As shown in Eq. 5.5, van der Waals interactions between the particles become
weaker as they are proportional to the Hamaker constant A. Below the VPT, the shell is
swollen with water, resulting in an A, close to 4,,, and, consequently, a low value for the
Hamaker constant of the system. Above the VPT temperature, the water is expelled from
the shell, increasing the difference between A, and 4,,, and consequently increasing the
van der Waals interactions. In addition, the steric forces, which are maximal below the VPT
temperature with solvated PNIPAM chains acting as steric stabilizers, decrease when the
PNIPAM chains collapse. Therefore, during the VPT, the attractive forces (van der Waals
interactions) increase while the repulsive ones (steric) decrease. The hypothetical effect for
the CCAs at high concentration is illustrated in Figure 5.6. The illustrations shown in
Figure 5.6 can be correlated closely to the samples shown in Figure 5.4. The more
concentrated sample shown in Figure 5.4A corresponds to the top part of Figure 5.6. Here,
the decrease of the repulsion causes the CCAs to split in organized “clusters” where the
microspheres are closer leading to less dense and less organized areas in-between the
clusters. This would explain both phenomena observed in Figure 5.4A: the blue shift of the
diffraction peak to a shorter wavelength and the decrease in intensity since the overall order
is decreased. Interdigitation between the shells may play a role here, when the shells are

compressed or in contact (below 48 wt%, Figure 5.3B), and keep the particles close after
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the VPT. As the interactions are distance-dependent and the decrease of the global

repulsion is mainly effective on short distances, the effect of concentration may also be

explained. At lower concentrations, the particles are further away from each other and are

less sensitive to van der Waals and steric interactions. Thus, as shown in Figure 5.4D and

illustrated in Figure 5.6 for the lower concentrations, the interparticle distance is not really

changed by the VPT (therefore, no change of wavelength). However, as the temperature

increases, the Brownian motion becomes dominant, causing a relatively small decrease of

the order (Figure 5.4D, Figure 5.6, lower part).
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Hypothetical mechanism explaining the effect of temperature on the

CCAs and its dependence on concentration. The volume phase transition causes an

increase of van der Waals attractive interactions and a decrease of repulsive steric

interactions. At high concentrations (top), the microspheres are closer and more

sensitive to such shot-range interactions, which may lead to approachment of the

microspheres with the organized areas separated by less ordered zones. At lower

concentrations (bottom), the particles are separated by longer distances, where the

attractive interactions may be too weak in comparison to the electrostatic repulsions to

bring them closer. Consequently, the interparticle distance does not change but the

increasing Brownian motion decreases slightly the order.
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Another observation supports the involvement of the interactions. While being
maintained at 45°C, when the sample is manually shaken, the diffraction peak is shifted.
The results are presented in Figure 5.7A. As shown previously, the heating from 25 to 45°C
shifts the peak towards lower wavelengths (from peak 1 to peak 2). When the sample is
shaken, the diffraction peak 3 is obtained immediately at the end of the shaking. The
sample is still at 45°C but the peak wavelength is the same as the initial peak at 25°C, while
the intensity is much lower indicating a partial loss of order. We suggest an explanation of
the observations as illustrated in Figure 5.7B. The shaking brings mechanical energy to the
system, which overcomes the other interactions and redisperses the microspheres, bringing
back to the same average interparticle distance as before the VPT, but with less order likely
due to some aggregation. Then, the sample is let to rest at 45°C. The diffraction peak shifts
back to lower wavelengths (peak 4) quite quickly: in the absence of external disturbance,
the microspheres move back to their stable position as dictated by the interactions between

them.
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Figure 5.7 (A) Effect of shaking at 45°C on the diffraction peak of CCAs (45
wt%). (1) the diffraction peak at 25°C before heating and (2) after heating at 45°C; (3)
immediately after the sample is shaken at 45°C, and (4) 3 minutes after the shaking,
the sample returns to its equilibrium. (B) The proposed mechanism. The decrease of
order between 2, 3 and 4 is not reflected in the scheme. E,, stands for mechanical

energy brought by the shaking and AT for the heating from 25 to 45°C.



130

5.4 Conclusion

Crystalline colloidal arrays may be obtained from poly(styrene-co-N-
isopropylacrylamide) core-shell microspheres. The presence of the soft shell allowed the
easy formation of stable CCAs and also embodies the CCAs with thermo-responsive
properties. The amplitude of the response towards temperature depends on the microsphere
concentration. At high concentrations, the increase of temperature causes a reduced order
and a decrease of the interparticle distance in the organized areas. As the concentration
decreases and the interparticle distance increases, the effect of the VPT becomes less
significant. This behavior may be related to the distance-dependent interactions between the
particles, namely steric and van der Waals interactions, which change during the VPT. This
work provides a better understanding of the behavior of stimuli-responsive CCAs, which is
useful in the design of CCAs-based biosensors where the complexation with an analyte is

expected to mimic the effect of an external stimulus such as temperature.
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5.6 Additional discussion on particle interactions

The observations made in this chapter indicate that both the average interparticle
distance (the particles are getting closer) and the overall order decrease after the volume
phase transition (VPT), but only for concentrated samples. We hypothesize the formation of
smaller crystallites with shorter interparticle distances, separated by voids or less dense and
disordered areas. One possible origin of such reorganization would be the appearance of a
secondary minimum, bringing the particles closer without aggregation. With the VPT, it
would appear that the attractions, as defined by the DLVO theory, may increase but one
could argue that the van der Waals interactions remain too weak and short-ranged
compared to the repulsive forces and could not cause such a behavior. However, at the
highest concentrations studied here, it appears that the particles are compressed and in

contact and thus, the attractive forces might be significant.

A pairwise calculation of the interactions does not give a good glimpse of what
happens in the crystalline colloidal arrays because of the many-body interactions involved.
More precise and extensive calculations would be necessary to really represent what is
observed. In addition, the DLVO theory has limitations, and numerous observations in
colloids behavior, made over the last few decades, cannot be accounted for by the DLVO

theory, notably for many-body systems.

The formation of voids in colloidal dispersions have been first reported in 1973 by
Hachisu et al., and confirmed later by other groups.’’”* Such behavior was first explained
by the existence of long-range attractive forces due to the counterions, as described by the
Sogami-Ise theory.”>”* These forces cause the formation of an important secondary
minimum and appear to be sensitive to the salt concentration. However, since then, the
explanation of their origin has been challenged. Grier and co-workers argued that these
long-range attractions did not exist for an isolated pair of particles and were rather the
results of confinement between charged walls.”>® They suggested that, in concentrated
suspensions, a crystalline plane of charged microspheres might produce a similar effect. At
the present time, the presence of these long-range attractions has been often reported but

their origin remains unclear and the issue is still intensively disputed.’”>’
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Voids have been observed in both disorganized and organized dispersions. Our CCAs
could be related to the latter, with crystalline clusters separated by voids. However, there
has been no report on similar organizations caused by a volume phase transition like in our
system. In addition, we have no evidence that voids or long-range attractions were present
before the VPT. In these circumstances, it is difficult to explain what causes the thermo-
responsiveness of our CCAs. It is not clear whether and how long-range attractions may be

affected by the VPT.

Another plausible explanation may lie in the possible existence of mechanical
constraints maintaining the particles in contact during and after the VPT for concentrated
samples. Our results showed that the shells were compressed at the highest concentrations
(above 48 wt%, Figure 5.3B). In these circumstances, interdigitation and chain
entanglements between the shells may occur and create physical cross-links. Then, during
the VPT, as the shells shrink, the particles are maintained in close contact by these cross-
links, causing a decrease of the interparticle distance in organized clusters along with the
formation of disorganized areas or voids. Thus, the presence of these mechanical forces
could explain our first observations for the most concentrated samples. However, it would
appear that the chain entanglements are less likely to be present when the concentration is
decreased below 48 wt% as the interparticle distance increases. As such, no response would
be expected below a critical concentration and yet, the response amplitude decreases
gradually with the concentration. In addition, the effect of shaking could not be explained
with this hypothesis. Indeed, the shaking temporarily increases the interparticle distance to
its value before the VPT. To explain this observation, it is assumed that the physical cross-
links are broken by the shaking and the mechanical constraints do not exist anymore. If it is
the case, the interparticle distance should be dictated by the electrostatic repulsive forces
again and should not change anymore. However, when the shaking is stopped, the
interparticle distance decreases again, implying the presence of another attractive force not

related to mechanical constraints.

To sum up, the origin of the thermo-responsiveness of our CCAs is not yet clearly

understood and all the hypotheses are not fully satisfying. The only certainty is that the
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observed behavior is linked to a change in the forces between particles during the VPT, but

it remains complicated for the time being to indicate which interactions are involved during

the VPT process.
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Chapitre 6

Glucose-sensitivity of core-shell microspheres and their

crystalline colloidal arrays *

Abstract: Thermoresponsive core-shell microspheres are prepared and
functionalized with 3-aminophenylboronic acid to make them responsive to glucose. The
volume phase transition of the resulting particles is shifted to a lower temperature and a
clear swelling is caused by the presence of glucose. The particles after the functionalization
preserved their capability to form crystalline colloidal arrays. The changes of their

properties may be used in the design of glucose sensors.

6.1 Introduction

Glucose sensors have been a strong center of interest for both the biomedical and
chemical fields since diabetes has become a major health issue.'” Lately, sensitive
microgels have appeared as a suitable solution due to their volume phase transition (VPT)
potentially triggered by the reaction or complexation with glucose. Different mechanisms
have been explored such as sensors based on glucose oxidase and lectins, but the use of
phenylboronic acid (PBA) moieties has been particularly popular due to the ease of

functionalization and better stability than the protein-based systems.>

PNIPAM-based microgels have already demonstrated their efficiency. The glucose

sensitivity can be introduced by copolymerization either with a PBA-containing monomer

*Soumis pour publication comme communication en avril 2012 : Bazin, G.; Zhu, X. X., Sci. China Chem.,
2012
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or with acrylic acid then functionalized with a derivative of PBA.”"” It was shown that the
complexation with glucose both causes the functionalized microgels to swell, i.e., a

detectable change in size, and affects the VPT.

Several groups used the self-assembly of such particles to detect an optical response to
the glucose detection. Because of the instability of crystalline colloidal crystals (CCAs)
formed by microgels, Liu et al. prepared polymerized crystalline colloidal crystals
(PCCAs) of glucose sensitive microgels trapped in a non-sensitive gel.'"® With a different
procedure but a similar result, Honda et al. trapped their sensitive gel into a polystyrene
inverse opal." In these examples, the detection is based upon the change of intensity of the
diffraction peak either due to the change of scattering efficiency or the increase of order,
related to the swelling of the sensitive microgels. Asher and co-workers have long worked
on a different system based on PCCA.**** The sensitive gel is used as the embedding
matrix while the particles are made of non-sensitive polystyrene. Here, the swelling of the
matrix moves the particles further apart, increasing the interparticle distance and, as a
consequence of Bragg’s law, the diffracted wavelength. This method allows a visible
detection through the change of color. Based on the same principle, Lee ef al. used inverse
opals hydrogels prepared by the copolymerization of 3-acrylamidophenylboronic acid and
2-hydroxyethyl methacrylate in the interstices of CCAs of polystyrene particles later

etched. *°

The use of an optical detection is promising but the use of a matrix can slow down the
response because of the diffusion process through the matrix. Thus, the use of simple
crystalline colloidal arrays (CCAs) may accelerate the detection. Our group has prepared
and investigated stable CCAs from thermosensitive core-shell microspheres with the
objective to understand their properties and to use them as sensors. We present here
preliminary results on the functionalization of such core-shell particles, their resulting

glucose sensitivity and their ability to form CCAs.



138

6.2 Experimental

Materials. Styrene, acrylic acid (AA), N-isopropylacrylamide (NIPAM), potassium
persulfate (KPS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
and glucose were purchased from Sigma-Aldrich. 3-aminophenylboronic acid (APBA) was
purchased from Alfa Aesar. Styrene and AA were distilled under reduced pressure. NIPAM

was recrystallized from hexanes. The other chemicals were used as received.

Synthesis of the microspheres. The core-shell microspheres were synthesized by a
two-step surfactant-free emulsion polymerization in an aqueous medium.””*® In a 250-mL
three-neck flask equipped with a reflux condenser, 2.3 g of styrene and 0.2 g of NIPAM
were dissolved in 130 mL of milli-Q water. The system was degassed with nitrogen for 30
min while stirring with a mechanical stirrer at a speed of 300 rpm. The initiator KPS was
then added with 20 mL of water and the flask was heated to 70°C in an oil bath. After 2 h
of stirring, 0.8 g of NIPAM and 0.2 g of AA were added. The reaction was stopped after 22
h. The milky suspension was centrifuged and the supernatant was removed and replaced by
milli-Q water. The particles were redispersed by the use of a vortex and a sonicator. The
centrifugation procedure was repeated three times, followed by dialysis against distilled

water for one week in a cellulose sack (MW cut off at 3200).

Functionalization of the microspheres. The microspheres are functionalized by EDC
coupling with APBA as shown in Scheme 6.1. 5 mg of APBA and 5 mg of EDC were
dissolved in 30 mL of milli-Q water. The solution was cooled down with an ice bath and
stirred with a magnetic stirring bar. After 30 min, 2 mL of a microsphere suspension at 1
wt% was added and the reaction was maintained at 0°C during 4 h. After reaching room
temperature, the same purification procedure as above (centrifugation and dialysis) was

used.

Characterization of the particles and the CCAs. The microsphere sizes were
measured by dynamic light scattering on a Brookhaven BI-200SM instrument with a 532
nm green laser with an angle of 90°. The samples concentrations were 0.02 wt% for the

study of thermosensitivity and 0.05 wt% for the effect of glucose concentration. For each
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Scheme 6.1 Illustrations of the functionalization of the particles with APBA through
EDC coupling and of the reversible binding between the PBA moiety and glucose.

sample, three measurements were taken. The pH of the samples was adjusted by adding
HCl(aq) or NaOH,q) when needed. The temperature was maintained with a water bath and
the samples were allowed to equilibrate for 30 min before the measurements. Small
volumes (10-40 pL) of a concentrated solution of glucose (1 g. L) at pH 9 were added to

the DLS sample to study the effect of glucose on the hydrodynamic diameter.
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The attachment of APBA during the functionalization step was verified by Fourier-
transform attenuated total reflection infrared spectroscopy (ATR). The samples were
prepared by depositing a drop of the suspensions (1 wt%) on silicon wafers and dried
overnight. The spectra were recorded with a resolution of 4 cm™ on a Tensor 27 Bruker

Optics FT-IR spectrometer with a hemispherical Ge crystal.

The particles were centrifuged to obtain suitable packing to be studied by visible light
diffraction, by the use of a home-assembled spectrophotometer (USB2000, Ocean Optics)
equipped with a tungsten-halogen source (400 - 1000 nm) and a backscattering probe
(R200-7 VIS/NIR, Ocean Optics).

6.3 Results and discussion

Thermosensitivity. Due to the presence of PNIPAM and PAA in the shell, the P(S-
NIPAM-AA) particles responded to both pH and temperature changes. The hydrodynamic
diameter at 25°C decreases from 218 nm at pH 9 to 205 nm at pH 3 (below the pH of
transition). The thermosensitivity is illustrated in Figure 6.1 with a clear decrease in the
hydrodynamic diameter at a volume phase transition (VPT) temperature around 30°C. The
change is relatively small (~15 nm) due to the small size of the particles and the thin soft

shell.

The successful attachment of the phenylboronic acid group (PBA) is visible through the
ATR spectra before and after functionalization as shown in Figure 6.2. The absorption band
due to the stretching of the carboxylic acid of the acrylic acid units around 1720 cm™
visibly decreases after the functionalization. However, the absorption band is still present
with a lower intensity, indicating a partial substitution as expected. One may estimate that

only 52% of the initial acrylic acid units have been substituted.

The functionalization causes an increase in the thickness of the shell with the diameter
increasing from 218 to 230 nm at pH 9 and 25°C, even though the introduction of PBA
groups may slightly decrease the overall hydrophilicity of the particles. The responsiveness
to both pH and temperature is maintained. At pH 3 and 25 °C, the diameter of the
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functionalized particles decreases to 220 nm. As shown in Figure 6.1, the thermosensitivity
is maintained, but the transition temperature is slightly lower, decreasing from 31 to 27°C.
This result is expected since the PBA groups are less hydrophilic than the carboxylic acid
groups. This was already observed for P(INIPAM-AA) microgels after the functionalization
with APBA.">"
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Figure 6.1 (A) Hydrodynamic diameters at pH 9 as a function of temperature for
the microspheres before functionalization, P(S-NIPAM-AA) (o), after
functionalization, P(S-NIPAM-PBA) (o), and the functionalized spheres in presence

of an excess of glucose (o). (B) The same curves are normalized relative to the
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respective maximal diameters to better visualize the shifts of the volume phase

transition temperature.
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Figure 6.2  ATR-IR spectra of the dried microspheres before, P(S-NIPAM-AA),
and after the functionalization with APBA, P(S-NIPAM-PBA).

Glucose sensitivity. The curve at the top in Figure 6.1 corresponds to the P(S-NIPAM-
PBA) particles in the presence of an excess amount of glucose. As expected, the
complexation between the PBA groups and the glucose increases the overall hydrophilicity
of the particles and causes the swelling of the shell, increasing the hydrodynamic diameter
to 253 nm at 25 °C. In addition, due to the same reason, the VPT temperature shifts back to
30°C, in agreement with the observation for microgels.'””'* Figure 6.1B illustrates more
clearly a comparison of the changes in the VPT temperature, before and after the

functionalization and upon binding with glucose.

To investigate the effect the glucose concentration on the diameter of the particles, it
was varied systematically (Figure 6.3). At low glucose concentrations, the diameter
increases rapidly, then slowly reaches a plateau at higher concentrations. Once again, the
amplitude of the change is limited by the thickness of the responsive shell and is lower than

the change observed with microgels, but the trend is clear and a good sensitivity is obtained
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for low concentrations, below 8x107 mM. This value is much lower than the glucose
concentration range of interest, since the glucose concentration of blood involved in
diabetic situations is typically in the range of 1 - 3 g.L”' (5 - 15 mM)."> However, the
concentration of microspheres of the sample for DLS is about 0.05 wt%, which is 100 to
500 times lower than the concentration of the CCAs (10 - 40 wt%). Thus, in theory, the use

of CCAs could allow the detection of concentration in the range of interest.
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Figure 6.3  Effect of the glucose concentration on the hydrodynamic diameter of

the functionalized microspheres P(S-NIPAM-PBA) at pH 9 and 25 °C.

Crystalline colloidal arrays. These particles have already proved their ability to self-
assemble and form CCAs.*® Figure 6.4 showed the diffraction peak caused by the packing
of P(S-NIPAM-AA) at pH 9 and a concentration of 25 wt%. The functionalization did not
affect the ability of the particles to form CCAs as illustrated by the diffraction spectrum
obtained under the same conditions. The peak maximum is slightly shifted towards higher
wavelengths (~ 10 nm), in agreement with the DLS results indicating a larger size after

functionalization.



144

The addition of an excess of glucose to the CCAs of the functionalized particles clearly
affects the diffraction spectrum. In Figure 6.4, the peaks are normalized to highlight the
effect on the peak maximum and width but the most evident change is an important
decrease of the peak intensity (not visible because of the normalization). Even if a
diffraction peak, and thus some crystallinity, is still present, the addition of glucose seems
to induce disorder as suggested by the decrease of the intensity and the broadening of the
peak. The addition of the excess of glucose also seems to shift the peak maximum of the
functionalized particles from 663 to 683 nm. However, because of the low intensity of the
peak, the separation of the diffraction spectrum from the scattering background was not
easy here. As a result, the peak shift and the broadening may be partially affected by the

data treatment (subtraction of the background).

The origin of the shift and the decrease of intensity is not evident. As a control
experiment, glucose was also added to the non-functionalized bare P(S-NIPAM-AA)
microspheres but no significant change in the diffraction spectrum was observed (data not
shown), confirming that the changes observed with the functionalized particles are due to

the complexation with glucose.

The induced disorder may be explained by the possible cross-linking between particles
due to the formation of the glucose-bis(boronate) complex, where one molecule of glucose
binds with more than one PBA moiety located on adjacent particles.” This phenomenon
would indeed introduce disorder in the crystalline structure by causing the aggregation of
some particles. However, the residual diffraction peak, broad and less intense, indicates
some crystallinity still remained in the sample. It must be noted here that the sample was
homogenized with the use of a vortex and a sonicator after the addition of glucose. The
shift indicates that the interparticle distance increases where the crystalline structure is
maintained. However, the particle concentration remained constant before and after the
addition of glucose and, the interparticle distance should not be affected by the swelling,
especially since the microspheres are not close-packed at this concentration (25 wt%).

Nevertheless, if some particles aggregate (meaning a higher particle concentration locally),
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it is possible that the particle concentration in the crystalline domains decreases, which

would lead to the increase of the interparticle distance.

The concentration of glucose in the CCAs was about 10 g.L™!, which is higher than the
glucose concentration range of interest. Even though only the effect of an excess of glucose
was studied in this preliminary work, the use of intermediate concentrations could possibly
show a gradual loss of crystallinity. The shift of the peak, however, would need to be more
significant, through the use of a thicker shell for instance. Under these conditions, a

quantitative detection of lower concentrations of glucose could then be expected.

P(S-NIPAM-PBA)
+ glucose

P(S-NIPAM-PBA)
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Figure 6.4  Normalized diffraction peaks of the CCAs formed by the microspheres
P(S-NIPAM-AA), the functionalized microspheres P(S-NIPAM-PBA) and the latter in

presence of an excess of glucose at pH 9 and 25 °C with a concentration of 25 wt%.
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6.4 Conclusion

The P(S-NIPAM-AA) core-shell microspheres have been functionalized with PBA to
achieve glucose responsiveness. The preliminary results showed the changes in the
properties of the microspheres. The functionalization is evidenced by the increase in the
VPT temperature and the gradual swelling of the shell, even though the extent of the
swelling is limited by the relatively thin shell. In addition, such particles form stable CCAs
before and after functionalization, which could be useful in the design of biosensors, and
the presence of glucose affected the crystalline structure. The mechanism of the effect may
be further studied. Even though the change is small upon the addition of glucose in the
present case, it is reasonable to expect a quantitative detection of glucose in the range of
interest with fine adjustment of the structure of the particles. Indeed, the use of a thicker
shell may optimize the swelling of the microspheres and help to provide a more gradual
response, similarly to what was previously observed with temperature responsiveness.”” To
adapt this system to physiological conditions, PBA with other substitution groups can also

be used to decrease the pK, to a value closer to neutral pH.”'
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Chapitre 7

Conclusion et perspectives

7.1 Discussion générale

7.1.1 Synthése des particules

Maitriser la synthese des particules est la premicre étape dans 1’obtention de cristaux
colloidaux. Nous intéressant a 1’auto-assemblage des microsphéres chargées, nous nous
sommes d’abord penchés sur la synthése de ces microspheres par polymérisation en
émulsion sans tensioactif. Afin d’obtenir des particules chargées uniformes, I’effet de deux
comonomeéres chargés, le sulfonate styréne de sodium (SS), anionique, et le chlorure de
vinylbenzyltriméthylammonium (VBTA), cationique, a ¢été étudié. Introduits en faible
quantité, ces deux comonomeres ont efficacement permis de contréler la taille des
microspheres et de réduire la polydispersité. A partir d’une certaine concentration
cependant, méme si la taille moyenne se stabilise, la polydispersité réaugmente en raison de
la formation de polyélectrolytes en solution. Une différence majeure entre les deux
conomomeres est la forme des particules finales. Tandis que le SS a donné des particules
relativement sphériques, le VBTA a en effet donné des particules déformées, sans incidence
visible sur les cristaux colloidaux, mais nous reviendrons la-dessus plus tard. Cette
différence s’explique sans doute par des mécanismes légerement différents, notamment une
agrégation plus importante des particules primaires dans le cas du VBTA. Cela
concorderait avec les mesures de potentiel zé€ta qui sont plus faibles (en valeur absolue)

pour les microspheres cationiques. Cette étude nous a donc permis d’éclaircir I’effet du
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comonomere et de déterminer sa concentration optimum pour obtenir des microsphéres

adaptées pour la formation de cristaux colloidaux.

Dans un deuxiéme temps, ajouter un composant stimulable est devenu incontournable
dans I’objectif de concevoir des biocapteurs. Afin de conserver une certaine dureté des
particules, nous avons choisi de nous orienter vers des microsphéres coeur-écorce avec un
ceeur de polystyréne et une écorce sensible. La synthése de telles microsphéres n’est pas
évidente comme expliqué au paragraphe 1.1.4 de Dl’introduction. Parmi les différents
protocoles utilisés pour ce type de microsphéres, nous avons décidé d’effectuer une
synthése en deux ajouts : la formation du cceur avec 1’ajout du styréne et d’une faible
quantité¢ de monomere hydrophile suivie de la formation de I’écorce lors du second ajout de

monomere hydrophile.

Un compromis concernant la quantité de monomere hydrophile ajoutée doit étre
trouvé. En effet, plus cette quantité est grande, plus é€paisse sera vraisemblablement
I’écorce. Cependant, I’homopolymeérisation en solution tend a devenir prédominante si cette
concentration est trop grande, et la majorit¢é du monomeére hydrophile se retrouve alors
polymérisée en solution et ne participe pas a la formation de 1’écorce. La concentration
maximale acceptable du monomere hydrophile varie largement d’'un monomere a 1’autre.
Ainsi, pour les deux monomeéres que nous avons utilisés, le NIPAM a tendance a

polymériser en solution a plus faible concentration que ’acide acrylique.

L’¢épaisseur de I’écorce est aussi influencée par le nombre de cceurs présents lors du
second ajout. Si ce nombre est grand, pour une méme quantit¢ de monomere hydrophile,
I’écorce sera plus fine. Or, le nombre de cceurs est notamment li¢ au pouvoir stabilisant du
monomere hydrophile lors de la premiére étape. L’acide acrylique, chargé, est plus efficace
que le NIPAM pour stabiliser les particules. Par conséquent, de plus petits cceurs sont
obtenus et en plus grand nombre. Le monomere ajouté lors de la deuxiéme étape doit alors
se partager sur un plus grand nombre de cceurs, donnant des écorces plus fines. Ainsi, les
microsphéres coeur-écorce synthétisées avec I’AA ou un mélange de NIPAM et AA se sont
révélées plus petites et avec une €corce plus fine que les particules synthétisées avec

uniquement du NIPAM dans les mémes conditions.
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Afin d’obtenir les tailles désirées, c¢’est-a-dire donnant des cristaux colloidaux avec une
diffraction dans le domaine du visible, mais tout en maintenant la masse de monomeres
constante, la vitesse d’agitation lors de la synthése a été ajustée selon le monomere
employé. Ainsi, le NIPAM étant moins efficace pour stabiliser, la vitesse d’agitation a été

augmentée par rapport aux syntheéses avec I’AA, de fagcon a obtenir des coeurs plus petits.

7.1.2 Sensibilités des microsphéres

Les microsphéres chargées de polystyréne ne présentent pas, a proprement parler, de
sensibilité, contrairement aux écorces en PNIPAM ou PAA des microsphéres coeur-écorce.
Toutes ces particules sont cependant affectées par la force ionique. La présence de sels
diminue les répulsions électrostatiques, menant éventuellement a I’agrégation. L’étude de
microsphéres chargées de polystyréne a montré logiquement que plus la densité de charges
surfacique est élevée, plus les particules tolérent la présence de sels. Les microspheres
possédant une écorce de PAA, donc chargées a pH 7, se sont aussi révélées plus résistantes

a I’augmentation de la force ionique que celles avec une écorce de PNIPAM.

Trois types de microsphéres cceur-écorce ont été synthétisés, toutes avec un cceur de
polystyréne mais avec des écorces différentes : des particules sensibles au pH avec une
¢corce de PAA, des particules thermosensibles avec une écorce de PNIPAM et enfin des

particules doublement sensibles avec une écorce en poly(NIPAM-co-AA).

La présence de PAA génere donc une sensibilit¢ au pH. Au-dessus du pK,, le PAA
déprotoné est un polyélectrolyte parfaitement solvaté, formant des liaisons hydrogeéne avec
I’eau. En dessous du pK,, la protonation permet au PAA de former des liaisons hydrogéne
intra- et inter-moléculaires, et non plus avec I’eau, le rendant insoluble. Le résultat pour nos
microspheres est donc une écorce gonflée a pH élevé et contractée a pH faible. Méme si le
PAA n’est plus chargé en dessous du pK,, les particules restent stables grace aux charges
dues a I’amorceur. Toutefois, pour des pH inférieurs a 3, une agrégation des particules est
observée. En effet, la force ionique est trop élevée et annule les répulsions électrostatiques

qui stabilisaient la dispersion.
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La valeur du pH de transition entre les deux états n’est pas similaire au pK, de 1’acide
acrylique, dont la valeur est de 4.3. Dans un premier temps, la polymérisation et la
proximité forcée des groupements acides au sein de la particule peuvent affecter cette
valeur, mais la copolymérisation et la proximité du styréne influencent certainement aussi
le pK, apparent. Dans le cas de nos microspheres, la VPT se produit autour de pH 7, c’est-
a-dire a2 un pH bien plus ¢élevé que le pK,, en raison de la diminution du caractere
hydrophile induit par le polystyreéne. L’effet de la copolymérisation avec le NIPAM dans
I’écorce, quelle que soit la température, n’a pas donné de décalage supplémentaire
significatif dans le pH de transition. Par contre, le changement de volume en lui-méme est
moins important si la température est au-dessus de la transition du PNIPAM. En effet, a
46°C, des interactions hydrophobes entre les unités NIPAM limitent peut-étre le

gonflement di a la solvatation du PAA.

La sensibilit¢ du PNIPAM a la température est, elle aussi, influencée par la présence
d’unités styréne avec une valeur de température de transition légerement plus faible que
celle observée (~30 au lieu de 32-34°C) a cause de I’hydrophilie réduite. Similairement au
pH de transition, la copolymérisation avec 1’acide acrylique ne semble pas influencer la
température de transition, qui reste identique que les unités acide acrylique soient protonées
ou non. Cependant, la encore, I’allure de la transition différe selon la composition de
I’écorce, juste PNIPAM ou du poly(NIPAM-co-AA) et, dans ce dernier cas, selon que le
PAA soit déprotoné ou protoné. Le principal changement est la largeur de la transition. La
VPT des microgels de PNIPAM pur est connue pour étre assez large a cause de
I’enchevétrement des chaines et des interactions hydrophobes, méme en dessous de la
LCST. La présence d’unités AA déprotonées, donc chargées, réduit ces deux facteurs grace
aux répulsions électrostatiques, donnant une transition nettement plus étroite. L’effet
disparait d’ailleurs une fois le PAA protoné, en dessous du pH de transition, avec une

transition encore plus large.
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7.1.3 Formation des cristaux colloidaux

Les structures organisées des cristaux colloidaux en solution sont le résultat direct des
microsphéres tentant de minimiser les répulsions qu’elles ressentent, et ce, en maximisant
la distance entre elles et leurs plus proches voisines. Dans le cas de nos microspheres
préparées par polymérisation par émulsion, les principales répulsions sont d’origine
¢lectrostatique. La portée de ces répulsions est importante, permettant 1’obtention d’une
structure cristalline méme a des concentrations relativement faibles. La portée dépendant du
potentiel électrique de surface, plus les particules sont chargées, plus la structure peut étre
maintenue a des concentrations faibles. De méme, elle est aussi plus résistante a la présence
de sels, comme vu au chapitre 3. Pour les microsphéres coeur-écorce, les répulsions
stériques dues a la couche d’hydrogel, de plus courte portée, participent aussi, notamment
pour des échantillons trés concentrés ou les distances interparticules sont faibles. Elles ont
alors d’autant plus d’impact que les forces attractives de van der Waals sont faibles en
raison de la grande quantit¢ d’eau dans I’écorce, comme expliqué au chapitre 5.
Neéanmoins, leur impact est plus modéré pour des échantillons plus dilués ou les séparations
sont plus grandes et la structure reste principalement maintenue par les forces
¢lectrostatiques. Il a tout de méme été démontré que la présence de I’écorce d’hydrogel
favorise la formation des cristaux colloidaux : l1a ou les microsphéres cceur-écorce forment
des empilements réguliers, les coeurs synthétisés selon la méme procédure et avec la méme
quantité d’amorceur, mais en [’absence du monomeére hydrophile, ne permettent pas
d’obtenir des cristaux colloidaux, mettant en évidence l’importance de ces répulsions

o 1
steriques.

Finalement, grace a ces répulsions, nos particules s’auto-assemblent spontanément en
solution dés que le rapprochement est forcé, soit par centrifugation, soit par évaporation
lente de 1’eau, c’est-a-dire par concentration. Pour des particules plus grosses, il a été
observé que la sédimentation menait aussi a un empilement régulier. La centrifugation est
la méthode que nous avons utilisée du fait de sa rapidité. Cependant, il faut reconnaitre que
cette technique induit certainement de nombreux défauts au sein de la structure cristalline,

la vitesse de déposition et la viscosité grandissante ne permettant pas a toutes les particules
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de s’organiser. Plusieurs observations viennent appuyer cette affirmation. En premier lieu,
méme si I’échantillon est homogene et la longueur d’onde du pic de diffraction est
constante quel que soit I’endroit sondé de la cuvette, I’allure du pic, quant a elle, peut
différer d’un endroit a I’autre avec une intensité et une largeur légérement différentes.
Deuxiémement, il semble qu’une diminution, méme légére, de la viscosité améliore 1’ordre
global en permettant aux microspheres de se réarranger plus aisément afin d’obtenir une
structure mieux ordonnée. Ainsi, le chapitre 3 a montré que la dilution progressive est
accompagnée d’une augmentation de I’intensité des pics et d’une diminution de leur
largeur. L’observation la plus intéressante, cependant, a ét¢ que I’addition modérée de sel
donne un résultat similaire. En effet, en augmentant la force ionique, on diminue 1’épaisseur
de la double couche électrique et, par conséquent, la viscosité de I’échantillon (effet
¢électro-visqueux primaire). Toutefois, si la force ionique devient trop élevée et les
répulsions électrostatiques trop faibles, 1’énergie thermique I’emporte et la position des

microsphéres devient aléatoire. La structure cristalline est alors détruite.

7.1.4 Effet des stimuli sur les cristaux colloidaux

Deux stimuli ont donc été appliqués aux cristaux colloidaux formés par nos
microspheéres coeur-écorce, en relation avec les polymeres choisis : la température et le pH.
Les microgels jusqu’alors employés dans la formation de cristaux colloidaux,
majoritairement a base de PNIPAM, présentaient une transition rapide ordre/désordre au
moment de la VPT. Le changement de volume drastique et la séparation devenue trop
grande pour des particules trop peu chargées sont slirement responsables de la perte totale
de I’organisation. Avec les microsphéres coeur-écorce, le changement de volume, réduit a
I’écorce, est moins intense, et la distance interparticule reste inférieure a la portée des
répulsions. Par conséquent, la structure est maintenue méme apreés la transition,
conformément a ce qui a été observé pour nos cristaux colloidaux. Toutefois, la structure
cristalline est quand méme affectée par la VPT comme montré dans les chapitres 4 et 5,

mais uniquement pour des échantillons assez concentrés.
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Pour les microspheres possédant une écorce de PNIPAM et ayant un changement de
taille relativement important, une diminution de la distance interparticule ainsi qu’une perte
partielle d’ordre sont observées ; elles ont €été interprétées a 1’aide des interactions entre
microsphéres. En effet, la VPT induit non seulement un changement de taille mais aussi
une modification dans les interactions ressenties par les particules, notamment celles de
faible portée c’est-a-dire les interactions attractives de van der Waals et les répulsions
stériques. Globalement, les interactions deviennent plus attractives a courte portée, créant
probablement un minimum secondaire dans le potentiel d’interaction total. En réaction a ce
changement, certaines microsphéres se rapprochent tout en maintenant une structure
organisée, formant des «agrégats » cristallins, mais aussi, par la méme occasion, des zones
moins denses et désorganisées. Cette hypothése n’a malheureusement pas encore été
soutenue par des images mais une expérience supplémentaire a montré que I’apport
d’énergie sous forme d’agitation redisperse les « agrégats » avant que ceux-ci ne se

reforment rapidement une fois 1’échantillon au repos.

Les cristaux colloidaux préparés avec les microspheres ayant une écorce de
poly(NIPAM-co-AA) n’ont pas démontré une aussi grande réponse a la température que les
précédentes, la raison principale étant probablement leur changement de taille moindre.
Une diminution de la distance interparticulaire ainsi qu’une légére perte d’ordre sont tout
de méme observées a haute concentration alors que le spectre ne change pas pour une
concentration plus faible. La présence du PAA a aussi un impact comme démontré par
I’effet du pH sur la thermosensibilité. La réponse est plus importante a pH 4, quand il est
protoné, qu’a pH 7. En terme d’interactions, la différence entre les deux cas réside dans les
forces répulsives, surtout celles d’origine ¢€lectrostatique, puisqu’a pH 4, le PAA est non
chargé et non solvaté. L’augmentation des forces attractives a donc plus d’impact sur les

cristaux colloidaux.

La sensibilité au pH des cristaux colloidaux est un peu plus difficile a expliquer car,
avec la variation du pH, les répulsions électrostatiques varient également, d’une part, a
cause de la dissociation du PAA et, d’autre part, du changement de la force ionique du

milieu. Cependant, 1’évolution du pic de diffraction avec le pH est similaire a celle qui a été
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obtenue avec la température, a une différence prés: si un certain ordre a toujours été
maintenu quelle que soit la température, un pH inférieur a 3 cause une perte d’ordre
irréversible. Etant donné que la protonation du PAA peut étre considérée comme compléte
pour tout pH inférieur a 5 et ne cause pas la perte de la structure cristalline jusque-la, on
peut penser que la force ionique devient trop ¢€levée pour la faible densité de charge des

particules et les répulsions trop faibles pour maintenir la structure et empécher I’agrégation.

7.1.5 Biocapteur de glucose

Le chapitre 6 fait état de résultats préliminaires sur 1’utilisation des cristaux colloidaux
formés par des microsphéres coeur-écorce pour la détection du glucose. Les particules
fonctionnalisées avec I’APBA posseédent bien une sensibilité au glucose qui s’exprime par
le gonflement de 1’écorce, méme s’il est limité par la finesse de cette dernicre. La
fonctionnalisation avec I’APBA diminue la température de la VPT a cause de la diminution
de I’hydrophilie globale. A I’inverse, I’ajout de glucose réaugmente cette température, la
complexation renforcant le caractére hydrophile. La capacit¢ a former des cristaux
colloidaux n’est pas affectée par la modification des microsphéres, comme prouvé par la
présence d’un pic de diffraction intense. La complexation avec le glucose, par contre,
semble profondément altérer la structure cristalline. Un pic de diffraction est toujours
visible mais large, peu intense et légérement décalé vers les plus grandes longueurs d’onde.
Le glucose pouvant former des complexes avec plusieurs acides boroniques, 1’hypothése
avancée suggere que certaines molécules de glucose pourraient se complexer avec des
groupements PBA présents sur des microsphéres voisines et ainsi créer des liaisons entre
particules, détruisant ainsi localement la structure cristalline. Connaissant la réponse limitée
des microspheéres, un exces de glucose a ét¢ directement introduit pour voir I’ampleur de la
réponse. Une étude plus approfondie avec un ajout progressif pourrait donner plus
d’informations sur le mécanisme impliqué, notamment combiné¢ a [’utilisation de

microsphéres avec une écorce plus épaisse.
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7.2 Perspectives du projet

7.2.1 Conception des microspheres

Un des inconvénients de nos microspheres cceur-€corce est 1’épaisseur trop fine de
I’écorce des que du PAA est incorporé. La VPT ne provoque alors qu’un faible changement
de taille avec une incidence limitée sur les cristaux colloidaux. Or le PAA est nécessaire
pour la sensibilit¢ au pH et pour la fonctionnalisation, notamment dans 1’optique des

biocapteurs de glucose.

Plusieurs solutions pourraient étre envisagées pour pallier ce probléme. La premiere
serait de modifier le protocole de la synthése. Puisqu’un ajout plus grand de monomere lors
de la deuxiéme étape n’est pas possible a cause de la formation de chaines solubilisées ou
de particules secondaires, nous pourrions considérer plusieurs additions successives ou,
peut-€étre mieux, un ajout étalé dans le temps pour que la concentration de monomere dans

. , . .. . , , .. 2-4
le milieu réactionnel ne soit jamais trop €levée (starved-feed conditions).

Dans le cas particulier des biocapteurs de glucose, une autre possibilité serait de
préparer le monomere fonctionnalisé avec le PBA avant la synthése des microsphéres. Le
pK, de ce monomere étant supérieur au pH du milieu réactionnel (pH 7), il ne serait pas
chargé lors de la synthese. Du fait de la diminution du nombre de charges, moins de surface
pourra étre stabilisée de fagon électrostatique en comparaison a la synthése avec ’AA,

permettant la formation de particules plus grosses.

7.2.2 Amélioration des biocapteurs de glucose

Le défaut majeur de notre systéme actuel est la réponse peu intense aussi bien des
particules elles-mémes que des cristaux colloidaux. Un effort supplémentaire doit donc étre
fourni pour améliorer la synthése des microsphéres, comme abordé au paragraphe
précédent. Une fois ce probléme résolu, une meilleure compréhension de I’impact de divers
facteurs, y compris celui du glucose, sur la structure cristalline est nécessaire. Au chapitre

6, une perte d’ordre est observée mais son origine reste incertaine. La mise en évidence du
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mécanisme sera plus aisée avec un changement plus important et préférentiellement graduel

en présence de glucose.

Une fois la faisabilité de la détection par ce systeme prouvée, il faudra montrer qu’il
peut étre appliqué a de vrais échantillons biologiques. La premiére étape sera donc
d’obtenir un systéme fonctionnant au pH physiologique. Il est donc nécessaire de diminuer
le pK, du groupement PBA, en substituant le cycle phényle avec des groupements
accepteurs d’électrons.™® Dans un deuxiéme temps, ’effet des autres constituants de
I’échantillon (sels, protéines...) devra étre étudi¢ afin d’identifier et d’éliminer les possibles
interférences avec la détection du glucose. Les cristaux colloidaux reposant sur les
répulsions entre les particules, une grande attention doit étre portée afin d’assurer leur

stabilité.

7.2.3 Vers d’autres biocapteurs

La détection de glucose est effectivement trés populaire et, avec le PBA, assez facile a
mettre en ceuvre. Dans un premier temps, le systéme glucose-PBA, bien connu et
caractérisé, représente un modele idéal pour concevoir des biocapteurs avec nos
microsphéres cceur-écorce. Une fois le mécanisme de réponse parfaitement compris, la
versatilit¢ de notre systéme permettrait d’adapter nos biocapteurs a des systémes plus
complexes. Dans I’optique de rester dans le domaine biomédical, la détection de molécules
biologiques liées a des maladies est un des objectifs. Ainsi, les microsphéres pourraient, par
exemple, étre fonctionnalisées avec un anticorps afin de détecter un antigéne.”” Une des
molécules les plus intéressantes, cependant, est sans aucun doute I’ADN. Des séquences
codant pour certaines maladies seraient choisies afin de permettre leur détection. Un brin
pourrait étre fixé sur les particules afin de détecter le brin complémentaire. Il a été montré
que cela pouvait causer la contraction d’un hydrogel.'” Cela pourrait étre extrapolé a nos
microsphéres afin de voir ’effet sur les cristaux colloidaux. D’autres configurations sont
possibles comme la fixation des brins complémentaires sur différentes particules ou encore

des brins différents mais pouvant tous deux se lier au brin a détecter (Figure 7.1). Des
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hydrogels ont aussi été développés utilisant ’ADN comme agent de réticulation,
provoquant le gonflement ou la contraction du gel selon le modéle choisi.'' " L application
de cette méthode nécessiterait une adaptation de la synthése mais pourrait étre explorée si la

fixation des brins sur les particules ne donne pas les résultats escomptés.
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Figure 7.1 Les différentes configurations possibles pour la conception de

biocapteurs pour séquences d’ADN. (A) Les particules sont fonctionnalisées avec un
brin d’ADN et I’ajout du brin complémentaire induit un changement de volume. (B)
Deux séries de particules sont fonctionnalisées séparément avec des brins
complémentaires. Lorsqu’elles sont mélangées, un lien se crée entre elles. Lorsque
I’'un de ces brins d’ADN est présent libre, il rompt le lien entre les particules en se
fixant sur son brin complémentaire. (C) Deux séries de particules sont fonctionnalisées
avec des brins non complémentaires. Un brin complémentaire aux deux brins fixés est

ajouté, créant un lien entre les particules.
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