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Table des abr�viations

AAn Acide Acrylique neutralisé à 75%

AIBN Azobisisobutyronitrile

AP Ammonium Peroxodisulfate

DCC N,N'-dicyclohexylcarbodiimide

DMA N-diméthyle acrylamide

DMAP 4-diméthyle aminopyridine

DSP polymérisation en suspension directe

GMA méthacrylate de glycidyle

HEMA (2-hydroxyéthyle) méthacrylate

ISP polymérisation en suspension inverse

MBA N,N'-Méthylènebisacrylamide

MS microsphères

PEG1500 poly(éthylène glycol) avec la masse moyenne de 1500 g/mol

PEGDMA poly(éthylène glycol diméthacrylate)

PEGMA Poly(éthylène glycol) méthacrylate

PEGMMA Poly(ethylene glycol methyl éther methacrylate)

PLGA Poly(acide lactique-co-glycolique)

PVA poly(vinyl alcohol)

RMN Résonance magnétique nucléaire

Rpm Tour par minute

Sn(Oct)2 octoate d'étain

Span 80® Sorbitan oleate

TEA triéthyleamine

TEMED N, N, N', N'-tetramethylethylenediamine

TEG tétra(éthylène glycol)

Tris N-acryloyle tris(hydroxyméthyle) aminométhane



1 « Microspheres résorbables pour embolisation et chimio-embolisation »

Avertissement
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2 « Microspheres résorbables pour embolisation et chimio-embolisation »

Le besoin de créerune microsph�re r�sorbable pour l�embolisation a donn� lieu en

2005 à une réflexion associant le Département de Neuroradiologie Interventionnelle de

l�H�pital Lariboisi�re APHP (Dr. A. Laurent) et le Laboratoire des biomat�riaux de l�UMR

CNRS 8612 et Paris XI (Prof. D. Labarre, Dr. L. Moine).

La solution technique imaginée alors pour répondre au besoin médical a été la

synthèse de microsphères par polymérisation en suspension de macromonomères

hydrolysables � base de PLGA en pr�sence d�un comonom�re de PEG.

Courant 2006-2007, des travaux de faisabilité ont montré la possibilité de synthétiser

de telles molécules et de les introduire dans un procédé de polymérisation en suspension. Cela

a abouti à une collaboration de trois ans (d�but�e le 15 octobre 2007) entre l�UMR CNRS

8612 et la soci�t� Occlugel, sous forme d�une th�se CIFRE r�alis�e par Melle Nguyen sous la

responsabilité du Pr. D. Labarre, puis, après son départ en retraite, sous celle du Dr. C.

Vauthier. Le Dr. L. Moine, collaboratrice proche du Pr. D. Labarre et spécialiste des

polymères résorbables et des procédés de polymérisation en suspension, a étroitement

collabor� aux diff�rents travaux men�s jusqu�� fin 2009.

----------

Les différents proc�d�s et applications ont fait l�objet du d�p�t le 10 septembre 2009 :

d�une demande de brevet provisoire am�ricaine d�pos�e � l�Office am�ricain des

brevets (USPTO) sous le n° 61/241 183 et intitulée« Implantable bio-resorbable

polymer »et

d�une demande de brevet européen EP 0930 5830 intitulée« Implantable bio-

resorbable polymer », qui a été étendue par voie de PCT en septembre 2010. Son

contenu a été porté à la connaissance de la communauté via publication en date du 16

mars 2011.

----------
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Les inventeurs de la technologie sont les personnes suivantes :

- Monsieur Alexandre LAURENT, MCU-PH, Service de Neuroradiologie de l�h�pital

Lariboisière, AP-HP,

- Monsieur Denis LABARRE, PU, Laboratoire Biomatériaux et Polymères, UPS 11,

- Madame Laurence MOINE, CNRS,

- Monsieur Laurent BEDOUET, OCCLUGEL,

- Monsieur Michel WASSEF, MCU-PH, Service de Cytologie et Anatomie

Pathologique de l�h�pital Lariboisi�re, AP-HP,

- Mademoiselle Van Nga NGUYEN, OCCLUGEL.

----------

L�AP-HP, le CNRS, l�UPS 11, l�UPD 7 et OCCLUGEL sont copropriétaires du

Brevet, de certaines inventions et découvertes relatives à des polymères gonflants et

résorbables, chargeables pour implantation humaine ou animale.

----------

Les quatre articles inclus dans le présent rapport de thèse sont à l'état de projet et n'ont

pas encore été validés pour publication par la société OCCLUGEL.
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5 « Microspheres résorbables pour embolisation et chimio-embolisation »

L�embolisation thérapeutique est devenue une méthode de choix pour le traitement des

tumeurs hypervascularisés, des hémoragies ainsi que des malformations artériovéneuses

[Hovsepian et al. 2004, Syed et al. 2007, Artinyan et al. 2008].Le but de l�intervention est

d�occlure de mani�re s�lective les vaisseaux sanguins qui constituent ou qui nourrissent une

lésion, ou de boucher une lésion portée par un ou plusieurs vaisseaux.

L�acte chirurgical est r�alis�par un radiologue. L�agent embolisant est conduit jusqu��

l�endroit o� il doit �tre inject�� l�aide d�un cath�ter sans compromettre le flot sanguin dans le

reste de la circulation. Lem�decin observe en temps r�el l�acheminement du cath�ter dans le

réseau vasculairesous rayon X et � l�aide d�un agent de contraste pour l�amener jusqu�� la

lésion à traiter. L�intervention est dite mini-invasive carelle ne n�cessite qu�une ponction

fémorale, évitant une ouverture importante comme dans les techniques chirurgicales

classiques. Elle peut être réalisée sous une simple anesthésie locale et nécessite généralement

une courte dur�e d�hospitalisation. Concernant l�agent d�embolisation, une d�finition en a �t�

proposée par le Docteur Laurent dans un texte publié en 2006. Cette définition est reprise

dans la citation suivante «On peut d�finir comme agent d�embolisation vasculaire tout

produit sous une forme quelconque(solide/liquide� ) qui peut être largué dans un flux

sanguin pour se bloquer dans le vaisseau où il détermine une occlusion temporaire ou

durable » [Laurent 2006]. Dans la pratique,les agents d�embolisation se pr�sentent sous

forme de particules de forme et de taille plus ou moins calibrées, de spires métalliques (coils),

de solutions gélifiante ou de microsphères [http://www.brainaneurysm.com/aneurysm-

treatment.html, http://pennstatehershey.org/web/stroke/patientcare/services/onyx,

http://www.ajronline.org/content/178/1/135.full, www.biospheremed.com].

Parmi les particules d�embolisation, les microsphères calibrées constituent une classe

d�agent d�embolisation vasculaire particuli�rement bien adapt�e pour cette application. Leur
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forme sphérique et la maîtrise de leur taille offrent un avantage décisif par rapport aux autres

particules pour le ciblage de l�occlusion. En effet, par le choix de leur taille, on peut prévoir le

niveau de p�n�tration de l�embole dans un tissu tumoral par exemple. Cet avantage peut être

crucial dans le cas où la microsphère porte une charge de médicament anticancéreux destinée

à une délivrance locale intra ou péri-tumorale.

En fonction de l�application th�rapeutique, il peut �tre souhait� que l�embolisation soit

permanente ou temporaire.Quelque soit la qualit� de l�embolisation recherch�e, les matériaux

dégradables constituant les emboless�avèrent plus adaptées [Schwarz et al. 2004; Zhang and

Schwarz 2006; Moine et al. 2011; Weng et al. 2011]. Ces matériaux sont également

intéressantpour d�autres applications qui nécessitent une implantationin vivo, comme pour la

réparation et régénération tissulaire [Alsberg et al. 2003; Tan and Marra 2010],

l�encapsulation de cellules [Temenoff et al. 2004; Nicodemus and Bryant 2008] ou la

formulation de systèmes à libération contrôlée de principe actif [Park et al. 1993; Hatefi and

Amsden 2002; Miyata et al. 2002; Hamidi et al. 2008].

Dans beaucoup de cas cliniques comme par exemple une hémorragie, des tumeurs

bénignes (fibrome utérin) ou maligne (hépatocarcinome),un agent d�embolisation

TEMPORAIRE pourrait être plus bénéfique sur le plan thérapeutique tout en apportant plus

de confort aux patients. En effet, l�utilisation d�un agentd�embolisation non dégradable

pourra entraîner des effets indésirables avec unrisque d�inflammation importante. En outre,

dans le cas du traitement par embolisation des tumeurs ischiémo-sensibles comme le fibrome

ut�rin, il est inutile de prolonger l�occlusion vasculaire au-delà du temps nécessaire pour

obtenir la nécrose de la tumeur. Une recanalisation rapidene peut que profiter � l�organe pour

l�aider � reprendre un fonctionnement physiologique normal et � �liminer les tumeurs

n�cros�es. Dans d�autres cas cliniques comme celui des tumeurs malignes hypervascularisées
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(rencontr�es dans l�h�patocarcinome), il est int�ressant d��liminer la tumeur en combinant

l�occlusion vasculaire à lad�livrance d�un principe actif charg� dans les microsphères. Cette

technique, connue sous le nom de chimio-embolisation, permet de concentrer de manière

considérable la charge médicamenteuse au niveau de la tumeur et donc de diminuer la

concentration systémique et en même temps les effets indésirables. Au-delà du ciblage

permettant la délivrance du principe actif à la tumeur, il est souhaitable d�obtenir une

recanalisation des vaisseaux nourriciers pour éviter la destruction totale de l�organe atteint qui

comporte encore du tissu sein et fonctionnel et pour permettrel�application de nouvelles cures

de chimio-embolisationou d�autres th�rapies pour obtenir la destruction totale de la tumeur.

Actuellement, seuls deux produits commerciaux sont proposés pour réaliser des

embolisations temporaires. Ce sont des éponges de gélatines (Gelfoam® de Pfizer, Spongel®

de Sanofi-Aventis) et des microsphères à base d�amidon (Spherex® de Pharmacia,

Embocept® de PharmaCept).L�agent biodégradable le plus utiliséest l��ponge h�mostatique

de gélatine. Ce produit, de faible coût, est commercialisé sous forme de plaques ou réglettes

(destinées à être découpées, broyées ou grattées) ou bien sous forme de particules sèches

tamisés. Malgré le tamisage,aucune calibration n�est possible due à leur forme irrégulière et à

la tendance des particules� s�agglom�rer.  Les agrégats ainsi formés peuvent parfois conduire

au blocage du cathéter. De plus, les éponges de gélatines seules ne produisentqu�une

occlusion partielle [Laurent 2006] : l�embolisation totale n�est atteinte qu�apr�s l�activation de

la coagulation et la formation d�un caillot sanguin en compl�ment du matériau

d�embolisation. La d�gradation de l�embole se produit suite � la r�action inflammatoire à

corps étranger.Il est tr�s difficile d�avoir des informations pr�cises concernant le temps de

recanalisation d� � la variabilit� de la compacit� de l��ponge, de l�ampleur de la r�action

inflammatoire et del�activit� enzymatique du patient [Laurent 2006]. Les microsphères

biodégradables calibrées seraient une réponse aux limites présentées par ces matériaux
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d�embolisation de forme irrégulière et de tailles variables et permettraient une occlusion

complète et mieux ciblée avec un bien meilleur contrôle du temps de dégradation. Des

microsphères biodégradables à base d�amidon ont d�j� fait l�objet de recherches pour des

applications dans le domaine de l�embolisation [Hilger et al. 2008]. Ces microsphères ne sont

disponibles que dans une gammede taille d�un diam�tre inf�rieur � 100 �m ce qui compromet

leur application pour réaliser des embolisations nécessitant une occlusion des vaisseaux plus

grands. Ces particules se dégradent très rapidement lorsqu�elles sont isol�es : elles

disparaissent en quelques dizaines de minutes [Pohlen et al. 2000], ce qui est généralement

trop court pour réaliser une embolisation.A l�inverse, du fait de l�accumulation d�agrégats de

plusieurs dizaines voire centaines de microsphères, La résorption est alors fortement ralentie

(en fonction de la taille des amas) et il devient excessivement difficile de contrôler le temps

de dégradation del�embole qui s�est r�ellement form�in situ. Il faut également souligner que

la dégradation enzymatique de l�amidon dépend aussi fortement du site d�implantation et des

conditions physiologiques du patient.L�ensemble de ces consid�rations montre clairement

que la dégradation des emboles produits par ces microsph�res n�est pas bien ma�tris�e. A ce

problèmes�ajoute la difficult� d�obtenir un véritableciblage de l�occlusion du fait de la

formation d�agrégats.

Actuellement, il apparaitque le d�veloppement des techniques d�embolisation

temporaire est consid�rablement frein� par le manque de mat�riaux d�embolisation adapt� �

leur miseen �uvre. L�exp�rience acquise des techniques d�embolisation men�e avec des

matériaux non dégradables montre très clairement que la forme idéale des emboles est une

forme sphérique. Pour lever la limite au d�veloppement de l�embolisation temporaire il parait

nécessaire de développer des emboles sphériques de taille calibrée dans un matériau dont la

vitesse de dégradation est parfaitement maîtrisable. Les travaux réalisés sur des microsphères

biodégradables d�amidon ont mis en �vidence une limite � l�utilisation de matériaux dont la
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d�gradation d�pend d�une activit� enzymatique. Ils ont �galement mis en �vidence qu�une

taille de microsphère trop petite amenait des difficultés pour contrôler le ciblage de la

localisation de l�embolisation. L�objectif de notre travail de thèse a été de rechercher un

mat�riau dont la d�gradation ne d�pendrait pas d�une activit� enzymatique et qui pourrait �tre

transformé en microsphères résorbables de grande taille pour embolisation. Notre recherche

de matériaux dégradables implantables in vivo s�est tourn�e vers les hydrogels. Les r�sultats

de l��tude bibliographique pr�sent�s dans la première partie du mémoire de thèse a permis de

sélectionner destypes d�hydrogels hydrolysables répondantsa priori aux critères recherchés.

Le travail expérimental présenté dans la deuxième partie du mémoire de thèse rapporte les

résultats des études ayant portées sur la synthèse des microsphères, sur le développement

d�une m�thode originale pour suivre leur d�gradation in vitro et sur l��tude de leur

dégradation.
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Abstract

Hydrogels have received increasing attentions for a wide range of biomedical applications

including drug delivery and tissue engineering. Progresses in synthetic chemistry make

biodegradable hydrogels a very dynamic topic with development potential of new materials

resolving drawbacks found with non-degradable gels and improving comfort of patients by

developing new techniques of therapeutics. They are versatile materials for which properties

can be tuned by the chemistry to fit requirements identified for the desired application. In this

review, we describe biodegradable hydrogels and present their potential usein biomedical

applications. The review was focussed on synthetic hydrogels including hydrolysable

crosslinks.

Key words:hydrogels, biodegradable crosslink, hydrolysis, biomedical applications
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1. Introduction

Hydrogels are three dimensional polymer networks which absorb and retain large

amounts of water. They are universally found in Mother Nature as material of matrices of the

living organisms including for instance the interstitial tissue and the cell cytoplasm.

Synthetic hydrogels were first introduced as biomaterial in 1960 by Wichterle and Lim

(Wichterle and Lim 1960) as soft contact lenses. Since then, they continue to raise interests

among biomaterial scientists because of their high potential of biocompatibility. Indeed, they

are a class of materials with the most similar structure to the materials found in the nature.

The three dimensional polymer network which composes hydrogels swells in aqueous

medium. It absorbs and retains large amount of water thanks to the high content in

hydrophilic groups in the polymer structure (Ratner and Hoffman 1976, Peppaset al. 2000,

Kopecek 2002). Thus, hydrogels were extensively studied as cell encapsulation matrices, drug

delivery systems, biosensors and as matrix for tissue regeneration (Baldwin and Saltzman

1998, Rosiak and Yoshii 1999, Lee and Mooney 2001, Peppas et al. 2006, Ong et al. 2008,

Caldorera-Moore and Peppas 2009). Non degradable hydrogels are, by far, the most abundant

types of synthesized hydrogels. They are suitable for many applications such as encapsulation

of bulky compounds including proteins and RNA (Monteiro et al. 2004; Leach and Schmidt

2005). However, degradable hydrogels have appeared to be more suitable in applications in

which the material is directly implanted in the body and needs to be removed when its action

is completed. Such applications include scaffolds for tissue regeneration (Alsberg et al. 2003;

Tan and Marra 2010), cell encapsulation (Temenoff et al. 2004; Nicodemus and Bryant 2008),

drug delivery systems with controlled released properties (Park et al. 1993; Hatefi and

Amsden 2002; Miyata et al. 2002; Hamidi et al. 2008) and materials for temporary

embolisation (Schwarz et al. 2004; Zhang and Schwarz 2006; Weng et al. 2010; Moine et al.
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2011; Weng et al. 2011). The degradation time scale of the hydrogel materials used in these

applications needs to be very precisely adjusted. This is a property of hydrogels which can be

finely tuned by adapting various parameters of synthetic hydrogels. For instance, degradation

rate can be controlled by the physical properties of the crosslinkers (e.g. length, rigidity), the

chemical nature of the polymer composing the hydrogel and by the characteristics of the

tridimensional polymer network, which establish the permeability of water inside the gel

(West and Hubbell 1995). Moreover, the morphology of the hydrogels including their

porosity, their size and their shape (slide, block, spherical particles, thread) influencing the

surface/weight relation and the surface to volume ratio has shown to influence also the

degradation rate especially when degradation occurs by hydrolysis (Wu and Ding 2004).

Although all types of hydrogels have a general structure based on a three dimensional

polymer network swelled by a large amount of water, the polymer chains forming the network

are hold together either by physical interactions including secondary forces such as ionic, H-

bonding or hydrophobic forces or by covalent bonds in the case of covalently-crosslinked

polymer networks. Hydrogels formed from physical interactions are called �physical� or

�reversible� hydrogels. One advantage of these gels is that they can be formed without the

need of chemical modification or chemical reaction. However, they can be dissolved by

simple changes occurring in the physico-chemical conditions of the environment (Xu and

Kope�ek 2007; He et al. 2008). In comparison, covalently crosslinked hydrogels or

�chemical� hydrogels would be more suitable for applications requiring materials with

perfectly controllable degradation rates over time. Indeed, in theory, the degradation rate of

these hydrogel can be finely tuned by adjusting many of the parameters characterizing the

hydrogels. For instance, the chemical nature of the degradable segment can be used to define

the mechanism by which the hydrogel will be degraded. Sedla��k and collaborators have

designed a hydrogel based on crosslinked synthetic poly(�-amino acid)s (Sedla��k et al. 2011)
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which degrades under the action of enzymes while the PLA-PEG-PLA crosslinked hydrogels

proposed by Sawhney and collaborators are simply hydrolysed by water (Sawhney et al.

1993). Hydrogels composed of polyphosphoester can be degraded through both hydrolytic

and enzymatic mechanisms (Iwasaki et al. 2004; Wang et al. 2005). As illustrated in these few

examples, the nature of the degradable segment is another parameter which influences

hydrogel degradation. This degradation depends on the enzyme activity and/or on the

susceptibility to hydrolysis. The degree of crosslinking is another important parameter which

influences the degradation rate (Kweon et al. 2003, Timmer et al. 2003 a,b, Bencherif et al,

2008, 2009, Wang et al. 2010). It controls the swelling of the hydrogel and the mesh size of

the pores which influences the amount of water penetrating the hydrogel. The hydrophilicity

of the hydrogel may also modulate the capacity of water absorption hence influence the

degradation rate particularly in the case of hydrolysable hydrogels (Sawhney et al. 1993, Poon

et al. 2009, Wang et al. 2010). Regarding applications that request a very high degree of

degradation rate control, it seems that covalently crosslinked hydrogels degrading through a

hydrolytic mechanism are the most suitable. Indeed, their degradation rate will only depend

on the chemical structure and characteristics of the hydrogel and will be totally independent

on the site of implantation in the body and on the physiology of the patient (Katti et al. 2002).

Their degradation rate can theoretically be adjusted only from the manner the hydrogel was

chemically designed and synthesized.

The present reviews aimed to summarize the different types of hydrolysable covalently

crosslinked hydrogels developed so far. It first presents general methods that can be used to

synthesise hydrogels. Then, it describes the chemical nature of the materials used to produce

hydrolysable covalently crosslinked hydrogels. In this part, the different types of hydrolysable

chemical compounds and the way they can be used to synthesize crosslinkers will be
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described. The different forms that hydrogels can take and their applications in the biomedical

field are considered in the last part of the paper.

Abbreviations and Commercial products

4EDMAB ethyl-4-N,N-dimethylaminobenzoate
AIBN aso-bis isobutyronitrile
AP ammonium persulfate
BPO benzoyl peroxide
CQ camphorquinone
Darocur 2959 2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methyl-1-propanone
DEAP diethoxyacetophenone
DMAEMA di(methylamino ethyl methacrylate)
DMF Dimethylformamide
DMPA 2,2-dimethoxy-2-phenylacetophenone
DMSO Dimethyl sulfoxide
DMT N,N-dimethyl-p-toluidine
EGDMA ethylene glycol dimethacrylate
FAME fumaric acid monoethyl ester
HEMA hydroxyethyl methacrylate (
Irgacure 184 1-hydroxycyclohexyl phenyl ketone
Irgacure 819 phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO)
Irgacure 2959 ((4-(2-hydroxyethoxy)phenyl-(2-propyl)ketone
MACAH methacryloyl hexane-1,6-diol cholanoate
MMA Methyl methacrylate
NIPAM N-isopropylacrylamide
NVP N-vinylpyrolidone
OCMCS O-carboxymethylchitosan
PCL Poly(�-caprolactame)
PEG poly(ethylene glycol)
PEGMMA Poly(ethylene glycol) methacrylate
PGA Poly(glycolic acid)
PLA Poly(lactic acid)
PMA poly(malic acid)
PPF poly(propylene fumarate)
TED N,N,N�,N�-tetraethyl thiuram disulfide
TEMED N,N,N�,N�-Tetramethylethylene diamine
TMC trimethylene carbonate
TMPTA trimethylolpropanetriacrylate
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2.General methods for the synthesis of

covalently crosslinked hydrogels

Different methods can be used to synthesize polymers with three-dimensional network

architecture by covalent linkage. This depends whether it is formed from monomer units or

from the reticulation of preformed linear chains of polymer (Fig. 1).

In all cases, the nature of the building blocks and links created during assembly are keys to

determine the biodegradable character of the resulting hydrogel. Building blocs are assembled

together thanks to the presence of chemical functions that allow formation ofa three-

dimensional polymer network. Two families of chemical functions can be distinguished

whether they contain unsaturated carbon-carbon bonds or they include in their structure

chemical reactive functions consisting in alcohol, aldehyde, carboxylic acid, amine, hydrazide

or thiol groups able to react with each other (Table I).

In the first family, the linkage between building blocs can occur by a simple reaction of

polymerization resulting from the opening of the carbon-carbon double bond included in the

molecule (Fig. 1C). Such reactions can be initiated by the formation of a radical that allows

carbon-carbon double bonds to add to each other based on a chain type reaction (Fig. 2).

Many of the hydrogels developed for biomedical applications are synthesized by radical

polymerizations which can be performed under mild conditions. Polymerization initiations is

generally based on thermal, red-ox and photochemical methods. The obtaining of polymers

with three dimensional network architecture requires that one building bloc named the

crosslinking agent contains at least two carbon-carbon double bonds in their structure. Thus,

preformed polymers containing a few carbon-carbon double bonds in their structure can be

crosslinked by initiating a radical polymerization (Fig. 1B).
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A

B

C

D

Figure 1. Scheme of the synthesis of polymer networks from monomer units (A, B) and from a

blend of preformed functionnalized polymer chains with crosslinking agents (C, D). A

illustrates the formation of the polymer network from monomers containing unsaturated

functions. Mono-unsaturated monomers are included in the linear parts while di-unsaturated

monomers form the connections between chains. B illustrates the formation of the polymer

network from monomer units containing complementary functions able to react together.

Difunctional monomers are included in the linear segments of the polymer network while tri

and tetrafunctional monomers form the connection between chains. C illustrates the

formation of polymer network from a blend of polymer chains functionalized with unsaturated

carbon carbon bonds. D illustrates formation of polymer network from a blend of polymer

chains functionalized with chemical functions complementary to that of the difunctional

monomers added as crosslinking agent.
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Table I �Chemical reactions of functional groups included on buiding blocks
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Figure 2. Scheme of the mechanism of radical polymerization.

The swelling characteristics of the hydrogels and their properties will depend on the length of

the linear segment separating two connections between chains. In case hydrogels are

synthesized from monomers, the polymerization is performed with two types of monomers.

One is mono-unsaturated and will be included in linear segments of the polymer network. A

di- or pluri-unsaturated monomer is needed as crosslinking agent to form connections

between chains making possible the obtaining of a three-dimensional polymer network (Fig.

1A). The composition in mono-unsaturated and di- or pluri-unsaturated monomers define the

degree of reticulation of the polymer network and in turn the swelling properties and the mesh

size of the hydrogel (Sawhney et al. 1993; Zhu et al. 2005). It is noteworthy that the first

hydrogel synthesized for medical application was prepared according to this scheme by
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radical copolymerization of HEMA as the mono-unsaturated monomer with EGDMA as a di-

unsaturated monomer (Wichterle and Lim 1960). Although, this hydrogel is not

biodegradable because of the nature of the monomers, degradable hydrogels can be obtained

by introducing degradable segments in the structure of the building blocks as it will be further

discussed in the following parts of this review (Tables II - VII). Many other properties can be

incorporated in hydrogels by varying the nature of the building blocks. For instance, building

blocks with pH and temperature sensitive properties were incorporated in the structure of

hydrogels in order to design stimuli responsive devices (Bettini Colombo et al. 1995, Ciçek

and Tuncel 1998). A polymerizable prodrug with a cleavable bond is another example of an

interesting building block that we could incorporate in the hydrogel structure in order to

design drug delivery systems in which the drug release is controlled by the hydrogel

degradation rate (Table VI) (Liu and Rimmer 2002).

In the second family, the building blocs are chosen between chemicals containing functions

which can react together and form of a covalent linkage between the parent molecules (Table

I). The nature of the covalent bonds which crosslink the parent molecules depends on the

nature of the chemical functions reacting together to form the polymer network. In turn, the

nature of the linkage defines whether or not the hydrogel is degradable and the mechanism of

degradation. Beside chemical reactions, hydrogels can be obtained using biochemical

methods in which the crosslinking reaction is catalysed by enzymes. For instance, Sperinde

and Griffith used transglutaminase to form peptide based hydrogels (Sperinde and Griffith

2000). It is noteworthy that radical polymerization of C=C double bond containing monomers

and macromers is so far the most commonly used method to produce hydrogels for

biomedical applications, since the design of suitable monomers is versatile and hydrogel can

be formed in various conditions includingin vivo in situif needed.
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TABLE II - POLYMERIZABLE POLYESTER-PEG CONTAINING CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of
the hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

Poly(�-hydroxyacid)-PEG1000-

20000- Poly(�-hydroxyacid)
diacrylate
Poly(�-hydroxyacid) were
composed of PLA and/or PGA

UV irradiation (� 365 nm)

with DMPA.
Copolymerization with NVP.

Solution photopolymer-
ization, performed in
molds to form disks or
on a surface to form
films

Degradation study in HEPES buffer salin
pH 7.3, 37°C.
Time of degradation vary from 1 to 120
days depending on PEG chain length and
lactide and glycolide content

Drug delivery system
for Macromolecules.

Healing material.

Shawhney et
al. 1993

PLA-PEG-PLA diacrylate

PLA: 6 or 10 lactides units
PEG: 2 or 6 ethylene glycol
units.

bulk photopolymerization
initiated by visible light(�
450 nm) with CQ and
4EDMAB in the presence of
cells or in molds

disks (1 x 5 mm) and
porous scaffolds
obtained by polymeri-
zation in molds.
Polymerization can be
performed in the
presence of cells.

Degradation study in PBS pH 7.4, 37°C
Time of degradation (30 to 60% mass
loss) in 8 weeks depending on PEG-PLA
content

Orthopaedia as
scaffolds for bone
tissue regenerating
applications.

Burdick et al.
2001

Poly(�-hydroxyacid)-PEG6000-

10000- Poly(�-hydroxyacid)
diacrylate
Poly(�-hydroxyacid) were
PLA and PCL.

redox initiator system
composed of AP and
TEMED, 37°C

Solution polymeriza-
tion in a bath.

Degradation study in PBS pH 7.4, 37°C.
Total degradation was observed in 35
days.

Scaffold for tissue
engineering and tissue
regeneration.

Zhu and Ding
2006

PLA-PEG4600-PLA diacrylate UV irradiation with Darocur
2959

Solution photopolymer-
ization can be
performed in the
presence of cells.

Up to 50 % degradation in 3 weeks
Encapsulation of cells from Rat brain
Evaluation of compatibility with cell
cultures and cell growth

Scaffold for tissue
engineering and tissue
regeneration. Suitable
to be used as support
for neural cell growth.

Benoit et al.
2006,
Mahoney and
Anseth 2007

PCL-PEG1000- PCL diacrylate UV irradiation (�365 nm)
initiated with DMPA
dissolved in TMPTA.

Bulk polymerization in
silicone rubber
embossing molds.
Formation of micro-
patterned hydrogel
films.

No degradation study
Adhesion tests toFibroblasts in cell
culture

cell shape control
scaffold for tissue-
engineering.

Chan-Park et al
2006,
Zhu et al. 2006
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General structure of the
degradable crosslinker

General principle of the
method of preparation of
the hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

Poly(�-hydroxyacid)- PEG4000-
Poly(�-hydroxyacid) diacrylate

Poly(�-hydroxyacid) were
composed of PLA and PCL.

UV irradiation (� 365 nm)

initiated with CQ and
4EDMAB.

Bulk photopolymeri-
zation in molds

Polymerization can be
performed in the
presence of cells

Degradation study on disks of hydrogels.
About 10% mass loss after the first week.
After 8 weeks, the mass loss of the faster
degrading hydrogels (poly(2EG6LA),
poly(2EG10LA)) ranged from 50 to 60%
while the mass loss of the slowest
degrading hydrogel (poly(8EG6LA)) was
lower than 30%.
Cell seeding experiment with primary rat
calvarial osteoblasts
Evaluation of neurite outgrowth from
retina explant

Scaffold for tissue
regeneration.
Implants for
controlled drug
delivery of
neurotrophins to
enhance regeneration
of damage to the
central nervous system

Davis et al.
2003,
Burdick et al.
2006

PLA- PEG4600-PLA diacrylate UV irradiation (� 365 nm)

initiated with Irgacure 2959.
Solution photopolymer-
ization performed in
molds

Compares the degradation of the
macromer crosslinker in solution to that
of the reticulated crosslinker : under the
reticulated form, more sensitive
degradation to fluctuations in macromer
cross-linker composition and to the
environement (water content, pH, ionic
strength)

Drug delivery systems
and Tissue
engineering scaffold.
potential stimuli-
responsive materials

Shah et al.
2006

PEG-PLA-PEG di-
(meth)acrylate

Biotin functionnalized
hydrogels

UV irradiation (� 365 nm)

initiated by Irgacure 184,
Copolymerised with PEG-
Biotin methacrylate

Solution photopolymer-
ization performed in
molds

-with crosslinkers containing the larger
number of lactide units (4 and 6) total
degradation required > 3 months.
- Degradation incomplete with the
crosslinker containing the lower number
of lactide units (2) in the structure.
- Cell attachment test with preosteoblast
human palatal mesenchymal cells

- Drug delivery
system,
- Biodegradable
composite formulation
- Scaffold for tissue
engineering

Clapper et al.
2007
Clapper et al.
2008

PGA- PEG4000-PGA diacrylate,
dimethacrylate and di-urethane
methacrylate.

UV irradiation (� 365 nm)

initiated by Irgacure-2959.
Solution photopolymer-
ization performed in
molds to prepare disk

Degradation between 1 to 27 days.
Tuning achieved by controlling
crosslinker chemistry which in turn make
possible control of the hydrogel property.

Matrice for control
release of drugs;
Degradable scaffolds
for tissue engineering.

Bencherif et al.
2009a,b
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General structure of the
degradable crosslinker

General principle of the
method of preparation of
the hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

PLA- PEG6000-PLA diacrylate
co methacryloyl hexane

Polymerization initiated by
UV irradiation by DMPA.
MACAH as copolymer.

Solution
polymerization

No degradation study
Study of the morphology and swelling of
the hydrogel.

Hao et al. 2009

Poly(�-hydroxyacid)-PEO-
PPO-PEO- Poly(�-
hydroxyacid) diacrylate

Poly(�-hydroxyacid) were
composed of PLA and PCL.

Inverse suspension redox
polymerization initiated by
AP and TEMED.

Inverse suspension
polymerization to
prepare microspheres
(~ 200 µm).

No complete degradation was reached.
Microspheres prepared with PLA
containing crosslinker degrade faster (90-
95% degradation after 56 days) than PCL
containing ones (80% degradation after
56 days).

Thermo responsive
and degradable
hydrogel microspheres
for controlled release
of drug.

Zhu et al. 2005

PCL-PEO-PPO-PEO-PCL
glycidyl methacrylate

UV irradiation initiated by
DMPA
Copolymerised with MMA,
PEGMMA

Solution
polymerization.

Degradation was monitored over 50 days.
Weight loss varied from 25 to 50% over
the 50 day period of time depending on
pH of the incubation medium,
composition of the crosslinker and degree
of reticulation

Controlled release
drug delivery system

Wang et al.
2010

PLGA-glycerol-PLGA
diacrylate (star shaped)

initiated by AIBN under
heating.
Copolymerisation withN-
vinyl pyrrolidone

Solution polymeriza-
tion performed in
molds to obtain films

no total degradation after 7 weeks
incubation in PBS pH 7.4 at 37°C.
Degradation proceeded in two steps: A
slow steps occurring up to a mass loss of
25 to 30% over 5 to 7 weeks followed by
a faster degradation reaching a maximum
of 50% mass loss after 6 weeks for the
samples which degraded the faster.
Degradation rate depended on the
composition and molecular weight of the
crosslinking agent

Tissue engineering
scaffolds
Controlled release
drug delivery system

Jiao et al. 2006

star-shaped polymeric
precursors functionalized
with FAME.
The precursor polymers, was
based on D,L lactide,
caprolactone and TMC.

UV irradiation (� 365 nm)

with DMPA.
Bulk polymerization in
molds to form films.

No degradation study
Characterization of the morphology and
of the thermal and physical properties of
the networks.

Scaffold for
engineering of
cardiovascular tissues

Grijpma et al.
2005
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TABLE III - POLYMERIZABLE PCL DIACRYLATE CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of the
hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

PCL diacrylate UV irradiation (� 360 nm)

with DMPA.
Copolymerized with PCL
macromer.

Solution polymeriza-
tion, obtaining form as
the reaction vessel.

Rate of weight loss depended on the rate
of reticulation of the hydrogel but no
more than 10% mass loss after 42 days in
PBS (pH 7.4, 37°C).
Cell proliferation test considering MG-63
osteoblasts

Scaffold for tissue
engineering (bone
reparing support
material)

Kweon et al.
2003

PCL diacrylate intiated by AP and TEMED.
Copolymerisation with
NIPAM and methacrylic acid.

Solution polymeriza-
tion in DMF, performed
in molds to provide
with thick films

Total mass loss after 29 hours incubation
at pH 12, 25°C when the hydrogel was
soaked in acidified water (pH 2) prior to
be dried and prior to the start of the
experiment.

pH responsive
controlled release drug
delivery systems

París and
Quijada-
Garrido 2009

PCL diacrylate UV irradiation (� 365 nm)

with DEAP or initiated by
AIBN under heating.
Copolymerised with NIPAM.

Solution polymeriza-
tion in DMSO,
performed in molds to
obtain thick films.

Degradation in PBS pH 7.4 (0.2M) at
37°C in presence of lipase. Less than 20%
mass loss after 50 days of incubation.
Porous gels degraded more rapidly than
non porous gels

Thermo-responsive
degradable hydrogel
for controlled release
of drug and scaffold
for tissue engineering

Lee and Cheng
2008

PCL diacrylate UV irradiation with Irgacure
819.
Copolymerised with PPF.

Solution
polymerization in
CH2Cl2, performed in
molds.

No degradation study.
Cytotoxicity test with mouse MC3T3-E1
and rat SpL201 cells,
Cell adhesion test and cell proliferation
tests.
Cell behaviour was found to depend on
mechanical properties of the crosslinked
matrices.

Scaffold for tissue
engineering for bone
and nerve regeneration

Cai and Wang
2010
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TABLE IV - POLYMERIZABLE PMA BASED CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of the
hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

PMA-PEG1000-PMA
dimethacrylate

UV irradiation (� 365 nm)

with Irgacure 2959.
Copolymerization with
methacrylated OCMCS and
PEG.
Amount of crosslinker used: 7
to 20% of polymers.

Solution polymeriza-
tion performed in
molds.

Degradation rate depended on the length
of the PMA chain. 80% weight loss max
after 50 days incubation in PBS at 37°C.
Evaluation of the compatibility with
vascular smooth muscle cells:
PMA improved cellular biocompatibility
of the hydrogel. Cell proliferation was
further improved by adding Arg-Gly-Asp
(RGD) peptides on the hydrogel surface.

Potential materials for
tissue engineering
applications.

Poon et al.
2009

HEMA (4 to 12 mol %)
grafted on PMA
.

UV irradiation (� 365 nm)

with Irgacure 2959.
Solution polymeriza-
tion in water, obtaining
form as the reaction
vessel.

Degradation in PBS pH 7.4 at 37°C.
Hydrogels were loosing shape after 75 to
80% weight loss (after 2 to 5 days).
Lower PMA content and lower amount of
HEMA show shorter degradation times.
Degradation occurred by both bulk and
surface mechanism.

Scaffold for
engineering tissue.

He et al. 2006
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TABLE V - POLYMERIZABLE PPF BASED CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of the
hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

(PPF) diacrylate

Material with low water
absoption capacity.

Redox polymerization
initiated by BPO and DMT at
37°C.
Copolymerised with PPF.

Bulk polymerization
achieved in molds to
provide cylinder and
film shaped.

Total dissolution of the polymer network
occurred in nearly 4 days in NaOH 1M,
70-80°C.

biomaterial scaffolds
for orthopedic tissue
engineering

He et al. 2001

(PPF)diacrylate

Material with low water
absoption capacity.

Polymerization initiated by
visible irradiation (� 470 nm)

with Irgacure 819 (or BAPO).
Copolymerised with PPF.

Bulk polymerization in
molds of different
shapes: rod, cylinder,
dogbone shapes.
Preparation of
composite material by
incorping�-tricalcium
phosphate (TCP)
particles.

No total degradation in most formulations
after 52 days incubation in PBS pH 7.5
and in citrate buffer (pH 5.0). Degradation
occurred in bulk with minimal changes in
mass and geometry prior to sudden
fracture. Degradation rate was increased
by reducing the crosslinking density and
to a lower extend the pH.
Degradation is delayed in composite
materials incorporating TCP.

Orthopedic implants Timmer et al.
2003a,b

poly(PEG fumarate) (OPF)
modified with a bioactive
peptide (GRGD)

UV irradiation with Irgacure
819 (or BAPO).
Copolymerised with PPF.

Solution polymeriza-
tion in CH2Cl2 in mold
to make films of 0.2mm
thick.

No degradation study. Functionalized
Scaffolds for tissue
regeneration and
engineering.

Jo et al. 2001,
Dadsetan et al.
2007

PPF-co-PCL Initiated by BPO. Solution polymeriza-
tion in CH2Cl2.

No degradation study. Injectable in situ poly-
merization material to
be used in bone tissue
regeneration.

Yan et al. 2011

PPF-PCL-PEG Thermal polymerization with
AP at 70°C
Copolymerised with
acrylamide and ascorbic acid.

Bulk polymerization. Evaluation of fibroblast growth and
adhesion.

Scaffold for tissue
engineering

Krishna and
Jayabalan 2009

oligo(PEG fumarate) (OPF) Copolymerized with acrylated
PEG-dithiothreitol (Ac PEG-
DTT)

Solution polymeriza-
tion in PBS.

Degradable hydrogels
Degradation time can be tuned from a few
days to >1 month by varying OPF and Ac
PEG-DTT.

In situ tissue
regeneration.
Proof of concept
evaluated as carrier for
marrow stroma cells
(MSC), for tendon
overuse injuries repair

Qiu et al. 2011
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TABLE VI - POLYMERIZABLE POLYCARBONATE BASED CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of the
hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

Dicarbonate dimethacrylate UV photopolymerization,
DMPA.
Copolymerised with NVP or
with DMAEMA.

Bulk polymerization,
performed in molds

In vitro andin vivodegradation study.
Reproduciblein vitro degradation.
Degradation can be tuned during the
synthesis by the choice of comonomer
and composition in the crosslinking
reagent.In vivo, rods can be fragmented
in less than 2 days after implantation in
the eye. No polymer remained after 2
months at the implantation site.

Potential use as drug
delivery system in the
vitreous body of the
eye. Copolymer with
NVP showed a good
compatibility for
applications in oph-
thalmology in contrast
with copolymer with
DMAEMA.

Bruining et al.
1999, 2000

5-Fluororacil dicarbonate
dimethacrylate

Thermal polymerization with
AIBN.
Copolymerised with NVP.

Polymerization in
solution (1,4-dioxane)
performed in molds

In vitro degradation study performed by
incubation in PBS pH 7.4 over 40 days
through the release of the drug and the
swelling of the gel. Degradation profiles
showed two phases, one rapid at the
beginning followed by a much slower
process.

Drug delivery system.
Drug release was
controlled by the
degradation of the
device.

Liu and
Rimmer 2002

Poly(hexa methylene
carbonate)-co-polyfumarates,
Poly(hexa methylene
carbonate) diacrylate,
Poly(hexa methylene
carbonate)-co-plyethylene
glycol-co-polyfumarates

Polymerization initiated with
visible light in the blue region
with camphorquinone (CQ).
Copolymerised with NVP.

Bulk polymerization in
molds

In vitro biocompatibility essai evaluating
the cytotoxicity on L-929 fibroblasts cells
from mice using the MTT test: no adverse
cytotoxicity was found. No degradation
study was provided.

Scaffold material for
cell delivery, tissue
engineering and drug
delivery applications

Sharifi et al.
2008
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TABLE VII - POLYMERIZABLE POLYANHYDRIDE BASED CROSSLINKERS

General structure of the
degradable crosslinker

General principle of the
method of preparation of the
hydrogel

Form of the hydrogel/
Particularity of the
polymerization

Degradation studies Target applications ref

Copolymers of sebacic acid
dimethacrylate with
1,6-bis(carboxyphenoxy)
hexane dimethacrylate

UV light (365 nm) and
DMPA; or visible light (470-
490 nm) and CQ and
4EDMAB.

Bulk polymerization in molds
to provide disks

Entrapment of DNA protected
in alginate beads during
polymerization

Degradation in PBS/HEPES
at 37 °C. Total mass loss can be
tuned from 6 to 42 days by
varying the composition in
hydrophobic comonomer in the
composition of the polymer.
Surface erosion mechanism and
linear degradation throughout the
study period.

Controlled released drug
delivery system for genes
(DNA must be protected
to avoid damage during
photoencapsulation

Quick et al.
2004

Copolymers of sebacic
dimethacrylate,
Tricarballylic dimethacrylate
and
Pyromellitylimido-alanine
dimethacrylate

UV photopolymerization with
DMPA.
Copolymerised with
methacrylic anhydride

Bulk polymerization in cuboid
shape molds
(4mm x 10mm x 1mm)

Degradation in PBS pH 7.4 at
37°C in 2 to 3 days, followed by
monitoring weight and
dimensional changes.
Surface erosion mechanism.

Exploration for finding
new potential degradable
biocompatible material to
be used in tissue
engineering

Young et al.
2000

Copolymers of sebacic acid
dimethacrylate,
bis(pcarboxyphenoxy)
propane dimethacrylate and
bis(pcarboxyphenoxy)
hexane dimethacrylate

325-400 nm initiated with
TED and DMPA.
Salt leaching method for
construction of porous
samples.
Copolymerization with
methacrylated cholesterol and
methacrylated stearic acid

Bulk photopolymerization in
molds
Disks (d = 12 mm, t = 1.4
mm)

Entrapment of living cells
(osteoblasts prepared from
neonatal rat calvaria) during
polymerization

Degradation in PBS pH 7.4 at
37°C. Mass loss varied from 2
days to 1 year, depending on the
hydrophobicity of the polymer
network.
Cell viability was preserved in
the network throughout the
polymerisation process

Orthopedic applications:
cell seeded material to be
used as allograft for bone
tissue engineering

Burkoth et al.
2000

Crosslinked aminoacid-
containing polyanhydrides:
copolymers of
Sebacic acid,
N-trimellityl imido-�-alanine
or N-trimellityl imido-
glycine and 1,3,5-
benzenetricarboxylic acid
(crosslinker)

Melt polymerization at 180°C
under vacuum (< 4 x 10-3

mbar)

The polymer was grounded in
a motar and sieved to isolate
microparticles with diameter
below 212 µm. Disk shaped
matrices were then prepared
by compression (13 mm
diameter, 1.2 mm thick)

Degradation in PBS pH 7.4
(0.1M) at 37°C. Experiments
were stopped at 60% weight loss
because of appearance of severe
cracking on the discs. 60% mass
loss reached in less than 3days.
Drug release followed
degradation of the matrice.

Controlled release drug
delivery applications.

Cheng et al.
2004
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3. Chemical nature of hydrolysable
covalently crosslinked hydrogels

The degradation of hydrogels depends on the hydrolysable properties of the different building

blocks. Therefore, the obtaining of hydrolysable hydrogels implies that at least one of the

building blocs composing the three-dimensional polymer network must include hydrolysable

bonds in their structure. Beside this requirement, there are several options that can be applied

in designing hydrolysable hydrogels. The hydrolysable bonds may theoretically be included

either in the structure of the crosslinking agent (Fig. 3A), into the linear segments of the three

dimensional network (Fig. 3B) or in both parts of the three-dimensional network (Fig 3C). In

all cases, it is required at first to identify which types of chemical compounds may be

interesting to include in the hydrogel structure. In a second stage, it is interested to consider

how these materials can be synthesized to be incorporated in a hydrolysable covalently

crosslinked hydrogel. Thus, the following first paragraph reviews the different hydrolysable

polymers and describes their methods of synthesis and their mechanisms of degradation. The

next paragraph of this part of the paper discusses the different strategies that were developed

to include hydrolysable polymer segments in designing crosslinkers to be included in

chemically crosslinked hydrolysable hydrogels made on the model illustrated on Fig. 3A.

It is noteworthy that beside the hydrolysable building blocks, the hydrogel may also be

formed from non degradable ones. This offers almost infinite possibilities in designing

hydrogels. However some restrictions apply to hydrogels considered for biomedical

applications. They must comply with all biocompatibility requirements. Additionally, when

they are designed to be implanted in vivo, they must also be eliminated by the body. This

needs to be taken into consideration when choosing the nature of building blocks which will

be included in the non degradable parts of the polymer network of the hydrogels.
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Figure 3. Scheme illustrating the different theoretical possibilities to incorporate

hydrolysable segments in three dimensional structures forming polymer networks of

hydrogels and the structures of the expected corresponding degradation products. The

hydrolysable segment can be introduced in the crosslinker (A), in the linear part of the

polymer network (B) or in both the crosslinker and the linear part (C).

3.1. Chemical nature of hydrolysable materials

In general, hydrolysable materials are synthetic polymers which contain at least one

hydrolysable bond in the polymer backbone, meaning that they are cleaved in the presence of

water. Examples of hydrolysable bonds include aliphatic esters, orthoesters, anhydrides,

carbonates, amides, urethanes, ureas. It is noteworthy that, depending on the nature of the
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polymer and on the properties of the backbone chains, the hydrolysis of materials composed

of hydrolysable polymers occurs uniformly throughout the bulk of the materials or non

uniformly following a surface erosion mechanism (Table VII) (Young et al. 2000, Davis and

Anseth 2002). Bulk-degradation is promoted when the infiltration of water is faster than the

inherent degradation kinetics (Wong and Bronzino 2007). Surface erosion occurs when the

rate of penetration of water in the material is much slower than the hydrolysis reaction. In this

case, the size of the material decreases continuously during the whole degradation process

(Fig. 4A). The material can also degrade homogenously in the bulk where it can be seen that

the pore size of the material increases throughout the whole degradation process until the

material collapses (Fig. 4B).

A

B

(a) Fig. 4. Scheme illustrating the mechanisms of degradation of hydrogel thought a
surface erosion phenomenon (A) and through degradation in the bulk (B).

A competition between these two mechanisms is often observed, especially when we take into

account the whole hydrogel network. Indeed, a hydrophobic material willhave a surface

erosion mechanism as water can not penetrate rapidly inside the network. However, in

general, hydrogels contain hydrophilic groups which attract water into the matrix. Hence, a

hydrophobic polymer which degrades by surface erosion mechanism may have either the two

pathways or even only bulk degradation behaviour when it is incorporated into such hydrogel.

Strength and structure of the material is greatly affected by the degradation process In general,

the strength of materials degrading through a surface erosion mechanism is better preserved

while those having bulk degradation process is rapidly weakened (Young et al. 2000).
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Therefore, the mechanism of degradation is an important parameter to consider when

designing a hydrogel for a given application.

3.1.1. Aliphatic polyesters

Aliphatic polyesters, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA),

poly(�-caprolactone) (PCL), polyhydroxybutyrate (PHB), poly(malic acid) (PMA) and their

corresponding copolymers are so far the most investigated synthetic hydrolysable

biomaterials. They are all degradable under simple hydrolysis of their ester functions. It is

noteworthy that the hydrolysis of polyesters is an autocatalytic reaction. The cleavage of ester

bonds produces acids which is a catalyst of the hydrolysis reaction. In general, degradation of

material composed of aliphatic polyesters is uniform (bulk degradation) occurring in the

whole volume of the material (Fig. 4B). During degradation process, the pore size of the

material increases (Wong and Bronzino 2007).

Among different polyesters, homopolymers and copolymers of lactic acid and glycolic acid

have been investigated over decades for tissue engineering and drug delivery applications

(Södergård and Stolt 2002). In vivo, these polymers are degradable. Their degradation

products, i.e. lactic acid and glycolic acid, are non toxic and bioresorbable as they are

included in the metabolic route of the Krebs cycle (Holland et al. 1986). They comply with

FDA regulations and were approved for in vivo applications as medical devices and as

constituents of various implantable drug delivery systems occurring as microspheres (for

instance Enontone®, Decapeptyl®) and rods (Zoladex®).
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Polymer Synthesis by Ring Opening Polymerisation (ROP)
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Poly(glycolide acid) PLA

glycolide

Poly(lactidc acid) PGA

lactide

Poly(�-caprolactone) PCL

�-caprolcatone

Poly(hydroxybutyrate) PHB

Poly(�-malic acid)

Poly(trimethylene carbonate)

Figure 5. Chemical structure of cyclic monomers used in the synthesis of different

hydrolysable polyesters and polycarbonates by Ring Opening Polymerisation (ROP).

Poly(�-caprolactone) (PCL) is another polyester approved by the FDA for pharmaceutical

applications. It has an excellent biocompatibility. Its degradation time is longer compared to

that of PLA, PGA and PLGA (Dordunoo et al. 1997; Fialho et al. 2008). Thus, they are often

used in the formulation of long time degradation systems or as component of copolymers with

PLA and PGA.
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Regarding the synthesis, the polymer chain of aliphatic polyesters is often formed by ring

opening polymerisation (ROP) of cyclic forms including the monomer units. For instance,

PLA is obtained from the ROP of lactide, PGA results from the ROP of glycolide, and PCL

results from the ROP of �-caprolactone which is a cyclic compound of the monomer unit

found in the polymer chain (Fig. 5). Although ROP is the most frequently used method to

synthesize these polyesters, a polycondensation reaction between corresponding acids (the

lactic and the glycolic acid) can be an alternative route (Fig. 6).

Polymer Synthesis by Polycondensation

Poly(glycolic acid)

Poly(lactic acid)

Poly(malic acid)

Figure 6. Chemical structure of monomers used in the synthesis of different hydrolysable

polyesters by a polycondensation reaction.

3.1.2. PMA

Poly(malic acid) (PMA) is a water-soluble, biodegradable and biocompatible polymer

(Braud et al. 1985). The degradation of materials composed of PMA follows the scheme of a

homogenous (or bulk) degradation over a short period of time (several days in general), as
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indicated Table IV. It results in the production of malic acid which is metabolized in the

Krebs cycle (Domurado et al. 2003; Kajiyama et al. 2004). This polymer has several other

advantages which are interesting for biomedical applications. The pendant carboxylic group

of each monomer residue included in the polymer structure can be used to attach different

functional groups including drug molecules (Cammas-Marion and Guérin 2000).

Polycondensation reactions can be used to synthesize PMA. They are simple one-step

methods having the advantage to be performed by a �green� chemistry with no organic

solvent and no catalysts (Kajiyama et al. 2003). In general, the polycondensation leads to

PMA with low average molecular weight (Mw < 3000 g/mol and Mn < 2000 g/mol). Malic

acid including an asymmetric carbon produces two isomers. Polymers synthesized by

polycondensation are including both � and � type monomer units (see Fig. 6). PMA with

longer polymer chain and selective � isomer can be obtained by anionic ROP of the

corresponding lactone (Fig. 5). Poly(�-malic acid) can be also obtained by ROP. However,

this method requires complex synthesis steps to form the cyclic starting monomer (Ouchi

and Fujino 1989). Hence, the polycondensation is more frequently used thanks to the

commercial availability of malic acid.

3.1.3. Poly(propylene fumarates)

Poly(propylene fumarates) (PPF) are unsaturated linear polyesters which contain two

hydrolysable ester bonds per repeating unit (Fig. 7). The PPF polymeric network is well

known to be biocompatible and biodegradable (Yaszemski et al. 1996, Suggs, West et al.

1999). The network degrades by simple hydrolysis of the ester bonds into non toxic products

(propylene glycol and fumaric acid). In general, the degradation of PPF is homogenous

following the scheme of a bulk degradation mechanism (Peter et al 1997). Their degradation

rate depends intrinsically on the design of the network (Table V).
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The synthesis of PPF was proposed by Peter et al. including a two-step reaction (Peter et al.

1999) (Fig. 7). The first step corresponds to an esterification reaction between propylene

glycol and fumaryl chloride yielding di-(2-hydroxypropyl) fumarate which is then

polymerized according to a transesterification reaction to form the desired PPF. Other

derivative of fumarate can be used at the first step, such as diethyl fumarate (Wang et al.

2005), but the principle of the reaction remains the same. The double bonds which remain in

the structure of PPF make the polymer attractive for crosslinking reactions. They allow the

obtaining of three dimensional chemically crosslinked polymer networks from the linear

chains. Furthermore, it is also possible to link different molecules (such as additional carbon-

carbon double bond containing molecules or drugs) on the hydroxyl or ester groups present in

the PPF.

Figure 7. Scheme of the chemical structure of PPF and of its synthesis.

3.1.4. Polyphosphoester (PPE)

Polyphosphoesters (PPE) forms another family of hydrolysable polyesters which include

degradable and biocompatible phosphorous containing polymers (Fig. 8). Traditionnal

polymerization methods include ringopening, condensation, and addition polymerization can
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be used to synthesize PPE. PEG segments were often introduced in PPE macromers to

increase the absorption capacity of the polymer to absorb water. Moreover, the pentavalent

phosphorus of PPE makes possible the incorporation of biologically active molecules or

functional groups (Libiszowski et al. 1978; Xiao et al. 2006). This improves the

biocompatibility of the resulting polymer and accelerates its degradation. The degradation of

PEG-PPE macromers was described to occur by both chemical and enzymatic hydrolysis

cleavage of the phosphate bonds. The released degradation products are phosphate, alcohol

and diols (Iwasaki et al. 2004; Wang et al. 2005).

P
O

R'
O
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nRO

Figure 8. Scheme of the chemical structure ofPPE

3.1.5. Polyorthoester (POE)

Polyorthoester was first developed in the early 70s in the group of Heller as an alternative to

the only disponible poly(�-esters) at the moment (Heller and Barr 2004). Since then, there are

4 families of POE which are all hydrophobic that prevents the absorption of water inside the

matrix (Heller et al. 2002). Materials made of POE are hydrolysable by the surface erosion

mechanism, especially in acidic environment (Fig. 4). The general scheme of synthesis of 4

families of POE (POE I, POE II, POE III, POE IV) and of their degradation are presented in

Fig. 9. The first class POE I was obtained by transesterification of diethoxytetrahydrofuran

and a diol (Choi and Heller 1979). POE from the second generation, POE II, was synthesized

by polycondensation of diketene acetal with a diol (Heller et al. 1980). The polymer

molecular weight can be controlled by modulating the stoichiometry. Appropriate chain

flexibility of the diol can be chosen to adjust the mechanical and thermal properties of the
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POE II. A crosslinked polymer may be produced by simple addition of a triol (or a higher

functionality hydroxyl containing molecule) in the initial products. In general, POE II is

extremely hydrophobic and appears quite stable in contact with water. The third generation of

POE, POE III, was developed by introducing a very flexible backbone and reaction conditions

making possible incorporation of drugs at the start of the synthesis without need of adding

solvents. However, to obtain high molecular weight polymer, the synthesis requires a long

reflux period with an ethanol azeotropic extraction (Heller et al. 1990). POE IV,

corresponding to the fourth generation of POE, was designed to overcome the slow

degradation rate shown by POE II. Hence, small chains of PLA, PGA or of their copolymer

were introduced in the POE polymer (Ng et al. 1997) (Fig 9D). The degradation of the

polyester chains produces acid compounds that can in turn catalyse the hydrolysis of the

orthoester chains and accelerate their degradation.
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Figure 9. Synthesis and degradation routes of different classes of polyorthoester. (*) indicate position of the hydrolysable bonds
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3.1.6. Polycarbonate

Crosslinkers containing polycarbonate were developed as alternative hydrolytic degradable

materials to PLA, PGA or PLGA (Bruining et al. 1999). Similar to the ester function,

carbonate group can be hydrolyzed into CO2 and the corresponding diols (Fig. 10). However,

due to the lack of acid formation which can catalyse the hydrolysis process, a polycarbonate

does not have the auto-accelerated degradation process as it is found with corresponding

polyesters (Bruining et al. 1999). Thus, in general, materials made of polycarbonate undergo

surface degradation mechanism (Table VI) (Liu et al. 2006).

Figure 10. Scheme of the hydrolysis process of carbonate group.

Polycarbonate containing macromers show interesting visco-elastic properties, which are

closed to those of hydrogels. These properties contribute to the high degree of

biocompatibility of corresponding materials. The classical method of polycarbonate synthesis

is transesterification from phosgene and a diol. Its application is limited in the medical field

due to the toxicity of phosgene. To avoid this problem, polycarbonates used as biomaterials

are often synthesized by esterification between an alcohol and an acyl chloride (Liu and

Rimmer 2002; Sharifi et al. 2008). Bruining and collaborators have proposed the synthesis of

their dicarbonate from a diol and another type of chlorine derivative(Bruining et al. 1999).

This class of polymer can be also synthesized by ROP in the case of poly(trimethylene

carbonate) (Figure 5). Polycondensation reaction can also be used to form polycarbonate from

a dimethylcarbonate and a diol (Foy et al. 2009). Besides, double bond containing



Etude bibliographique

43 « Microspheres résorbables pour embolisation et chimio-embolisation »

polycarbonate can be synthesized by terpolymerization of carbon dioxide, propylene oxide

and maleic anhydride (Liu et al. 2006, Song et al. 2008).

3.1.7. Polyanhydrides

Polyanhydrides, forming from non-toxic and low cost di-acid compounds, are well

known to be biocompatible (Katti et al. 2002; Jain et al. 2005). The most commun methods of

polyanhydride synthesis are the melt condensation and the ROP, thanks to their simple one-

step reaction without complex purifications. Other methods are also suitable to synthesize

these polymers. They are based on interfacial condensation, dehydro-chlorination, and use of

dehydrative coupling agents (Kumar et al. 2002). Degradation of polyanhydrides occurs by

hydrolysis of the anhydride function. It is the inverse reaction of the formation of

polyanhydride (Fig. 11). In general, the degradation occurs through a surface erosion

mechanism over a predictable period, varying from 2 days to 1 year (Table VII) (Quick et al.

2004, Young et al. 2000, Cheng et al. 2004). Due to their easy synthesis, their surface

degradation mechanism and their mechanical strength, polyanhydrides have been widely used

(Kumar et al. 2002).

Figure 11. Scheme of the synthesis and degradation of polyanhydride.

It is possible to prepare unsaturated polyanhydrides by using initial diacides which

contain carbon-carbon double bonds (Domb et al. 1996). Polyanhydrides with unsaturated

groups are attractive. They can be used as hydrolysable crosslinkers to synthesize chemically

crosslinked hydrogels for multiple applications (Kumar et al. 2002).
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3.1.8. Polyphosphazene

Polyphosphazenes are the most well known biodegradable inorganic-organic hybrid

polymers. They are synthesized by a two step reactions including a polymerization by thermal

ROP of a tri(dichlorophosphazene) and a nucleophilic substitution of the chlorine groups (Fig.

12). The order of the two reactions can be inverted (Allcock 1992).

Figure 12. Scheme of the synthesis of Polyphosphazene. The order of the two reactions can

be inverted.

Polyphosphazenes containing amino acid ester side groups are hydrolysable (Allcock et al.

1994). In contact with water, they can degrade by both bulk and surface erosion mechanism

(Laurencin et al. 1992) into phosphates, ammonia, the corresponding amino acid and alcohol

which can be processed and eliminated by the body (Krogman et al. 2007). It is possible to

add different substituants on the polymer chain. Thus, this class of polymer is extremely

versatile as side groups with various physical and chemical properties can be introduced in the

polymer structure. The properties of the materials can be tuned to suit different application

requirements (Huang et al. 2008). It can also be used to include biologically active

compounds in the polymer structure by formation of a covalent linkage (Allcock et al. 1991).

3.1.9. N,O-dicarbonyl hydroxylamine

In general, biodegradable materials are polymers which contain multiple hydrolysable

functions such as those described above including ester, anhydride and carbonate groups.

However, it may occur that the degradable material only includes one degradable function. It
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is the case of N,O-dicarbonyl hydroxylamine which structure is given in Fig. 13. Such

components are special types of esters which are stable in acid solutions(aqueous buffers

with pH < 5) but are susceptible tohydrolysis at physiological pH (7.4) (Ulbrich et al. 1995).

Figure 13. Chemical structure of the N,O-dicarbonyl hydroxylamine group that may be

contained in biodegradable materials.

3.2. Design of crosslinkers with hydrolysable segments

As mentioned previously, radical polymerization of carbon-carbon double bond containing

monomers and macromers is the most common method of synthesis of hydrogel used so far

thanks to versatility of monomer design and possibility to form hydrogelsin situ including in

vivo. This part of the review reports works on the design of crosslinkers that are suitable

hysdrolysable building blocks to be introduced in the structure of degradable hydrogels by

radical polymerization.

It is noteworthy that some of the degradable material presented in the previous part of the

review include in their structures carbon-carbon double bonds that are readily available for

radical polymerization and can be used as crosslinking agents. These are PPF, polyanhydrides

and POEs. For all others, PLA, PGA, PLGA, PMA, polycarbonates, PPE, POE, chemical

modifications are requested in order to add polymerizable residues. A large panel of

hydrolysable crosslinkers was designed based on the incorporation of short segments of

hydrolysable polymer on which polymerizable functions were added by chemical

modifications. A minimal number of two polymerizable functions are incorporated in the
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chemical structure as a requirement to obtain a crosslinker agent. In general, the

polymerizable functions consist in carbon-carbon double bonds incorporated by addition of a

residue of acrylic monomer. These crosslinkers are ready to be incorporated in a crosslinked

polymer by radical polymerization. The larger family of crosslinker obtained following this

principle of synthesis includes crosslinkers in which the hydrolysable segment is composed of

polyesters (PLA, PGA, PLGA, and PCL). Their structure and methods of synthesis are

described in the next paragraph. Other polymerizable functions can be added to degradable

segments. They include chemical functions that may react with another to form covalent

bonds between polymer chains (Table I) (Wise 1976; Belcheva et al. 1995; Yoncheva et al.

2001). In general, they are small molecules which contain several copies of the required

chemical functions in their structure. An example is given by malic acid in which the two

carboxylic acid groups are able to react with hydroxyl groups found on a polymer chain (Wise

1976). A few crosslinkers of this type which incorporate active molecules in their structure

were found interested to design hydrogels with high payload in drugs (Belcheva et al. 1995,

Yoncheva et al. 2001). Although these crosslinkers are attractive to design performent drug

delivery systems, they were not considered further in the present review paper.

3.2.1. Hydrolysable crosslinkers containing polyester segments

Acrylate or methacrylate were often used to introduce polymerizable functions at each

extremities of hydrolysable polymer segments. Typical examples are diacrylates of PLA,

PGA, PCL, PPF, saturated polyanhydride and their corresponding copolymers(Svaldi Muggli

et al. 1998; He et al. 2001; Kweon et al. 2003; Chan-Park et al. 2004; Mespouille et al. 2008;

Paris and Quijada-Garrido 2009; Cai and Wang 2010). The general structure of the resulted

crosslinkers is illustrated in the example given in Fig. 14.
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Figure 14. PLA-PCL-PLA diacrylated crosslinkers (Chan-Park et al. 2004)

It can be noted in this example that the crosslinker molecule also included PEG in its

chemical structure. Although PEG is not biodegradable by itself, it can be eliminated from the

body via kidney filtration with a molecular weight fragments lower than 30 kDa, (Yamaoka et

al. 1994). Its incorporation in the chemical structure of degradable crosslinkers has numerous

advantages. During the synthesis, PEG can be used as a ROP initiator to include PLA and/or

PCL segments in the hydrolysable crosslinker prior to the addition of the acrylate residues at

both ends of the molecule. Another interest is to increase the capacity of the final material to

absorb water. This ensures that the material will degrade according to a bulk degradation

mechanism (Deng et al. 1990). Regarding the physico-chemical property of the final material,

the incorporation of PEG segments in the hydrogel structure increases the elasticity of the

obtained hydrogel. Finally, in general, the surface of PEG containing materials displays

valuable antifouling properties against proteins, bacteria and cell adhesion (Desai and Hubbell

1991). All of these advantages are combined with the fact that numerous PEG containing

hydrogels are approved by the US Food and Drug Administration (FDA) for various clinical

uses (Peppas et al. 2006). It can be considered that introducing PEG in the composition of the

crosslinker was an important milestone in the development of degradable hydrogels for

biomedical application,which emerged in the pioneer work of Sawhney et al. (Sawhney et al.

1993) (Fig. 15).

The chemical structure of the crosslinker developed by Sawhney et al. (Sawhney et al.

1993) served as model to the development of many types of crosslinker. This model can be

modulated to suit different properties and further, to meet the different requirements found in
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biomedical applications. The hydrolysable segment included at each end of the PEG segment

can be modified as needed (PLA, PGA, PCL or mixtures) to tune both the physical properties

and the degradation rate. Sawhney et al. have mainly worked with homopolymers of PLA and

PGA (Sawhney et al. 1993) while Chan-Park et al. have introduced PCL segments into the

chemical structure of the crosslinker (Chan-Park et al. 2004). A versatile choice is offered

among the different hydrolysable materials.
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Figure 15. Synthesis of the triblock PLA-PEG-PLA diacrylate (Sawhney et al. 1993).

In addition to this, the model used for the synthesis of these materials has the advantage

to also tailor the length of each hydrolysable segment composing the crosslinker (hydrolyable

oligomer, PEG segment and either the double bond extremities). Thus, physical properties of

polymer networks obtained with these crosslinkers can be finely tuned by changing the

molecular weight, the composition and the architecture of the crosslinkers (Burdick et al.

2001, Jiao et al. 2006). Although acrylate was widely used to introduce polymerizable bonds

in the structure of the crosslinker, other chemicals can be included such as methacrylate,
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urethane methacrylate (Bencherif et al. 2009a,b), glycidyl methacrylate (Wang et al. 2010) or

fumarate (Grijpma et al. 2005).

Zhu et al. have suggested replacing the PEG segments of the crosslinker by Pluronic® which

is a triblock copolymer of PEG-PEO-PEG (Fig. 16) (Zhu et al. 2005). A new value was

introduced in the hydrolysable crosslinker which gave thermosensitive properties to the final

materials. Indeed, at low temperature, the hydrogel obtained with this crosslinker swells when

it is placed in an aqueous solution but it shrinks at human body temperature. Such crosslinkers

were designed with PLA (Zhu et al. 2005) and PCL (Wang et al. 2010) as hydrolysable

segments.

Figure 16. PLA-PEG-PPO-PEG-PLA diacrylate macromers (Zhu et al. 2005)

Replacing PEG by glycerol resulted in the synthesis of star shaped crosslinkers; as shown

in Fig. 17 (Grijpma et al. 2005, Jiao et al. 2006). Indeed, the hydroxyl groups of glycerol can

initiate the ROP with the different monomers which can be used to add the hydrolysable

polymer segments to the crosslinker. By increasing the number of vinyl groups on the

crosslinker structure, longer inhibition times for the mass loss was observed during

degradation studies performed on corresponding hydrogels. It can be explained by the

necessity to break more degradable units to release the crosslinking chain (Anseth et al.

2002).
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n

Figure 17. Chemical structure of PLA-glycerol-PLA triacrylate.

In complement to the series of triblock PLA-PEG-PLA diacrylate macromers, macromers

with a reverse sequence arrangement were proposed by Clapper et al. (Clapper et al. 2007) in

which PLA is the central block as illustrated in Fig. 18. The synthesis of this copolymer is

more complicated than that of PLA-PEG-PLA macromers requiring multiples chemical

modifications (Fig. 18).

Figure 18. Chemical structure and scheme of the synthesis of PEG-PLA-PEG diacrylate

crosslinker (Clapper et al. 2007).
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In general, this crosslinking agent is formed with a block of PLA of low molecular

weight (MW < 2000). It contains more PEG than the corresponding reverse sequence. It is

well-known that the balance in the content of PLA and PEG in the crosslinking agent

influences the swelling and degradation properties of hydrogels in which it is

incorporated.Consequently, an increasing amount of PEG implies a faster degradation profil.

In the model of PEG-PLA-PEG crosslinker described previously, the polyester

segments can be replaced by poly(malic acid) (PMA) to obtain a triblock PMA-PEG-PMA

diacrylate crosslinker (Poon et al. 2009). However, this method required several synthesis

steps to form the cyclic compound necessary for the ROP. A less complex method was

developed via the addition of polymerizable double bonds on PMA obtained by

polycondensation (Leboucher-Durand et al. 1996). In this case, chemical modifications are

performed on the carboxylic pendant groups of the PMA chain. For example, this approach

was used to graft HEMA residues on PMA chains to make possible the formation of

crosslinked PMA (He et al. 2006).

3.2.2. Hydrolysable crosslinkers containing hydrolysable segments

different from polyesters

Crosslinkers containing two hydrolysable carbonate groups were synthesised from the

assembly of small molecules. In the synthesis suggested by Liu and Rimmer (Liu and Rimmer

2002), fluorouacil, which is an anticancer agent, was transformed in a dicarbonate containing

crosslinker by coupling polymerizable acrylate residues on the substituants of the amino

groups of the heterocycle (Fig. 19). The anti-tumour activity was preserved in the resulting
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molecule which makes this crosslinker an interesting compounds to formulate implants with

controlled released properties in fluorouracil.
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Figure 19. Synthesis and chemical structure of a polymerizable derivative of fluororacil

dicarbonate containing crosslinker. (The stars point out carbonate functions).

In another synthesis, a dicarbonate containing crosslinker was obtained from the combination

of HEMA with triethylene glycol through a 2 steps reaction (Fig. 20) (Bruining et al. 1999,

Bruining et al. 2000).

Figure 20. Scheme of the synthesis of polycarbonate based crosslinker designed by Bruining

et al. (Bruining et al. 1999)

Keeping the carbonate group as the hydrolysable function in the crosslinker, Sharifi et al.

(Sharifi et al. 2009) have introduced a new family of polycarbonate crosslinkers based on
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poly(hexa methylene carbonate) (PHMC). Starting the synthesis of the crosslinker with this

molecule has several advantages such as the possibility to modulate the nature of the

compound providing with the double bonds. Indeed, this can come from acrylate residues or

from fumarates. It is also possible to introduce PEG segments to obtain an amphiphilic

macromer (Fig.21).

Figure 21. Scheme of the synthesis of polycarbonate containing hydrolysable crosslinkers

from poly(hexamethylene carbonate) (PHMC). (A) poly(hexamethylene carbonate-fumarate)

(PHMCF), (B) poly(hexamethylene carbonate) diacrylate (PHMCA) and (C) poly(ethylene

glycol fumarate-co-hexamethylene carbonatefumarate) (PEGF-co-PHMCF) (Sharifi et al.

2009).



Etude bibliographique

54 « Microspheres résorbables pour embolisation et chimio-embolisation »

When hydrolysable segments are poly(phosphazene), the grafting of compounds

containing a polymerizable double bond can be achieved by nucleophilic substitutions on the

phosphorous atoms of the phosphazene molecular unit (Allcock et al. 1991). Following this

scheme, numerous polyphosphazenes based crosslinker were synthesized by adding small

molecules containing carbon-carbon double bond including for instance 2-butenoxy and 4-

(allyl-oxyphenyl)phenoxy (Allcock and Ambrosio 1996). In another work, Grosse-Sommer

and Prud'homme (Grosse-Sommer and Prud'homme 1996) have achieved the synthesis of a

poly(phosphazene) containing degradable crosslinker with allylamine and imidazole

substituants as illustrated in Fig. 22. The degradation rate of this crosslinker can be

modulated by varying the ratio between the content of the two substituants.

Figure 22. Chemical structure of trimeric phosphazene crosslinkers with allylamine and

imidazole substituted (Grosse-Sommer and Prud'homme 1996).

In a more recent work, following the approach of Grosse-Sommer and Prud'homme, Allcock

et al. have synthesized polyphosphazene containing crosslinkers with methoxyethoxyethoxy

and cinnamyl groups as substituants (Allcock et al. 2006).

Considering polyanhydrides, these compounds may contain double bonds in their

structure that are readily available for a radical polymerization. In general, polyanhydrides are
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obtained from the copolymerization of unsaturated and saturated di-acids including fumaric

acid and sebacic acid for instance (Domb et al. 1996). Their general structure is shown in Fig.

23. The double bond which remains intact after the polymerization of the diacids is available

to achieve the crosslinking reaction between polymer chains. Several polyanhydride based

crosslinkers were synthesized from fatty acids and amino acids (Kumar et al. 2002).

Figure 23. Chemical structure of the polyanhydride containing crosslinker model suggested

by Domb et al. (Domb et al. 1996)

Similarly to polyanhydrides, double bonds are also readily available in poly(propylene

fumarates) to achieved the crosslinking of polymers (Jo et al. 2001, Yan et al. 2011) (Fig. 7).

It was observed that networks formed with these crosslinkers kept their degradability and

hydrophilic/hydrophobic properties. The physico-chemical properties of the crosslinkers can

be modulated by incorporation of polymeric segments of a different nature. For instance, PEG

segments can be added to improve the water absorbance capacity of hydrogels obtained with

these crosslinkers (Jo et al. 2001). In addition to a PPF and a PEG segment, the crosslinker

can also include a PCL fragment. All the modifications can be considered to tune the

properties of the crosslinker in such a way that the final material will have the desired

properties in term of degradation rate, mechanical strength, softness and swelling capacity.

One of the main challenges found with the previously described hydrolysable crosslinkers is

that they are extremely sensitive to the presence of moisture. This implies that they should be

kept in a very dry environment during storage. Ulbrich et collaborators has developed the

crosslinkerN,O-dimethacryloyl hydroxylamine (Subr and Ulbrich 1992; Ulbrich et al. 1993,
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Ulbrich et al. 1995) (Fig. 24) based onN,O-dicarbonyl hydroxylamine groupments

(COONCO) which can be stored in acid solutions (aqueous buffers with pH < 5) but is

hydrolysable at physiological pH (7.4) (Ulbrich et al. 1995). This crosslinker can be easily

obtained via a one-step reaction between methacryloyl chloride and hydroxylamine, as shown

in Fig. 24.

Figure 24. Scheme of the synthesis of N,O-dimethacryloylhydroxylamine (Subr and Ulbrich

1992).

A couple of works have investigated theN,O-dimethacryloyl hydroxylamine containing

crosslinker(Hor�k and Chaykivskyy 2002, Hor�k et al. 2004, Pr��dny� et al. 2006, Sykov� et

al. 2006, Chivukula et al. 2006, Smith et al. 2010, Scheler et al. 2011). A large panel was

synthesized by Zhang et al. including a series of linear and star shape aliphatic and aromatic

molecules (Zhang and Schwarz 2006). They all can be used to synthesize degradable

hydrogels (Fig. 25).
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Figure 25. General structures of the panel of hydroxylamine containing crosslinkers

proposed by Zhang et al. (Zhang and Schwarz 2006).



Etude bibliographique

58 « Microspheres résorbables pour embolisation et chimio-embolisation »

4. Formulation and applications of

hydrolysable covalently crosslinked

hydrogels in the biomedical field

Hydrogels in general and biodegradable hydrogels in particular may take many different

forms to satisfy the different needs found in the biomedical field. They can be produced in

molds to form solid matrices of different well define shapes (Burkoth et al. 2000, Young et al.

2000, Quick et al. 2004). For instance, biodegradable hydrogels can occur under the form of

thin films serving as adhesion membranes or barriers (Bennett et al. 2003). Hydrogels can

also take the form of rods or microparticles which were developed as matrixes for controlled

releasing drug delivery systems (Zhu et al. 2005, Zhang et al. 2009). More interestingly, for a

few applications, they can be formedin vivo in the exact location where their presence is

required (Burkoth and Anseth 2000). In this case, they have no pre-defined shape, they take

the shape of the empty space they are fillingin vivo. They occur as injectablein situ forming

gels or as glue-like hydrogels (West and Hubbell 1995; Bergman et al. 2009).

Properties of hydrogels can be tuned by varying the composition of the polymer matrice. The

properties that may need to be adjusted are the rate of degradation, the visco-elastic properties

including the mechanical strength of the hydrogel and the swelling ratio which define the

amount of water able to penetrate in the polymeric network. Hydrogels can be made from the

homopolymerization of only degradable crosslinkers. However, copolymerization with other

monomers is widely used to further increase the versatility of properties that can be given to

hydrogels. For instance, copolymerization of the PLA-PEG-PLA diacrylate macromer with

acrylic acid led to gels with improved elasticity, higher swelling ratios and faster degradation
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rate than those of the hydrogels resulted from the homopolymerization of the crosslinker

(Sawhney et al. 1993). As a rather general rule, Jiao et al.(Jiao et al. 2006) demonstrated that

the increasing ratio of co-monomer/crosslinker led to a diminution of crosslinking density of

the hydrogels, hence contributed to increase the swelling ratios, the mechanical properties,

and the rate of degradation measuredin vitro. The nature of the end groups containing the

polymerizable carbon-carbon double bond has significant effects on the mechanical, swelling

and degradation as well properties of the hydrogel (Bencherif et al. 2009). More generally, it

was demonstrated by different independent works that the degradation rate of hydrolysable

hydrogels depended on the nature of the crosslinker and the general hydrophilicity of the

hydrogel (Svaldi Muggli et al. 1999, Burkoth et al. 2000, Li et al. 2004). The degradation

properties can be controlled by varying the crosslinker structure(s), their proportions, and the

crosslink density (Grosse-Sommer and Prud'homme 1996, Eichenbaum et al. 2005). It was

also reported that gels made from lower molecular weight precursors were more tightly

crosslinked and thus degraded slowly than those made from higher molecular weight

precursors (Sawhney et al. 1993; Han and Hubbell 1997). The following examples gives some

degradation time regarding the nature of the crosslinker used to formulate hydrogels.

Hydrogels obtained from polyester-PEG-polyester diacrylates have their degradation time

which vary from 1 day to several months depending on the crosslinking density and on the

type of polyester used as terminal blocks grafted (i.e. PLA, PGA, PLGA, PCL) on the central

PEG segment (Sawhney et al. 1993, Zhu et al. 2005). Hydrogels obtained from the free

radical copolymerization of a polyphosphazene based crosslinker and poly(acrylic acid)

degraded over a period of one to two months in the presence of water (Grosse-Sommer and

Prud'homme 1996). WhenN,O-dimethacryloylhydroxyl-amine was incorporated as the

crosslinker in the hydrogel, the time required for a total hydrolysis of the gels varied from less

than a day to nearly a week  (Ulbrich et al. 1993). It was highlighted that the degradation rate
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also depended on the size of the hydrogel device and on the pH of the micro-environment.

Many of the experiments devoted to evaluate the degradation of hydrogels were performedin

vitro using model solutions as degradation media. Only a few works report results from

investigations carried outin vivo. In experiments performed in mice, Potta et al. have reported

that the degradation rate of hydrogels can also be controlled by varying the ratios of different

side groups composing the polymer matrice (Potta et al. 2009).

Other properties may be incorporated in the hydrogel by varying the nature of the

comonomer. For instance, hydrogels can be thermo-sensitive by copolymerizing the PLA-

PEG-PLA diacrylate crosslinker with N-isoproplyarylamide (NIPAM) and acrylamide (Zhang

et al. 2010).

Similarly to the degradation properties, initial mechanical and swelling properties of hydrogel

can be tuned by choosing the chemical nature and structure of the polymer composing

hydrogels. However, it is noteworthy that these properties are generally modified as soon as

degradation starts. Effects are particularly dramatic in gels degrading in bulk in which the

mechanical strength and the swelling ratios change notably during the whole process of

degradation as the porosity of the polymer network increases. For instance, it was shown that

the mechanical strength of the hydrogels composed of PLA-PEG-PLA diacrylate decreased

exponentially with time while the volumetric swelling ratios increase exponentially (Metters,

Anseth et al. 2000, Davis, Burdick et al. 2003). This can even be accompanied by an

acceleration of the degradation rate as degradation proceeds (Davis, Burdick et al. 2003). For

polymer degrading by a surface erosion mechanism, the mechanical strength of the bulk

material remains unchanged while only the properties of the surface of the material are

modified. The mechanical properties of the devise may be changes as the dimensions decrease

as degradation proceeds.
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Considering applications, hydrogels are synthetic materials with the most similar structure to

natural livings. All of their properties including degradation can be finely tuned to fit with

many applications of interest in the biomedical field. Thus, degradable hydrogels were widely

considered as basic materials to produce matrices to be implantedin vivo. One typical

application is the design of degradable hydrogels to achieve a controlled release of a drug

(Belcheva et al. 1995, Allcock and Ambrosio 1996, Paris and Quijada-Garrido 2009). Devices

such as microspheres were produced by polymerization in suspensions (Zhu et al. 2005)

(Table II). Implantable drug eluting films, disks and rods were produced by copolymerizing

the monomers in molds (Sawhney et al 1993, Bruinning et al. 1999, 2000, Liu and Rimmer

2002, Quick et al. 2004, Jiao et al. 2006, Shah et al. 2006) (Tables II, VI and VII). For the

delivery of large molecules such as RNA, peptides, proteins and DNA, the release of the drug

can be well controlled by the degradation of the hydrogel (Zhao and Harris 1998, Leach and

Schmidt 2005, Bencherif et al. 2009). An equation which well correlated to experiments was

established to predict the release profiles of the drug according to the degradation time

(Mason et al. 2001). The volumetric swelling ratio, the network mesh size and the diffusivity

of the entrapped drug were exponential to the evolution of the degradation. Bencherif et al.

have investigated the influence of the crosslinker chemistry on the release kinetics of DNA

from hydrogels made of triblock diacrylated PGA-PEG-PGA crosslinkers (Bencherif et al.

2009). The DNA was associated with the hydrogel during the preparation by

photopolymerization. The released DNA kept its initial supercoiled form, which meaned that

the integrity of the plasmid DNA was maintained after photo-encapsulation. The release of

the plasmid DNA followed the degradation rate of the hydrogel, which can be controlled by

varying the chemistry of the crosslinker at a given concentration of polymer in the hydrogel.

Hydrogels obtained with high polymer concentrations (typically 20 weight % in D2O) showed

a release pattern with two bursts: the first occurred at the beginning of the experiment and was
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attributed to the release of DNA near the surface of the device while the second burst

occurred toward the end of the hydrogel degradation and was attributed to the release of the

remaining DNA entrapped in the gel and released rapidly while the matrice loosed its

integrety. When the hydrogel was formulated with a low concentration in polymer (typically

10 weight %), it exhibited only one-stage release profil of plasmid DNA which is linear over

the period of degradation of the hydrogel. Other groups have also investigated the application

of degradable hydrogels for DNA delivery. Quick et al. used hydrophobic polyanhydride

based hydrogels to have a release of DNA controlled by the rate of erosion of the hydrogel

matrice (Quick et al. 2004). Unfortunately, they have highlighted that the amount of

supercoiled DNA released was decreased over time. Pre-encapsulation of the DNA in alginate

microparticles before forming the polyanhydride matrix help in reducing denaturation of

plasmid DNA during the preparation of the hydrogel matrice. To makein situ transfection, the

authors have explored the co-encapsulation of plasmid DNA and cells (Quick and Anseth

2003). They observed that the released DNA could efficiently transfect plated and

encapsulated cells indicating that it remained active. This result is interesting to further

develop tissue mimicking the natural healing processes. The results showed a possibility of

coupling drug delivery application with tissue engineering for a better treatment.

As an example of peptide, PLA-PEG-PLA crosslinked hydrogels formed via a photoinitiated

polymerization were investigated for the delivery of neurotrophins, growth factors used to

promote the regeneration of diseased or damaged tissues from the central nervous system)

(Burdick et al. 2006). The network crosslinking density was shown to influence importantly

the diffusion of the neurotrophin. This can be used to vary releasing time in a wide range

(from weeks to several months).
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Beside large molecules, degradable hydrogels were also considered to deliver different types

of active compounds occurring as small molecules. Small drug molecules can be incorporated

in hydrogel by simple entrapment or linked via a covalent linkage with the polymer

composing the hydrogel. Drug released from a hydrolysable hydrogel composed of HEMA as

copolymer can be controlled by either the degradation of the hydrogel or the diffusion of the

drug molecule in the hydrogel or by a combination of both mechanisms. These mechanisms

controlling the rate of release of the drug applied to both the free drug and the drug

conjugated to the polymer (Ulbrich et al. 1995). In the work proposed by Liu and Rimmer

(Liu and Rimmer 2002), the drug, the 5 fluorouracil, was incorporated in the structure of the

hydrolysable crosslinker based on dicarbonate dimethacrylate. The hydrolysis of the

dicarbonate functions released the parent 5 fluorouracil molecule. The release of the drug

incorporated in the hydrogel structure was found to follow the rate of degradation of the

hydrogel.

Degradable hydrogels were believed to constitute ideal matrices for cell growth. The rational

behind this choice was based on the fact that the general structure of hydrogel is very similar

to that of matrices found in living organisms. Therefore, they were suggested to be used as

scaffolds for cell culture in the 3 dimensional spaces to be applied in tissue engineering and

regeneration purposes. At present, it is the hottest domain of investigations ondegradable

hydrogels which includes exiting applications and challenges. Demands in the biomedical

field were identified in numerous areas where cell engineering may bring value to help

recovery of injuries in damage tissues. This includes bone repair and cartilage regeneration,

improvements of grafting methods of artificial hips in orthopedics and tooth in dentistry,

regeneration of nerves or of impaired cardiac tissue and regeneration of damaged tissue of the

central nervous system, engineering of artificial blood vessels. Several reports have already
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proven the relevance of the approach. In some examples, cells were incorporated directly in

hydrogels during the preparation of the matrices thanks to the application of gentle

polymerization conditions (Burkoth et al. 2000, Burdick et al. 2001, 2006, Mahoney and

Anseth 2006). These can further serve as reservoir of cells for tissue regeneration. When

implantedin vivo, that can be achieved from a gel prepared either outside the body in a mold

or inside the body. In other applications such as in orthopedics, the matrices can serve as

temporary scaffolds for cell growthin situ. During tissue regeneration, it is expected that cells

progressively colonize and produce new functioning tissue to heal injuries. For instance, this

principle is applied to enhance bone and cartilage repair (Burkoth et al. 2000, Burdick et al.

2001, Kweon et al. 2003, Timmer et al. 2003a,b, Clapper et al. 2007,2008, Yan et al. 2011).

Burdick and co-workers (Burdick et al. 2003) made anin situ forming porous PLA-PEG-PLA

crosslinked hydrogels as an orthopaedic biomaterial under a particulate leaching technique

previously developed by Mikos et al. (Mikos et al. 1994). Initially used to promote bone

regeneration, these macromers also showed good potential applications for cartilage tissue

engineering. (Anseth, Metters et al. 2002). The polymer matrix contained large amount of

water and displayed elastic properties similar to those of the tissue. It can be used as a

temporary scaffold for the growing cells until newborn cells can ensure the tissue function. To

improve the functionality in tissue regeneration of the hydrogel, chondrocytes were seeded in

a hydrogel scaffold (Bryant and Anseth 2002). The photoencapsulated chondrocytes produced

similar biochemical contents as those obtained from newly synthesized cartilaginous tissue.

However, it was suggested in another work that changes in the crosslinking density of the

hydrogel scaffold might influence the level of deformation and heterogeneity of chondrocytes,

which can in turn modify their function of cartilage productor (Bryant et al. 2004). More

recently, other authors have developed oligo(PEG-fumarate) crosslinking hydrogel

encapsulating chondrocytes as an orthopaedic tissue engineering material (Dadsetan et al.
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2007). Photoencapsulated chondrocytes remained viables and produced cartilaginous matrix

inside the hydrogel after 3 weeks. This result promised potential treatment for the joint

diseases. Instead of chodrocytes which are differentiated cells, stem cells isolated from the

marrow stroma were also successfully incorporated in a hydrogel scaffold to be used for the

treatment of overused tendon injuries (Qiu et al. 2011). The synthesized hydrogel were.

cytocompatible.(cell proliferations were found after 14 days). Moreover, cells delivery can be

controlled by the degradation rate of the hydrogel.

Other applications are investigated in the intention to use degradable hydrogels as scaffolds

for nerve and central nervous tissue regeneration (Mahoney and Anseth 2006, Burdick et al.

2006, Cai and Wang 2010). This is an extremely challenging application with considerable

potential in case of success for making possible the reparation of nerves after accidental

sectioning for instance. It is also believed that hydrogels may serve as candidates to support

neural cell growth preserving the functionalities of the cells to make possible cell

transplantation to the central nervous system (Mahoney and Anseth 2007). In their work,

Mahoney and Anseth have incorporated neural cells in hydrogels crosslinked with PLA2-

PEG4600-PLA2 in in vitro hydrogel culture tests. Promising results were observed including a

good capacity of proliferation of the neural cells in the hydrogel scaffold. The proliferation

could be tuned with the degradation rate of the hydrogel on a time-scale ranging from 1 to 3

weeks. The cells could differentiate into neurones and glia (Mahoney and Anseth 2006). The

survival and growth of the neural cells was further enhanced by incorporating in the hydrogel

collagen and beta FGF2 (Mahoney and Anseth 2007). These encouraging results may be used

in the future to develop treatments for neurodegenerative diseases such as the Parkinson�s

disease.
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Depending on the applications, hydrogels are intended to serve as support for cell growth

until the damage tissue is sufficiently regenerated to be fully replaced by the newly grown

cells. This is mostly the case in applications considering bone repair. In other situations, the

hydrogel is used as cell reservoirs to provide the impaired tissue with healthy cells replacing

the diseased cells. Typical applications interested by this technique are regeneration of

cartilage, impaired cardiac tissue and of impaired or degenerative nervous tissues. Obviously,

the characteristics of the scaffolds including its structure, mechanical strength and degradation

time scale need to be adjusted very precisely as the function of the tissue to be regenerated.

Beside the versatility of the hydrogels properties that can be adjusted by choosing the

composition and chemical characteristics, another advantage is that hydrogels can be formed

in situ including in in vivo conditions without causing damage on the surrounding tissue. In

these latter conditions, the hydrogel takes the shape that is requested for an optimum contact

with the impaired tissue providing an ideal situation to promote growth and implantation of

the new tissue. In all cases, it was shown that the incorporation of growth factors in the

hydrogels further enhances the efficacy of the technique.

Finaly, a few attempts have been reported in the literature on the investigation of the use of

degradable hydrogel films for cardiovascular tissue regeneration (Grijpma et al. 2005).

Apart from the main applications as controlled release drug delivery systems and for tissue

engineering, degradable hydrogels were found interesting to be use in other biomedical

applications. For instance, they were suggested to be used as material to produce emboles for

temporary embolisation. In this case, the degradable hydrogel was formulated under the form

of microspheres (Schwarz, Zhang et al. 2004, Wang et al. 2011, Moine et al. 2011). The

microspheres can be loaded with a drug to be applied in chemo-embolization techniques

(Moine et al. 2011). In another application, degradable hydrogel was found to be a suitable
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material to create a temporary barrierin vivo to prevent post-surgical adhesion of tissue (Hill-

West et al. 1994). The hydrogel was formedin situ directly on the surface of the tissue to be

treated in assays performed in an animal model of post operative adhesions. An efficient

conformational barrier was formed on the surface of the tissue preventing adhesion in the

different post-operative situations created in the model with complete resorption of the

hydrogel observed after 7 days (Hill-West et al. 1994). Finally, degradable hydrogels were

also found as lubricants for coating medical devices (Kim, Hrkach et al. 2000).

5. CONCLUSIONS

Hydrolysable hydrogels obtained by the introduction of hydrolysable crosslinkers in the

structure of the polymer during synthesis by polymerization is composed of a large family of

materials. The chemistry behind the synthesis is so versatile that, in theory, such hydrogels

can be obtained with almost infinite properties. They can be made biocompatible and

appeared as materials of choice for various applications in the biomedical domain including

highly demanding applications. They can be formed outside the body but also directly inside

the body at the site of action. Their potential of application is so wide that there are still

spaces available to design suitable degradable hydrogels for new applications.
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Introduction

L�objectif du travail �tait de concevoir des microsph�res d�gradables destin�es � mettre en

place un traitement de certaines anomalies vasculaires (comme l�h�morragie et les

malformations artériovéneuses) ou des tumeurs hypervascularisés par une embolisation

temporaire. Il �tait souhait� que l�embole puisse �tre r�sorb� totalement in situ pour permettre

une recanalisation des vaisseaux embolisés. Le temps nécessaire de cette recanalisation sera

défini par la vitesse de r�sorption du mat�riau d�embolisation.

Le cahier des charges destin� � guider la conception des microsph�res d�embolisation est le

suivant :

Les microsphères doivent

- �tre constitu�es d�un mat�riau biocompatible et r�sorbable sur un temps court (de

quelques jours à quelques semaines) pour permettre leur disparition complète de la

lumière vasculaire avec une restitution de la lumière la plus fonctionnelle possible.

- être de grande taille (entre 100 et 1000 µm) avec une distribution en taille

homogène

- être faciles à disperser dans un milieu injectable

- présenter des propriétés viscoélastiques appropriées pour permettre leur injection à

travers un cathéter de très faible diamètre tout en assurant une occlusion totale

après mise en place dans les vaisseaux.

La forme sph�rique du mat�riau d�embolisation a �t� retenue pour ses bonnes capacit�s

d�occlusion des vaisseaux dans le contexte d�une embolisation.

Un matériau constitutif de type hydrogel est apparu particulièrement adapté. Ces matériaux

sontconstitu�s d�un r�seau de cha�nes de polym�re r�ticul�es par voie chimique ou physique

emprisonnant de grande quantit� d�eau [Kopecek 2002, Lavik and Langer 2004]. Du fait de

leur structure, de nombreux hydrogels sont déjà utilisés pour la conception de dispositifs
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m�dicaux dans des applications les mettant en �uvre in vivo [Rosiak and Yoshii 1999, Lee

K.Y. and Mooney 2001, Peppas et al. 2006]. Plus spécifiquement, des microsphères

d�embolisation non d�gradables constitu�es de g�latine et de N-acryloyle

tris(hydroxyméthyle)aminométhane,commercialis�es sous le nom d� Embosphere
®, sont

utilisées en clinique [Vallée et al. 2003]. Dans le présent travail, il a été proposé de concevoir

des microsph�res d�embolisation r�sorbables par une m�thode originale utilisant comme

mat�riau constitutif un hydrogel r�sorbable. De telles microsph�res n�existent pas encore sur

le marché.

Pour concevoir de telles microsph�res, notre choix s�est port� sur le d�veloppement d�un

hydrogel chimique dans lequel les liaisons de réticulation sont covalentes et les chaînes de

polym�res s�parant les n�uds de r�ticulation contiennent des segments hydrolysables. Le

choix des liaisons de réticulation covalente a été retenu pour avoir un matériau dont les

conditions de résorption seraient parfaitement contrôlées par la nature chimique du gel. En

effet, contrairement aux gels physiques dans lesquels les liaisons de réticulation sont basées

sur des interactions faibles et labiles sous l�effet d�un changement des conditions physico-

chimiques rencontrées dans le milieu environnant, la résorption des gels chimiques peut

th�oriquement �tre enti�rement contr�l�e par la vitesse d�hydrolyse des segments

hydrolysables incorporés dans la structure du réseau polymère. Dans la littérature, la plupart

des travaux portant sur le d�veloppement d�hydrogels chimiques hydrolysables d�crivent

l�incorporation de cha�nons d�oligom�res d�acide lactique (PLA), d�acide glycolique (PGA)

ou d�un m�lange de ces deux constituants (PLGA) dans la structure d�un r�seau de polymère

comportant de courtes chaînes de PEG [Sawhney et al. 1993, Burdick et al. 2001, Davis et al.

2003, Chan-Park et al 2004, Zhu et al. 2005, Grijpma et al. 2005, Jiao et al. 2006,Zhu and

Ding 2006, Zhu et al. 2006, Burdick et al. 2006, Shah et al. 2006, Mahoney and Anseth 2007,

Clapper et al. 2007, Clapper et al. 2008, Bencherif et al. 2009A, Bencherif et al. 2009B, Hao
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et al. 2009, Wang et al. 2010] (Figure 1A).In vivo, ces réseaux de polymères se dégradent

selon un m�canisme d�hydrolyse au simple contact de l�eau lib�rant de l�acide lactique et de

l�acide glycolique comme produit de d�gradation ultime et de courtes cha�nes de PEG

pouvant être éliminées par filtration rénale. Ce mécanisme de dégradation présente plusieurs

avantages. La vitesse de dégradation peut être ajustée par un choix judicieux de la

composition du polymère [Sawhney et al. 1993, Burdick et al. 2001, Jiao et al. 2006]. Elle est

totalement ind�pendante d�une activit� enzymatique. Sur la base de ce m�canisme de

dégradation, il est attendu que la vitesse de dégradation de ces hydrogels soit identique dans

les diff�rents organes de l�organisme et qu�elle ne d�pende pas de l��tat physiopathologique

du patient. Elle serait donc identique quelque soit le lieu d�implantation de l�hydrogel et

quelque soit le patient. Ainsi, nos travaux se sont appuy�s sur l�hypoth�se que des

microsph�res constitu�es d�un tel hydrogel devraient �tre totalement r�sorbables in vivo par

un m�canisme d�hydrolyse. Selon cette hypoth�se, l�hydrolyse conduirait � la solubilisation et

disparition compl�te des microsph�res d�embolisation apr�s hydrolyse des liaisons

hydrolysables incorpor�es dans l�hydrogel (Figure 1B).

Figure 1. Structure chimique g�n�rale d�un agent de r�ticulation hydrolysable comportant une

oligomère d�acide lactique et d�acide glycolique (A). Repr�sentation sch�matique des
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microsph�res r�sorbables constitu�es d�un hydrogel synth�tis� � l�aide d�un tel agent

réticulant et hypothèse sur leur mécanisme de résorption in vivo (B).

L��tude qui a �t� r�alis�e en vue de concevoir ces microsph�res s�est d�roul�e en trois

phases :

La premi�re a �t� consacr�e � la synth�se des agents r�ticulants et au d�veloppement d�une

m�thode de pr�paration de microsph�res d�hydrogel.

La deuxième phase du travail a été consacrée au développement de méthodes destinées à

caractériser les microsphères et plus particulièrement leur dégradation.

La troisi�me et derni�re phase du travail a �t� consacr�e � l��tude de la d�gradation des

microsph�res dans des conditions d�hydrolyse menées in vitro.

Les r�sultats de l�ensemble des travaux r�alis�s dans le cadre de cette �tude sont consign�s

respectivement dans les trois chapitres qui constituent la partie expérimentale de ce mémoire

de thèse.
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Chapitre 1

Synth�se de microsph�res

constitu�es d�un hydrogel

hydrolysable
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1.Introduction

Notre choix de mat�riaux pour la conception des microsph�res d�embolisation r�sorbables

s�est tourn� vers des hydrogels chimiques comportant des segments hydrolysables constitués

d�oligom�res d�acide lactique et d�acide glycolique. L�obtention de tels hydrogels est

généralement décrite par polymérisation radicalaires de monomères conçus et synthétisés à

fa�on en fonction des caract�ristiques d�sir�es pour l�hydrogel [Sawhney et al. 1993, Burdick

et al. 2001, Davis et al. 2003, Chan-Park et al 2004, Zhu et al. 2005, Grijpma et al. 2005, Jiao

et al. 2006, Zhu and Ding 2006, Zhu et al. 2006, Burdick et al. 2006, Shah et al. 2006,

Mahoney and Anseth 2007, Clapper et al. 2007, Clapper et al. 2008, Bencherif et al. 2009A,

Bencherif et al. 2009B, Hao et al. 2009, Wang et al. 2010, Moine et al. 2011]. L�originalit� de

notre travail a été de proposer des agents réticulants comportant des chaînons hydrolysables et

de les mettre en �uvre dans une r�action de polym�risation permettant de synth�tiser en une

seule étape des microsphères de la taille recherchée. Les méthodes de polymérisation qui sont

apparues les plus appropriées pour réaliser la synthèse de ces microsphères sont celles basées

sur la polymérisation en suspension. Il existe deux types de méthodes de polymérisation en

suspension, la m�thode directe qui met en �uvre une suspension de type huile dans eau et la

m�thode inverse qui met en �uvre une suspension de type eau dans huile (Figure 2). Dans le

cas de la polymérisation en suspension directe, les monomères sont hydrophobes pour

pouvoir être solubilisés dans la phase organique alors que dans le cas de la méthode de

polymérisation en suspension inverse, les monomères sont solubles dans la phase aqueuse.
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Figure 2.Schéma de principe de la synthèse des microsphères par polymérisation en

suspension directe (schéma de gauche) et inverse (schéma de droite).

Dans les deux cas, la conception de l�hydrogel retenu a reposé sur la co-polym�risation d�un

agent de r�ticulation et d�un ou plusieurs co-monom�res (m�th)acryliques. D�une part, au

moins un des co-monomères apporte au réseau polymère des groupements lui permettant de

gonfler après immersion dans un milieu aqueux (PEG du PEGMMA, -COOH de l�acide

acrylique ou -OH du trisacrylamide). D�autre part, l�agent de r�ticulation comportant un ou

deux segments hydrolysables constitu�s d�acide lactique et/ou d�acide glycolique qui

permettent la dégradation des micropshères. (Figure 3).

n + m

Polymérisation
en suspension

réticulant
dégradable

Figure 3.Schéma de principe de la synthèse des microsphères résorbables.

Dans la pratique, des agents réticulants comportant des segments hydrolysables ont été

synthétisés en fonction des spécificités de solubilité requises pour chacune des deux méthodes
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de polymérisation en suspension. Ces agents réticulants ont été caractérisés puis utilisés pour

synthétiser des microsphères par les méthodes de polymérisation en suspension

correspondantes. Les résultats de ces travaux sur chaque méthode de préparation des

microsphères sont présentés dans les deux premières parties que comporte ce chapitre. La

troisi�me partie rassemble des r�sultats consacr�s � l��tude de l�incorporation de principes

actifs dans les microsphères par deux méthodes de chargement.
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2. Etude des conditions d�obtention de

microsph�res d�hydrogel r�sorbables par

polym�risation en suspension directe

Introduction

La synth�se d�un hydrogel hydrolysable sous la forme de microsph�res a �t� envisag�e

par deux méthodes de polymérisation en suspension. Dans cette partie, nous présentons le

développement de la méthode de polymérisation en suspension directe.

Plusieurs agents r�ticulants comportant des oligom�res d�acide lactique et d�acide glycolique

hydrolysables et solubles dans les solvants organiques ont été synthétisés et caractérisés. Nous

avons modifi� les synth�ses existantes dans la litt�rature afin d�obtenir des r�ticulants adapt�s

à nos méthodes de polymérisation en suspension. Plusieurs agents de réticulation

hydrolysables ont été synthétisés. Ils diffèrent par la structure générale de la molécule

(diblock asymétrique PLGA-PEG ou triblock symétrique PLGA-PEG-PLGA), par la longueur

du segment PEG et par le nombre de segments d�oligom�re d�acide lactique et/ou d�acide

glycolique incorporés.

Pour former des hydrogels hydrolysables sous la forme de microsphères, les agents

r�ticulants ont �t� copolym�ris�s avec le PEGMMA et l�acide m�thacrylique. Les travaux

r�alis�s ont permis d�identifier des conditions de polym�risation permettant de synthétiser des

microsph�res de grandes tailles tout en s�assurant que la formation d�agr�gats de polym�re

reste limitée. Ces préparations fournissent après tamisage des microsphères dans les gammes

de diamètre de 100 à 315 µm et de 315 à 500 µm. Les microsphères synthétisées gonflent de

mani�re significative en pr�sence d�eau et pr�sentent une tr�s bonne �lasticit�. En effet, leur

valeur du déphasage delta mesuré par rhéologie indique que le matériau les constituant a une
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élasticité quasi idéale (delta inférieur à 10°). Leur capacité de gonflement et leur élasticité

sont intrinsèquement dépendantes du taux de réticulation.

Il a également étéconstat� que l�incorporation d�un oligom�re de PLGA plus long

dans l�agent r�ticulant fournit des microsphères plus hydrophobes qui gonflent moins et sont

plus rigides comme en témoigne les mesures du module élastique.

En conclusion, ce travail a permis de synthétiser des hydrogels sous une forme de

microsphères selon une méthode originale. Plusieurs types de microsphères ont été synthétisés

et sont constitu�es d�hydrogels comportant des segments hydrolysables. Ces microsph�res

pr�sentent des propri�t�s qui diff�rent en fonction de la proportion d�agent de r�ticulation

introduit lors de la synthèse par polymérisation et également en fonction de la nature de

l�agent de r�ticulation.
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Abstract

Therapeutic embolization is the method of choice for the treatment of hyper-vascular tumors,

hemorrhage and arteriovenous malformations. In many clinical cases, a temporary agent of

embolization is advantageous and more comfortable for the patient. However, there are

nowadays no commercially available degradable microspheres which can ensure at the same

time a total and distal occlusion with a predictable degradation rate. We have developed

recently a new class of biodegradable microspheres based on PLGA and PEG for therapeutic

embolization. Thanks to the hydrolysable property of PLGA, the obtained microspheres have

their degradation rate totally site-to-site and patient-to-patient independent. Those hydrogel

microspheres were formed by direct suspension polymerization between different types of

degradable crosslinkers and PEGMMA Mw. 300. Methacrylic acid can be added as a

comonomer, which may accelerate the hydrolysis process. First of all, different types of

PLGA based crosslinker were synthesized. The nature of the crosslinker such as the length of

PLGA chain or the length and the position of PEG can be tuned in order to form a large panel

of materials. The suspension polymerization synthesizes provide microspheres with small size

distribution and good yield. These microspheres, sieved from 100 to 315 µm and from 315 to

500 µm, were swellable and showed elastic properties. Their swelling capacity and their

elasticity were demonstrated to be intrinsically dependant on the density of crosslinking. The

longer the PLGA chain, the more hydrophobic, the less swellable and the more rigid were the

synthesized microspheres. Their elasticity modulus indicated that low cross-linking

microspheres (less than 6 molar %) can be suitable for injection through catheter.

Keywords: hydrogel, microsphere, hydrolysis, elasticity, degradable crosslink.
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1. Introduction

Biodegradable hydrogels have been investigated in a wide range of medical applications, such

as tissue engineering or drug delivery systems thanks to their remarkable biocompatibility and

their capacity to be cleared from the body after their utility. Another specific implant

application that biodegradable hydrogel can fulfill the requirement is microspheres for

therapeutic embolization.

Therapeutic embolization is the method of choice for the treatment of hemorrhage,

arteriovenous malformations or in certain types of tumors from benign like uterine fibroids to

malign as hepatocellular carcinoma. In any of those cases, the purpose of this minimally

invasive method is to locally inject an embolization agent by transcatheter that stop the blood

flow at the target position. Thus, the hemorrhage and malformation can be blocked, the tumor

can be isolated which lead to its shrinkage or even its total disappearance. The technique of

embolization was developed since early 60s (Speakman 1964, Ishimori 1967), but it took up

to the 90s to see a wide clinical application thanks to the appearance ofnon degradable

microspheres (Embosphere®, Contour SE®, Bead BlockTM). These well spherical and

calibrated particles allow a total occlusion of blood vessels at the targeting point (Laurent

2007). However, in various treatments such as for hemorrahage and tumor, a TEMPORARY

embolization may be advantageous as the recanalization help the body to regain faster its

normal physiological functioning. Moreover, in the case of embolization of chemo-sensitive

tumors, a second chemotherapeutic injection at the same localization should be possible to

ensure the elimination of the tumor.  The only commercially available temporary agent for

embolization is the gelatin sponge (Spongel®, Gelfoam®), existing in plates that can be

manually cut or in dry powder (Katsumori and Kasahara 2006). The lack of calibration makes

it difficult to predict the occlusion level and the degradation rate of particles. Furthermore,
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catheter plugging was often observed with this type of agent. The dextran starch microspheres

(Spherex®, Embocept®), still in the research process, have shown their limitation of too rapid

degradation rate (several minutes to hours), that are not suitable for the application of

embolization. Therefore, there is a need in the domain of degradable microspheres for

embolization. They must be not only biocompatible, well calibrated with a small size

distribution between 100 and 1000 µm and elastic enough to resist to an injection through

catheter but also biodegradable from several days to weeks.

Our choice for biodegradable material is the family PLA, PGA, PLGA which have been used

as implants for decades (Södergård and Stolt 2002) and were approved by the FDA. Their

degradation products, i.e. lactic acid and glycolic acid, are non toxic and bioresorbable as they

are included in the metabolic route of the Krebs cycle (Holland et al. 1986). In vivo, PLGA is

also known to be degraded only by the hydrolysis mechanism (Hakkarainen et al. 1996).

Therefore, the degradation rate is totally site-to-site and patient-to-patient independent.

Hydrogels based on PLGA copolymerized with PEG were designed as microspheres for

embolization in our group. Although PEG is not biodegradable by itself, it can be eliminated

from the body via kidney filtration with a molecular weight fragments lower than 30 kDa

(Yamaoka, Tabata et al. 1994). Numerous PEG containing hydrogels are approved by the US

Food and Drug Administration (FDA) for various clinical uses (Peppas, Hilt et al. 2006). The

incorporation of PEG in the chemical structure of hydrogels has numerous advantages. PEG

helps the forming hydrogel to increase the capacity of water absorption which promotes the

hydrolysis process. Moreover, PEG segments increase the elasticity of the obtained hydrogel.

Finally, the surface of PEG containing materials displays valuable antifouling properties

against proteins, bacteria and cell adhesion (Desai and Hubbell 1991) which ensure the
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biocompatibility of the embolitic agent. Hence, hydrogel microspheres were designed by

chemically crosslinked between PEG containing monomers and degradable crosslinkers in

order to avoid dissolution of microspheres. Degradable materials are only present on the

crosslinking, which allows controlling the degradation rate by tuning the nature and/or the

amount of the crosslinking in the hydrogel. Crosslinkers were synthesized following well

known methods developed previously by Sawhney et al. (Sawhney et al. 1993) andLutz et al.

(Lutz et al. 2004). Finally, the formation of microspheres was performed by direct suspension

polymerization, the method of choice to obtain large diameter particles (Dowding and

Vincent 2000).

2. Materials and methods

2.1. Materials

Lactide and glycolide were supplied by Biovalley. Triethylamine (TEA), tin 2-ethylhexanoate

(Sn(Oct)2) and methacryloyl chloride were purchased from Fluka. Tetraethylene glycol

(TEG), sodium chloride and 2,2'-azobisisobutyronitrile (AIBN) were obtained from Acros

Organic (Belgium). Poly(ethylene glycol) methacrylate (PEGMA) of number-average

molecular weight 360 g/mol, poly(ethylene glycol) methyl ether methacrylate (PEGMMA) of

number-average molecular weight 300 g/mol, poly(ethylene glycol) dimethacrylate

(PEGDMA) of number-average molecular weight 575 g/mol, poly(vinyl alcohol) (PVA) of

number-average molecular weight 89,000-98,000 g/mol 99% pure were purchased from

Sigma-Aldrich (France). Mass weight values are given by supplier. Analytical grade solvents
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(acetone, cyclohexane, dichloromethane, chloroform, diethylether, petroleum ether, toluene,

ethanol� ) were supplied by Carlo Erba (France). PEGMA Mw. 360 was purified by Ali and

St�ver�s method (Ali and Stöver 2004). The other chemical products were used without any

further purification. Pure water was taken from MiliQ 185 supplier.

1H NMR analyses were performed with a 300 MHz Bruker apparatus. Deuterium solvents are

purchased from Carlo Erba.

2.2. Synthesis of degradable crosslinkers

Crosslinkers developed in our laboratory can be divided into 2 groups: di-block polymers

PLGA-PEG and tri-block polymers PLGA-TEG-PLGA. Moreover, crosslinker can be formed

with only lactide, only glycolide or their mixture to form a large panel of degradable

materials.

2.2.1. Synthesis of the diblock crosslinkers

Several diblock crosslinkers have been synthesized by lactide and/or glycolide ring opening

with HEMA or PEGMA as initiator (Fig.1).

In a dry round flask containing a magnetic stir bar, lactide (8 mmol, 1.152 g), glycolide (8

mmol, 0.929 g), PEGMA purified (4 mmol, 1.440 g) and Sn(Oct)2 (0.025 mmol, 10 mg) were

dissolved in toluene (5 mL) under an argon atmosphere. After 20h at 90°C, chloroform (5

mL) was added to dilute the reaction mixture and the resulting polymer was purified by

precipitating in a large volume of petroleum ether. The precipitate was then dried under

vacuum. The polymerization degrees of lactic acid and of glycolic acid (respectively PDL and

PDG) were determined from1H NMR spectra of obtained products.1H NMR (CDCl3) �

(ppm): 6.13 (s, 1H, CHH=), 5.58 (s, 1H, CHH=), 5.27 (m, 1H x PDL, PLA), 4.73 (m, 2H x
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PDG, PGA), 4.29 (m, 4H, PEG), 3.62-3.76 (m, n x CH2, PEG), 1.95 (s, 3H, methacrylate),

1.59 (m, 3H x PDL, PLA).

The dried polymer obtained from the first step was then subjected to an esterification on the

hydroxyl group at the end of the PLGA chain by reacting with methacryloyl chloride. The

total amount of the formed macromer (8 mmol of OH group) was dissolved in CH2Cl2 (30ml)

under argon in a dry flask equipped with magnetic stir bar. The content of the flask was

cooled to 0°C and TEA (12 mmol, 1.6 mL) was added. The solution was stirred and then

methacryloyl chloride (12 mmol, 1.2 mL) was added drop wise to the solution during 30 min.

The stirring was continued during 1h at 0°C and then 24h at room temperature. The salt was

removed by filtration and the polymer was precipitated in a large volume of petroleum ether.

The crude product was then separated, dried and kept in an argon atmosphere for further

reactions. The methacrylate functionality � of the macromonomer, the polymerization degree

of lactic acid and of glycolic acid (respectively PDL and PDG) were determined from1H NMR

spectra of obtained products.1H NMR (CDCl3) �(ppm): 6.22 (m, 1H x�, CHH=), 6.12 (s,

1H, CHH=), 5.61 (m, 1H x�, CHH=), 5.57 (s, 1H, CHH=), 5.27 (m, 1H x PDL, PLA), 4.73

(m, 2H x PDG, PGA), 4.29 (m, 4H, PEG), 3.62-3.76 (m, n x CH2, PEG), 1.95 (m, 3H + 3H x

�, methacrylate), 1.59 (m, 3H x PDL, PLA).

The obtained crosslinker was called PEGMA4L4G, which means that the initiator was

PEGMA Mw. 360 and there were 4 units of lactic acid and 4 units of glycolic acid per chain.

Other crosslinkers can be obtained with HEMA or PEGMA as initiators and the length of the

degradable chain can be modulated by varying the quantity of lactide and glycolide. For

example, HEMA12L12G crosslinker may be formed from HEMA and 12 units of lactic acid

and 12 units of glycolic acid per chain.
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2.2.2. Synthesis of the triblock crosslinkers

Triblock crosslinkers were synthesized by lactide and/or glycolide ring opening

polymerization on the two hydroxyl extremities of TEG. Fig. 2 illustrates the synthesis of

PLGA-TEG-PLGA crosslinker.

In a dry round flask containing a magnetic stir bar, TEG (5 mmol, 0.971 g) was reacted with

lactide (10 mmol, 1.441 g), glycolide (10 mmol, 1.161 g) under an argon atmosphere in

presence of Sn(Oct)2 (0.016 mmol, 6 mg) as catalyser. After 20h at 115°C, chloroform (10

mL) was added to dilute the reaction mixture and the resulting polymer was purified by

precipitating in a large volume of petroleum ether. The precipitate was then dried under

vacumn. The polymerization degrees of lactic acid and of glycolic acid (respectively PDL and

PDG) were determined from1H NMR spectra of the obtained product.1H NMR (CDCl3) �

(ppm): 5.18 (m, 1H x PDL, PLA), 4.82 (m, 2H x PDG, PGA), 4.31 (m, 4H, TEG), 3.64-3.70

(m, 12H, TEG), 1.53 (m, 3H x PDL, PLA).

The total amount of dried polymer obtained from the first step (10 mmol of OH group) was

dissolved in CH2Cl2 (40ml) under argon in a dry flask equipped with magnetic stir bar. As the

same principle, the content reacted with TEA (15 mmol, 2 mL) and methacryloyl chloride (15

mmol, 1.5 mL) for 1h at 0°C and then for 24h at room temperature. The salt was removed by

filtration and the polymer was precipitated in a large volume of petroleum ether. The forming

crosslinker was then separated from the supernatant, dried under vacuum and kept under

argon for further use. The so-obtained crosslinker was named TEG4L4G.

The methacrylate functionality � of the macromonomer, the polymerization degree of lactic

acid and of glycolic acid (respectively PDL and PDG) were determined from1H NMR spectra

of obtained products.1H NMR (CDCl3) �(ppm): 6.22 (m, 2H x�, CHH=), 5.64 (m, 2H x�,
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CHH=), 5.18 (m, 1H x PDL, PLA), 4.82 (m, 2H x PDG, PGA), 4.31 (m, 4H, TEG), 3.64-3.70

(m, 12H, TEG), 1.97 (m, 6H x�, methacrylate), 1.53 (m, 3H x PDL, PLA).

2.3. Synthesis of degradable microspheres

Degradable microspheres were obtained by direct suspension polymerization. A PVA solution

(300 mL at 0.75% wt./v. PVA) was introduced in a 500 mL reactor and was purged with

nitrogen for 15 min. The dispersed phase was prepared by dissolving the degradable

crosslinking agent and PEGMMA at various ratios in 12 mL of toluene. The amount of

crosslinkers added to the polymerization system was expressed as a molar % of the total

quantity of monomers. It was calculated taking into account the methacrylate functionality of

the macromer obtained after the syntheses of crosslinkers. Then, the solution was purged with

nitrogen for 15 min, and introduced into the aqueous phase at 30°C under agitation at 250

rpm. The initiator, AIBN (5 molar % of the total monomers) solubilized in 2 mL of toluene,

was then introduced into the reactor. The temperature was raised to 70°C and the reaction was

allowed to continue for 15 h under continuous stirring. Microspheres were washed with

acetone and water. The obtained microspheres were then sieved to collect fractions with

diameters ranging from 100 to 315 µm and diameters ranging from 315 to 500 µm.

Immediately after sieving, microspheres were freeze dried and kept at -20°C until used to

avoid hydrolysis.
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2.4. Characterizations

2.4.1. Morphology observation

Microspheres obtained after synthesis were observed by optical microscopy. The optical

microscope (OLYMPUS BH2 Microscope) was equipped with leitz PL2.5/0.08, Olympus

Dplan 10 objectives and a Mightex camera. At least 25 micrographs were taken for each

sample.

Morphology of microspheres was also observed by scanning electron microscopy using a

LEO 9530, Gemini (France) at an accelerating voltage of 3kV (ICMPE, Thiais, France). Prior

to observation, samples were mounted on metal stubs, using carbon-conductive double-sided

adhesive tape, and coated with a 4 nm platinum/palladium layer under vacuum (Cressington

208 HR, Eloise, France).

2.4.2. Size measurements of microspheres

Particle size distribution was determined by laser diffraction on a Mastersizer S apparatus

(Malvern Instrument Ltd.) at 25°C. Dry beads were dispersed in water and were allowed to

swell for 15 min before measurement. They were then introduced in the QSpec small volume

sample dispersion unit. Homogenous circulation between the latter and the measurement cell

was performed by means of 1000 rpm magnetically stirring. The quantity of microspheres

was added in order to obtain an obscuration between 5 and 10 %. Each injection was analyzed

3 times. Granulometry was analyzed using the Fraunhofer optical model. Results were

presented in % volume distribution using the volume/mass moment mean diameter D[4,3]

(equation 1) and their size distribution expressed by the Span (equation 2):
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�nidi
4

�nidi
3

D[4,3] = (1)

Span =
D[v, 50]

D[v, 90] �D[v, 10]
(2)

where ni represents the number of particles with a define diameter di.

D[v, 90] is the volume diameter below which is included 90 % of the distribution.

D[v, 50] is the volume diameter below which is included 50 % of the distribution.

D[v, 10] is the volume diameter below which is included 10 % of the distribution.

2.4.3. Mass fraction measurements of microspheres

The mass fraction of the microspheres in concentrated suspensions obtained after

sedimentation was determined as followed: A weighting boat was prepared with a pre-

weighted piece of filter paper above which was placed a pre-weighted piece of organza. A

sample of the concentrated suspension of microspheres obtained by sedimentation was placed

over the organza. The mass measured, Wsed, corresponded to the weight of the wet

microspheres (WWM) and the weight of the surrounded liquid. As organza showed a mesh size

much below the size of the smaller microspheres and it did not absorb water, it retained the

microspheres while the surrounded liquid was absorbed by the filter paper placed below. By

weighting separately the pre-weighted piece of organza with the microspheres and the pre-

weighted piece of filter paper having absorbed the liquid surrounding the microspheres, it was

possible to determine the weight of wet microspheres (WWM) and that of the surrounding
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liquid. The mass fraction of the microspheres (fWM) expressed as a percentage can then be

calculated from equation 3.

fWM =
WWM x 100

WSed

(%wt.)  (3)

2.4.4. Determination of the swelling ratio of microspheres

The same procedure as described above was used to evaluate the weight of the wet

microspheres (WWM). Then the isolated wet microspheres were freeze dried and weighted

again after drying to measure their dried weight (WDM). The mass swelling ratio was then

calculated from equation 4:

QW =
WWM �WDM

WDM

(4)

2.4.5. Rheological characterisation of microsphere dispersion

The rheological behaviour of microsphere sediments was evaluated by a Haake controlled

stress RS600 rheometer (Thermo Electron) equipped with a 35 mm plate-plate geometry.

Measurements were performed at 25°C (±0.02°C) and regulated with a Peltier plate. A

solvent trap placed on the geometry was used in order to prevent water evaporation during

measurements. Microspheres were deposited on the plateau at a mass fraction which

corresponds to the random close packing obtained after letting the suspension to settle in PBS

pH 7.4 for 30 minutes. The method was previously developed and validated by our group

(Nguyen et al. Submitted for validation to Occlugel 14 April 2011). Microspheres were

characterized by oscillatory measurements in the linear regime. Frequency sweeps from 0.01

to 40 Hz were performed under a constant strain of 0.04%. The gap value was chosen as 200
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µm for beads having diameter between 100-315 µm and as 300 µm for 315-500 µm beads.

Three rheological parameters were registered on different aliquots of the same batch of

microspheres at various hydrolysis times: the storage (or elastic) modulus G�, the loss (or

viscous) modulus G�� and the phase angle � (defined by tan � = G��/G�). Rheological

measurements were carried out in triplicate for each sample. Means and standard deviations

of G�, G�� and � were calculated.

3. Results and discussions

Hydrogel microspheres were prepared by radical crosslinking reaction between a degradable

crosslinker containing two double bonds and comonomers (such as PEGMMA Mw. 300 and

methacrylic acid). First of all, degradable crosslinkers were synthesized.

3.1. Biodegradable crosslinker synthesizes

Two structures of crosslinker were developed in this study: diblock and triblock.

The diblock system used a PEG containing initiator for ring-opening polymerization of lactide

and/or glycolide in the presence of small amount of catalyst Sn(Oct)2 (Fig. 1). This step,

inspired by the synthesis developed previously by Lutz et al. (Lutz et al. 2004), led to a high

yield whatever the initiator used (> 95 %).
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Figure 1.Synthesis of the diblock PEGMA4L4G crosslinker (asymmetric structure).

Appropriate quantity of lactide and/or glycolide (compared to the amount of initiator) can be

introduced to form the desired length of PLGA chain as shown in Table I. The second double

bond was then introduced at the PLGA extremity by a standard esterification of hydroxyl

group in the presence of methacryloyl chloride. Characterization by 1H NMR allowed to

calculate the polymerization degree of lactide/glycolide (PDL, PDG) and the methacrylate

functionality � of the macromonomer (Table I). Figure 3 showed NMR spectra of different
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crosslinkers wherea represented the first double bond, introduced by the initiator (HEMA or

PEGMA) andb the second double bond issued from the second step of the preparation.
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Figure 2. Synthesis of the triblock TEG4L4G crosslinker (symmetric system).



Travaux expérimentaux – Chapitre 1

7 « Microspheres résorbables pour embolisation et chimio-embolisation »

Figure 3. 1H NMR spectra of degradable crosslinkers PEGMA4L4G (A), HEMA12L12G

(B), HEMA4L4G (C) and TEG4L4G (D).

The triblock crosslinker was prepared according to a method first describedby Sawhney et al.

(Sawhney et al. 1983) using TEG as initiator and a mixture of lactide / glycolide to form the

PLGA-TEG-PLGA crosslinker (Fig. 2). This method was widely used by many research

groups for various medical applications (Burdick et al. 2001, Zhu and Ding 2006, Mahoney

and Anseth 2006, Chan-Park et al 2006, Burdick et al. 2006, Shah et al. 2006, Clapper et al.

2008, Bencherif et al. 2008, Bencherif et al. 2009, Hao et al. 2009� ). As the synthesis of
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diblock crosslinkers, the first step led to a total consumption of monomers. In the second step,

esterification was performed on both extremities to form the symmetric triblock crosslinker.

For both types of synthesis, good methacrylate functionality� of the macromonomer was

obtained (Table I). Except for the HEMA5G crosslinker, the degree of the second double

bond addition were high (> 90 %) whatever the length of either the initiator or the degradable

PLA or PLGA chain (Table I).The small value of � and reaction yield of HEMA5G

crosslinker may be explained by a high crystallinity and low solublilityof the macromer when

only glycolide was used as degradable material.

TABLE I - Crosslinker characterizations by NMR analysis

Type of crosslinker PDL / PDG

methacrylate

functionality �

Yield

(%)

Diblock

HEMA5L 5 / 0 98 70

HEMA5G 0 / 6 50 50

HEMA4L4G 5 / 5 97 64

HEMA12L12G 13 / 11 99 66

PEGMA4L4G 5 / 5 90 68

Triblock TEG4L4G 4 /4 90 74

The two models with possibilities to modulate the PLGA and PEG length allow us to obtain a

large range of crosslinkers. The major difference between them remained in the position of

ethylene glycol (EG) groups: before the PLGA segment (asymmetric system) or in the middle

of the PLGA segment (symmetric structure). This difference in the structure of the crosslinker

may affect the swelling of the microsphere and in turn the degradation rate.
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3.2. Biodegradable microspheres synthesizes

Direct suspension polymerization is a well known method, developed in the early1900s by

Hoffman and Delbruch (Hoffman and Delbruch 1909). This is the method of choice for the

synthesis of microspheres with large diameter from small monomers containing double bonds,

especially in the case of crosslinking polymerization (Dowding and Vincent 2000). The

conditions of suspension polymerization (reactor geometry, stirrer, speed of agitation) were

previously optimized in our group to promote the formation of large size microspheres (> 300

µm) and at the same time to minimize the amount of aggregates. PVA was chosen as the

stabilizing agent as it is widely used in formulation of microspheres for biomedical

applications, including for embolisation therapeutic (Spenlehauer et al. 1986).Salts were

added to the dispersion to reduce solubility of the organic monomer in the aqueuse phase.

This decreased also the possible polymerization initiation in the continuous phase that would

promote formation of aggregates.

PEGMMA Mw. 300 was chosen as the comonomer in our system in order to form

biocompatible, elastic and swellable microspheres. In some preparations, methacrylic acid

was added to introduce carboxylic acid functionality. The rational behind this incorporation

was that this hydrophilic group was expected to increase the swellability of the microspheres

by attracting more water molecules in the hydrogel. It was believed that this may help to

modulate the degradation rate of the microspheres. In addition, the carboxylic acid groups

incorporated in the hydrogel structure may be available for drug loading by ionic interactions

or covalently addition.
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Different types of microspheres were prepared by copolymerization ofthe various

synthesized crosslinkers (Table II). Less than 10% of aggregates were obtained for all

batches. Whatever the crosslinker used, well spherical microspheres were obtained (Fig. 4).

Size distributions (before sieving) obtained from two different batches of same composition

were found to be very similar (Table II). These results demonstrated a good reproducibility of

the method of synthesis. Microspheres obtained from the different types of crosslinkers

incorporated at the same ratio (3%) had similar diameters in water. When the molar

percentage of the same crosslinker HEMA4L4G increased from 1 to 6%, a slight decrease of

the diameter was observed from around 350µm to 290µm. Incorporation of methacrylic acid

as comonomers (47%) did not modify the size of microspheres swelled in water and prepared

with the same amount of crosslinker (3%). The neutral form of methacrylic acid seems not to

influence on the microsphere size when they were dispersed in water. However, a different

behavior may be expected if the microspheres are dispersed in a media containing ions.

It was reported in the literature that hydrogels including copolymers of PLGA in equal

proportion of lactic acid and glycolic acid (50/50) were degraded more rapidly than pure PLA

or PGA (Middleton and Tipton 2000). Since the aim of this work is to develop a rapid

resorbable microsphere, only microspheres prepared by copolymerization of PEGMMA with

crosslinkers included PLGA 50/50 were considered for further evaluation.



Travaux expérimentaux – Chapitre 1

« Microspheres résorbables pour embolisation et chimio-embolisation »

TABLE II � Size distribution before sieving (in water) of different direct suspension

polymerization batches prepared with various compositions in co-monomers and

crosslinkers. The low percentage of aggregates found in dispersions indicated the good

quality of the preparations.

Microspheres Batch n° 1 Batch n° 2

Comonomer Crosslinker
D[4,3]
(µm)

Span
aggregates

(%)
D[4,3]
(µm)

Span
aggregates

(%)

PEGMMA
Mw. 300

HEMA4L4G-1% 344 0.87 1 352 0.80 1

HEMA4L4G -
3%

325 0.62 6 367 0.92 4

HEMA4L4G -
6%

293 0.75 5 290 0.60 5

HEMA12L12G-
3%

299 0.58 5 319 0.56 4

PEGMA4L4G-
3%

330 0.71 12 335 0.68 11

TEG4L4G-3% 315 0.58 3 306 0.60 2

PEGMMA
Mw. 300

+
methacrylic

acid

HEMA4L4G -
3%

323 0.58 12 354 0.94 9

Fig. 4 showed an example of size measurement on a batch of microspheres HEMA4L4G-3%

before and after sieving. All size distributions had a Gaussian form with a single peak. The

obtaining results were in agreement with that expected after sieving in the range of 100-315

µm and 315-500 µm. Diameters of the sieved microspheres between 315 and 500 µm were

listed in Table III.
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Figure 4. Micrographs of HEMA2L2G-3% microspheres before sieving (A), after sieving of

100-315 µm (B) and 315-500 µm (C) and their respective size distributions (D, E and F). Bar

Scale = 400 µm.

The mass fraction of the random close packing microspheres is a key parameter of

microspheres. It is necessary for further studies, especially in rheology where it is important

to always perform measurements at the same concentration of microspheres as that greatly

influences the obtained moduli (Taylor & Bagley 1975). Therefore, it is primary to quantify

the mass fraction of various samples to make sure that they give a similar value. Mass fraction

values of the different sieved microspheres were listed in Table III. No significant difference

in mass fraction was found between measurements performed on swelled microspheres in

water and in PBS, as shown in Fig. 5A and in Table III. This result indicated that all types of

microspheres were packed similarly that the rheological measurements were assured to be

studied at the same condition.
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TABLE III - Characterizations of microspheres after sieving 100-315 µm and 315-500 µm.

S
ie

vi
ng

 (
µ

m
)

Microspheres

Size distribution Mass fraction fWM (%) Mass swelling QW0 (g/g)
Rheological results

at 1 Hz

D[4,3]

(µm)
Span in water in PBS pH 7.4 in water in PBS pH 7.4

G0�

(103 Pa)

�0

(°)

31
5-

50
0

HEMA4L4G-1% 417 0.45 60.1 ± 0.8 57.9 ± 0.6 7.32 ± 0.20 5.96 ± 0.31 2.3 ± 0.2 4.0 ± 1.8

HEMA4L4G -3% 393 0.60 69.4 ± 0.4 69.0 ± 0.5 3.91 ± 0.15 3.22 ± 0.18 4.3 ± 0.1 7.3 ± 0.5

HEMA4L4G -6% 414 0.57 66.5 ± 0.2 64.7 ± 0.4 2.76 ± 0.06 2.04 ± 0.11 8.9 ± 1.3 9.1 ± 0.8

HEMA12L12G-3% 342 0.54 69.1 ± 0.2 65.8 ± 1.1 3.19 ± 0.08 2.55 ± 0.06 7.2 ± 0.1 6.8 ± 0.2

PEGMA4L4G-3% 368 0.60 62.5 ± 0.2 3.57 ± 0.03 7.3 ± 0.3 5.0 ± 1.6

TEG4L4G-3% 390 0.61 68.4 ± 0.6 3.29 ± 0.07 5.6 ± 0.7 9.0 ± 1.6

10
0-

31
5

HEMA4L4G -3% 277 0.66 65.6 ± 1.5 3.47 ± 0.11 9.8 ± 1.1 3.4 ± 0.2
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The swelling behavior of the various microspheres was evaluated by mass swelling

measurements in water and in PBS pH 7.4 (Table III and Fig. 5B). Measurement performed

on microspheres with 1, 3 and 6 molar % of crosslinker HEMA4L4G showed that the higher

the crosslinking ratio, the lower the obtained swelling capacity was, whatever the medium in

water or in PBS (Fig. 5B). As also observed in Fig. 5B, at the same cross-linking percentage,

microspheres swell more in water than in PBS. This can be explained by a salting out effect

due to the presence of salts in PBS.
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It was also observed that almost no difference was obtained between microspheres formed

from the different crosslinkers including 4L4G segments at the same crosslinking ratio (3

molar %) (Table III). Microspheres HEMA12L12G-3% swelled less than those formed from

HEMA4L4G crosslinker at the same density. This is due to the hydrophobic character of the

long PLGA crosslinking chain found in HEMA12L12G, which prevents microspheres from

swelling. That explains also why HEMA12L12G-3% beads have a slightly smaller size than

the others (Table II for microspheres before sieving and III for sieved ones).It is noteworthy

that microspheres HEMA4L4G-3% of size class 100-315 µm swell slightly less than those
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sieved from 315 to 500 µm. This can be explained by the difference in the ratio between the

surface and the volume of the microspheres in the two ranges of size considered here.

Rheological measurements were performed on different microspheres in order to quantify

their elasticity/rigidity (Table III). In fact, for their application in embolization, microspheres

must pass through the catheter to reach the targeting point. Thus, they must be elastic enough

to pass through the catheter without being broken. Moreover, they need to have enough

rigidity to resist to blood pressure at the target site and therefore play their embolic role. All

types of microspheres studied in rheology demonstrated a nearly pure elastic behaviour as

indicated by the very low value of �at a frequency above 1 Hz (< 10°). The lower the ratio of

crosslinking agent in the microspheres, the smaller the value of �was (Fig. 6B). Moreover, it

is noteworthy that an increase of crosslinking density of microspheres implied a higher

rigidity, as shown fromthe elastic modulus G�of each microsphere presented in Fig. 6A.
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Figure 6.Elastic modulus G� (A) and delta (B) of 315-500 µm microspheres forming from

1%, 3% and 6% HEMA4L4G crosslinker

After the obtained results, the swelling and the rheological parameters of microspheres

obtained with different crosslinking ratios were correlated. Rhelogical measurements give

information on the balance rigidity/suppleness of microspheres. As microspheres are
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hydrogels, they contain large amount of water and their suppleness also depends on the

amount of water inside. Therefore, when the cross-linking density rises, the swelling capacity

is lower and the elasticity of microspheres reduces significantly.

By comparing microspheres HEMA4L4G-3% (containing only 2 ethylene glycol(EG)),

TEG4L4G-3% (having 4 EG) and PEGMA4L4 (containing 5EG) (Table III), it can be

observed that the G� value was increased with the length of the PEG segment incorporated in

the crosslinker while it has only marginal effect on the swelling properties of the

microspheres. Thus, the balance PEG/PLGA in the crosslinker was also identified as a

parameter influencing the rheological properties of microspheres with a lower extend

compared to that of the crosslinking ratio. Although we do not have an explanation on these

phenomena, it appeared from these results that the incorporation of longer PEG segments in

the crosslinker did not improve the elastic properties of the microspheres as it was initially

postulated.

Moreover, the rheological studies on microspheres HEMA4L4G-3% sieved between 100 and

315 µm showed a remarkable higher value (9.8 ± 1.1 kPa) compared to those sieved from 315

to 500 µm (4.3 ± 0.1 kPa). This phenomenon may be explained by the higher swelling ratio

observed with the larger microspheres.

Comparing to a typical commercial non degradable microspheres used presently for

embolization (Embospheres® 300-500 �m, G� = 2730 Pa), as measured in the same

conditions, degradable microspheres proposed in this paper have elastic modulus higher or

equal. It is therefore possible to conclude that low cross-linking microspheres (less than 6%

molar) can be suitable for injection.
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4. Conclusions

We have developed a panel of hydrolysable microspheres based on PLGA and PEG for

therapeutic embolization. The variety of microspheres was created not only by modulating the

molar % of the crosslinker but also by changing its nature (PLGA length, PEG length and the

position of PEG chain). Moreover, methacrylic acid can be added as another comonomer

which may accelerate the hydrolysis process. The suspension polymerization synthesizes

provide microspheres with small size distribution and good yield. Synthesizedmicrospheres,

sieved from 100 to 315 µm and from 315 to 500 µm, were swellable and showed elastic

properties. Their swelling capacity and their elasticity were demonstrated to be intrinsically

dependant on the density of crosslinking. The longer the PLGA chain, the more hydrophobic,

the less swellable and the more rigid microspheres obtained. Results suggested that easily

deformable microspheres being suitable for embolization can be obtained with a maximum of

6% molar ratio of degradable crosslinker.
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3.Etude des conditions d�obtention de

microsph�res d�hydrogel r�sorbables par

polym�risation en suspension inverse

Dans le cas de la polymérisation en suspension inverse, les monomères sont

solubilisés dans une phase aqueuse qui est dispersée dans un milieu organique. Le principe

g�n�ral de la polym�risation d�un agent de r�ticulation avec un ou plusieurs co-monomères

(méth)acryliques utilisée dans ces travaux est similaire à la polymérisation en suspension

directe présentée précédemment. Néanmoins, le choix des co-monomères et des agents

amorceurs de la polymérisation radicalaire a du être adapté pour permettre la solubilisation

dans l�eau. Ainsi, la synth�se de l�agent r�ticulant a �t� r�alis�e sur le mod�le de la synth�se

proposé par Sawhney et collaborateurs [Sawhney et al. 1993] et la chaîne de PEG retenue

pour ces synth�ses �tait d�une longueur moyenne de 25 unit�s d��thyl�ne oxyde (Mw. 1500

g/mol) (Figure 4). Pour obtenir les microsphères, les amorceurs de la polymérisation

radicalaire retenus ont été le persulfate d�ammonium et le N,N,N�,N�-tétraméthyléthylène

diamine (TEMED).

Une première étape de validation de la méthode de polymérisation a été réalisée en

mettant en �uvre des monom�res et agents de r�ticulation commerciaux conduisant �

l�obtention d�un hydrogel non d�gradable. L�agent de r�ticulation d�gradable synth�tis� au

laboratoire pour pr�parer des microsph�res r�sorbables par cette m�thode a �t� mis en �uvre

dans une deuxième étape.
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3.1. Mat�riels

Le lactide et  le glycolide ont été fournis par Biovalley. Les différents produits : Span

80®, ammonium peroxodisulfate (AP), N,N,N',N'-tetramethylethylenediamine (TEMED), N-

dim�thyle acrylamide (DMA), poly�thyl�ne glycol m�thyle �ther m�thacrylate d�une masse

molaire moyenne de 1100 g/mol (PEGMMA 1100), et le réticulant N,N'-

Méthylènebisacrylamide (MBA) de pureté minimale à 99% ont été fournis par Sigma Aldrich

(France). La triéthyleamine(TEA), l�octoate d'étain (Sn(Oct)2) le poly�thyl�ne glycol d� une

masse moyenne de 1500 g/mol (PEG1500) et lechlorure d�acide m�thacrylique ont �t�

fournis par Fluka (France). N-acryloyle tris(hydroxyméthyle) aminométhane (Tris) a été offert

par la soci�t� Biosphere Medical. L�acide acrylique, fourni par Sigma Aldrich, a �t� neutralis�

à 75% (AAn) par une solution de NaOH 2,5 M en maintenant la température à 0°C. Les

solvants (> 99 % de puret�) ont �t� utilis�s sans aucune purification suppl�mentaire. L�eau

pure a été distribuée par le système de purification miliQ 185. Les réactions de polymérisation

en suspension ont été effectuées dans unr�acteur d�une capacit� maximale d�un litre. Le

syst�me d�agitation �tait �galement compos� d�un moteur d�agitation IKA ® Eurostar Digital.

Les produits obtenus ont été caractérisés par spectrométrie RMN du proton (Brucker 300

MHz).

3.2. M�thodes de synth�ses

+ Synth�se d�un agent r�ticulant hydrolysable soluble dans les milieux acqueux

Le Schéma de la réaction et les conditions de synthèse du réticulant à base de

PEG15008L8G sont données dans la figure 4. La procédure de synthèse est identique à celle

du TEG4L4G décrite dans la partie précédente (cf. page 97) en remplaçant le TEG

(tétraéthylène glycol) par du PEG1500.
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La fonctionnalisation en m�thacrylate � du macromonom�re, le degr� de polym�risation

de l�acide lactique PDL et celui de l�acide glycolique PDG ont été déterminés à partir des

spectres RMN du proton du produit synthétisé.1H NMR (acétone-d6)�(ppm): 6.16 (m, 2H x

�, CHH=), 5.71 (m, 2H x �, CHH=), 5.22 (m, 1H x PDL, PLA), 4.90 (m, 2H x PDG, PGA),

4.28 (m, 4H, PEG), 3.58 (m, 2H x n, PEG), 1.94 (m, 6H x �, methacrylate), 1.53 (m, 3H x

PDL, PLA).
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Figure 4. Synthèse de 1500PEG8L8G, agent de réticulation destiné à la préparation des

microsphères dégradables par polymérisation en suspension inverse.
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+ Synthèse de microsphères

Les études préliminaires sur les synthèses de microsphères par polymérisation en

suspension inverse ont �t� tout d�abord optimisées sur un réticulant non dégradable : MBA

(figure 5) et en petite quantité (200 mL de phase continue).

Figure 5. Le réticulant non dégradable hydrosolubleN,N'-Méthylènebisacrylamide (MBA).

Une solution de Span 80 à 1% w/w est préparée en utilisant 200 mL de cyclohexane

puis elle est introduite dans le r�acteur muni d�un syst�me d�agitation m�canique. La solution

est purg�e avec de l�azote pendant 15 min. La phase aqueuse est ensuite pr�par�e en

dissolvant le réticulant MBA et les co-monomères (DMA, Tris, PEGMMA 1100, AAn) en

quantit�s variables dans un volume total de 38 mL d�eau (Tableau I). Le persulfate

d�ammonium (0,4 g) est ensuite ajout� au m�lange de monom�res puis la solution est purg�e

avec l�azote pendant 15 min. Cette solution aqueuse purgée est introduite dans le réacteur

sous agitation mécanique (300 et 500 rpm). Une fois la suspension stabilisée, 2 mL de la

solution de TEMED à 0,05 g/mL sont ajoutées dans le réacteur. Le système est maintenu sous

agitation pendant 2h à 70°C. Les microsphères sont récupérées par filtration sur des tamis en

inox puis lav�es avec des quantit�s abondantes d��thanol et d�eau.

Les microsph�res obtenues ont �t� observ�es � l�aide d�un microscope optique (BH2

Olympus) �quip�e d�une cam�ra Mightex. Les diam�tres des microsphères ont été évalués par

granulom�trie en suspension dans de l�eau en suivant le protocole d�crit pr�c�demment

(page 99).
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3.3. R�sultats

+ Synth�se d�un agent r�ticulant hydrolysable soluble dans les milieux acqueux

L�analyse par RMN du proton a montré que le réticulant a bien été synthétisé. Le

degr� de polym�risation de l�acide lactique PDL est proche de 6. La même valeur a été

obtenue pour le degr� de polym�risation de l�acide glycolique PDG. Le degré de

polymérisation est en théorie égal à 8et cette diff�rence s�explique par la pr�sence de traces

d�eau (provenant probablement du PEG) dans le milieu réactionnel; l�eau a r�agit avec une

certaine quantité de lactide et de glycolide en les transformant en acides lactiques et

glycoliques, bien moins réactifs que le lactide et le glycolide dans ces conditions

r�actionnelles. La fonctionnalisation en m�thacrylate � du macromonom�re n�est que de 40%,

comme le montre l�int�gration des 2 doubles liaisons (Figure 6, pics a). Le faible taux de

fonctionnalisation peut �tre expliqu� par l�humidit� r�siduelle dans le PEG malgr� la

purification réalisée avant la réaction. Le réticulant 1500PEG8L8G synthétisé est symétrique

(comme le TEG4L4G présenté précédemment). Les deux doubles liaisons apparaissant au

m�me endroit sur le spectre RMN, il n�est pas possible de d�terminer avec pr�cision la

quantit� de r�ticulant dans le produit isol� � l�issue des 2 �tapes de la synth�se. Nous ne

pouvons seulement estimer que la proportion de réticulant dans le mélange varie entre 0 et

40% molaire. Il est donc nécessaire de trouver une méthode alternative efficace pour éliminer

les traces d�eau pr�sentes dans le PEG et ainsi augmenter la quantit� de r�ticulant. Une

fonctionnalisation en m�thacrylate � proche de 100% comme obtenu avec d�autres types

d�amorceurs nous permettra d�obtenir une proportion de r�ticulant comprise dans une

fourchette moins large et plus proche de 100%.
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Figure 6.Spectre1
H RMN du r�ticulant 1500PEG8L8G soluble dans l�eau.

+ Synthèse de microsphères

Les conditions de synth�se des microsph�res d�hydrogel par la m�thode de

polymérisation en suspension inverse ont été explorées en réalisant des polymérisations avec

une s�rie de monom�res solubles dans l�eau copolym�ris�s par voie de polym�risation

radicalaire avec un agent réticulant non hydrolysable - le MBA (Tableau I).

Dans les conditions de polymérisation utilisées, les réactions de polymérisation ont

conduit à des synthèses de microsphères avec un très bon rendement (dans la plupart des

expériences cit�es, la quantit� d�agr�gats repr�sente moins de 10% massique). L�observation

des microsphères par microscopie optique démontre que les particules obtenues sont bien

sphériques (Figure 7A).
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Figure 7. Microsphères non dégradables contenant 2% de réticulant MBA obtenues par

polymérisation en suspension inverse observées par microscopie optique en suspension dans

de l�eau (A) et allure de la courbe donnant leur distribution en taille (B) avant tamisage.

L��chelle = 400 �m.

Tableau I - Conditions de polymérisation en suspension inverse permettant la

préparation de microsphères

Réaction
réticulant AAn DMA Tris PEGMMA agitation Tailles des

MS obtenuesnom (%) (%) (%) (%) (%) (rpm)

ISP-ND1

MBA

(non

dégrad-

able)

2 44,3 53,7 400 100-315 µm

ISP-ND2 2 44,3 53,7 350
100-315

et 15-500 µm

ISP-ND3 2 44,3 53,7 300
100-315

et 15-500 µm

ISP-ND4 2 44,3 40,3 13,4 400 100-315 µm

ISP-ND5 8,5 91,5 400 100-315 µm

ISP-ND6 4 47 49 450
100-315 µm

+ agrégats

ISP-ND7 4 29 18 49 450 100-315 µm

ISP-ND8 10 27 16 47 450 100-315 µm

ISP-ND9 12 32 56 450 100-315 µm

ISP-ND10 20 24 14 42 450 100-315 µm

ISP-D1 1500PEG

8L8G

2 44,3 53,7 450 Agrégats

ISP-D2 0,8 45 54,2 400 MS invisibles
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Les mesures de taille des particules sont effectuées par granulométrie en suspension

dans de l�eau. Par exemple, pour des microsph�res ISP-ND1 formées avec 2 % molaire en

réticulant, 53,6 % en DMA et 44,3 % en AAn sous une agitation de 400 rpm (Tableau I), nous

avons obtenu des microsphères de tailles comprises entre 200 et 400 µm (Figure 7B). Les

valeurs statistiques : D[4,3] = 222 µm, Span = 1,27.

Dans un deuxième temps, la méthode de polymérisation en suspension inverse a été

appliquée à la synthèse de microsphères hydrolysable en substituant le réticulant non

d�gradable (MBA) par l�agent de r�ticulation hydrolysable synth�tis� au laboratoire.

L�obtention de microsph�res dans ces nouvelles conditions exp�rimentales est apparue plus

difficile. En effet, la masse importante du r�ticulant peut �tre � l�origine d�une augmentation

de la densité des gouttelettes. Il serait donc plus difficile de les maintenir en suspension dans

les conditions d�agitation identiques. De ce fait, les microsph�res form�es auraient tendance �

tomber au fond du réacteur et à former des agrégats. Une diminution du taux de réticulant a

permis d�obtenir des microsph�res. Ce r�sultat est coh�rent avec l�hypoth�se pr�c�dente

puisqu�une diminution de la concentration du r�ticulant contribue � r�duire la densit� de la

phase aqueuse. Néanmoins, ces microsphères obtenue en diminuant le taux de réticulant sont

difficilement obsevables. En effet, compte tenu de leur faible taux de réticulation, elles

pr�sentent un tr�s faible contraste lorsqu�elles sont en suspension dans de l�eau. Il n�a donc

pas été possible d�obtenir de photo par microscopie optique des microsph�res hydrolysables

obtenues malgr� l�utilisation d�un mode d�observation en contraste de phase. En outre, les

mesures de tailles par granulom�trie en voie liquide (dans de l�eau) sont �galement basées sur

la diff�rence d�indice de r�fraction entre les particules et l�eau. La tr�s faible diff�rence de

contraste entre les microsphères et le milieu de dispersion a également constitué un handicap

pour réaliser ces mesures. Ceci est expliqué par un taux de gonflement très important de
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l�hydrogel dont la composition se rapproche alors trop de celle du milieu de dispersion : leur

indice de réfraction sont alors trop similaires pour les distinguer. Au total, sur les nombreux

essais réalisés en modifiantla quantit� d�agent r�ticulant, une seule condition de synth�se a

conduit � l�obtention de microsph�res avec un rendement sup�rieur � 50% calcul� sur la base

des agrégats isolés. Ces conditions sont résumées dans le tableau I.



Travaux expérimentaux – Chapitre 1

130 « Microspheres résorbables pour embolisation et chimio-embolisation »

4. Synth�se de microsph�res d�hydrogel

hydrolysables charg�es en principe actif

Si l�objectif premier de ce travail de th�se est de d�velopper des microsph�res

dégradables pour des applications en embolisation, nous avons exploré la possibilité de les

charger en principes actifs. En effet, l�incorporation d�un principe actif au dispositif

d�embolisation constitu� par les microsph�res pourrait apporter une valeur ajout�e en le

transformant simultan�ment en syst�me � lib�ration contr�l�e et locale d�une substance active

une fois l�embolisation r�alis�e. L�incorporation de principes actifs dans des mat�riaux

d�embolisation n�est pas nouvelle et pr�sente notamment un int�r�t en chimio-embolisation

des tumeurs malignes comme par exemple pour le traitement de l�h�patocarcinome (HCC)

[Ryder et al. 1996, Geschwind et al. 2003]. Elle permet de concentrer la charge

médicamenteuse au niveau de la tumeur réduisant la distribution du principe actif dans les

autres tissus et donc les effets indésirables et la dose totale de principe actif à administrer. Les

principes actifs associ�s aux mat�riaux d�embolisation sont dans ce cas des anticanc�reux

comme la streptozocine. D�autres mol�cules actives pourraient �tre int�ressant d�associer aux

emboles sont des molécules ayant un effet antalgique. Leur présence dans l�embole et leur

lib�ration locale apr�s positionnement de l�embole pourraient contribuer au confort des

patients en r�duisant l�intensit� des douleurs provoqu�es par une embolisation th�rapeutique.

En quittant le champ d�application de l�embolisation, les microsph�res d�hydrogel r�sorbables

charg�es en principes actifs pourraient �tre int�ressantes pour le traitement d�autres

pathologies qui nécessitent un traitement local avec une action prolongée du principe actif.

L�arthrose est un exemple pertinent de pathologie répondant à ces critères. Un traitement par

anti-inflammatoires local et prolongé pourrait être proposé par injection des microsphères

résorbables chargées en ibuprofène directement dans les articulations.
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L��tude du chargement en principe actif des microsph�res d�hydrogel hydrolysable a

�t� r�alis�e par deux m�thodes. L�une a �t� bas�e sur un chargement des microsph�res par

gonflement des microsph�res lyophilis�es dans un milieu contenant le principe actif, l�autre a

été réalisée par copolym�risation d�un monom�re correspondant � une prodrogue du principe

actif retenu. Les travaux ont été menés sur deux molécules modèles :

- la streptozocine a été retenue pour ses applications potentielles en chimio-

embolisation avec la technique de chargement par gonflement des microsphères

lyophilisées.

- Une prodrogue de l�ibuprofen a �t� utilis�e comme mol�cule mod�le d�anti-

inflammatoire. L��tude de son incorporation aux microsph�res a �t� r�alis�e par la

méthode de copolymérisation avec les autres monomères.

4.1. Chargement des microsph�res par une m�thode de gonflement

Le travail r�alis� en vue de proposer des microsph�res d�embolisation r�sorbables

charg�es en principe actif anticanc�reux destin� � mettre en �uvre des traitements de tumeur

par chimio-embolisation. Le principe de la méthode de chargement pour cette étude était basé

sur le gonflement des microsphères lyophilisées dans une solution de principe actif (la

streptozocine). La manipulation des molécules anticancéreuses étant contraintes à des risques

toxicologiques importants, elle doit être réalisée dans des locaux spécialement aménagés et

par du personnel formé à ces manipulations. Dans ce contexte, notre contribution à ce travail a

�t� limit�e � des exp�riences pr�liminaires mettant en �uvre des solutions tampons ne

contenant pas la substance active. Elle avait pour objectif de préciser les conditions de

réalisation du chargement des microsphères synthétisées par la technique du gonflement dans

les conditions d�utilisation envisag�es par les cliniciens. Nous avons donc mesuré avec
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précision la quantité de microsphères sèches absorbant 1 mL de solution saline à 0.9% (Figure

8).

1 mL
solution

NaCl 0,9%

A B

Figure 8. Observation macroscopique du gonflement des microsphères HEMA4L4G-3%

(tamisées 315-500 µm) dans 1 mL de solution physiologique (0,9% NaCl). A. Microsphères

sèches conditionnées dans un flacon à sertir. B. Microsphères gonflées dans 1 mL de solution

physiologique.

Un exemple de l��tude du gonflement sur les microsph�res HEMA4L4G-3% (tamisées

315-500 µm) suivi par microscopie optique est présenté en Figure 9. Nous pouvons remarquer

tout d�abord que les particules lyophilis�es gardent leur forme sph�rique. Elles collent entre

elles � l��tat sec mais en pr�sence d�eau, elle gonfle de mani�re remarquable et se d�tachent

totalement. Nous obtenons des microsphères identiques à celles avant le processus de

lyophilisation.

Le travail a été réalisé sur plusieurs types de microsphères synthétisées (dégradables et

non dégradable) par polymérisation en suspension directe ou en suspension inverse selon les

méthodes décrites précédemment et sur deux fractions de tailles isolées par tamisage : 100-

315 µm et 315-500 µm. Le tableau II donne les conditions de chargement des différentes

microsphères identifiées au cours de ces travaux. Les différentessynth�ses d�un m�me type

de microsphères (HEMA4L4G-3%) ont fourni exactement le même taux de gonflement (donc

la même quantité de produit absorbant 1 mL de solution saline). Ces résultats ont démontré
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une bonne répétabilité de la synth�se. L�ajout de l�acide m�thacrylique dans la formulation de

microsph�res en suspension directe les a permis de gonfler d�avantage. Cela explique une

diminution de la quantité de microsphères nécessaires pour absorber 1 mL de solution saline.

Dans les synthèses par polymérisation en suspension inverse, une augmentation en quantité

d�acide acrylique neutralis� � 75% a fourni des microsph�res avec une plus grande capacité de

gonflement. En outre, comme il pouvait être attendu, plus le taux de réticulation est important

(MBA 10%, MAB 20%), moins les microsphères gonflent.

Limite d�eauMS sèchesMS sèches

400 µm 400 µm

400 µm

=

H2O

100 µm

MS en train de gonfler

Figure 9. Observation du gonflement des microsphères HEMA4L4G-3% lyophilisées par

microscopie optique.
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Tableau II - Conditions de chargement des microsph�res d�hydrogel par la m�thode du gonflement. Détermination de la quantité de

microsphères lyophilisées nécessaires pour absorber un volume total de 1 mL de solution saline à 0,9%.

Type de microsphères Méthode

de

synthèse

Masse de microsphères absorbantes

1 mL de solution saline à 0,9 %

Réticulant Co-monomère(s)
Fraction

100-315 µm

Fraction

315-500 µm

HEMA4L4G 3% PEGMMA Mw. 300 97% (1ère lot)

P
ol

ym
ér

is
at

io
n 

en
su

sp
en

si
on

 d
ire

ct
e

0,190 g

HEMA4L4G 3% PEGMMA Mw. 300 97% (2èmelot) 0,190 g

HEMA4L4G 3% PEGMMA Mw. 300 49% + acide méthacrylique 48% 0,059 g

HEMA4L4G 3% PEGMMA Mw. 300 49% + acide méthacrylique neutralisé 48% 0,037 g

HEMA4L4G 2% PEGMMA Mw. 300 48% + PEGMA Mw. 360 50% 0,155 g

MBA 2% AAn 44,3% + DMA 53,6%

P
ol

ym
ér

is
at

io
n 

en
su

sp
en

si
on

 in
ve

rs
e

0,039 g

MBA 3,5% AAn 54,5% + PEGMMA Mw.1100 42% 056 g

MBA 4% AAn 29% + DMA 18% + Tris 49% 0,070 g

MBA 4% DMA 47% + Tris 49% 0,078 g

MBA 10% AAn 27% + DMA 16% + Tris 47% 0,120 g

MBA 10% AAn 41% + DMA 49% 0,078 g

MBA 20% AAn 24% + DMA 14% + Tris 42% 0,200 g
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4.2. Chargement des microsph�res par copolym�risation d�une

prodrogue d�un agent anti-inflammatoire

Par ailleurs, le traitement d�embolisation entra�ne en g�n�ral une douleur li�e � la

nécrose tissulaire. Particulièrement pour le traitement des fibromes utérins, les patients

peuvent subir des douleurs pelviennes sévères [Pron et al. 2003]. Ces douleurs apparaissent en

deux temps: la premi�re phase dans les heures qui suivent l�op�ration (li�e � l�isch�mie des

tissues sains et aussi du fibrome) et la seconde au bout de 7 à 10 jours (principalement due à

la n�crose du fibrome). Pour soulager les patients, une dose importante d�antalgique est

souvent prescrite. Par exemple, pour l�ibuprof�ne, la dose est g�n�ralement de 600-800 mg

par prise, 5 à 6 fois par jour pendant environ 1 semaine [Pron et al. 2003]. Dans la littérature,

il existe d�j� une m�thode qui consiste � administrer localement de l�ibuprof�ne directement

dans le cath�ter avant l�embolisation mais elle ne peut soulager la douleur seulement jusqu��

quelques heures apr�s l�op�ration [Pisco et al. 2008]. Le relargage cibl� et plus prolong�

(jusqu�� plusieurs jours) de l�ibuprof�ne gr�ce � son association aux microsph�res pour

embolisation pourrait constituer un large bénéfice pour le confort du patient. Cela permettrait

de cibler le principe actif au site de la douleur et par cons�quent d�augmenter l�efficacit� du

traitement antalgique tout en réduisant de manière remarquable la dose nécessaire. Un autre

avantage qui peut �tre relev� est d�ordre �conomique puisqu�il permettrait �galement de

r�duire le temps d�hospitalisation des patients.

Un chargement en ibuprof�ne de mani�re passive (simple absorption de l�ibuprof�ne

aux microsphères déjà synthétisé) permet de diminuer la douleur dans les heures qui suivent.

Pour traiter la deuxième phase de douleur, il a été proposé de réaliser une association

covalente de l�ibuprof�ne : une prodrogue polym�risable de l�ibuprof�ne a �t� introduite

directement dans le milieu de synthèse des microsphères pour être incorporée dans les chaînes

de polym�re formant le r�seau tridimensionnel de l�hydrogel.
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En préliminaire à la synthèse des microsphères chargées en ibuprofène, deux

prodrogues d�ibuprof�ne (Figure 10) ont �t� synth�tis�es au laboratoire en adaptant deux

protocoles décrits dans la littérature [McCoy et al. 2007, Babazadeh 2006, Babazadeh 2008].

Les schémas réactionnels sont présentés sur les Figures 10 et 11. Ces prodrogues ont été

retenues car elles permettent une libération de la molécule de principe actif originale sous la

simple action d�une hydrolyse aqueuse de la liaison ester incluse dans la structure de la

molécule.

A B

Figure 10. Structure chimique des 2 prodrogues HEMA-ibu (A) et GMA-ibu (B)

d�ibuprof�ne polym�risables synth�tis�es au laboratoire. La flèche indique la liaison ester

permettant de lib�rer l�ibuprof�ne par hydrolyse.

Mat�riels

Méthacrylate de 2-hydroxyéthyle (HEMA) de pureté > 99 %, méthacrylate de

glycidyle (GMA), N,N'-dicyclohexylcarbodiimide (DCC), 4-diméthyle aminopyridine

(DMAP) et hydroquinone de pureté au moins 99% sont fournis par Sigma Aldrich (France).

Ibuprofène est fourni par BASF Pharma (Allemagne). Les sels minéraux NaCl, NaHCO3 et

MgSO4 sont fournis par Fluka (France). Les solvants (> 99 % de pureté) ont été utilisés sans

aucune purification suppl�mentaire. L�eau pure est distribu�e par le syst�me de purification

miliQ 185.

Les produits obtenus ont été caractérisés par spectrométrie RMN du proton (Brucker

300 MHz).
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M�thode de synth�se des prodrogues ibuprof�nes

o HEMA-ibu [McCoy et al. 2007]

Dans un ballon muni d�un agitateur magn�tique, ibuprof�ne (1,65 mmol, 0,34 g) et

DMAP (0,09 mmol, 0,01 g) sont solubilisés dans du CH2Cl2 (4 mL) sous atmosphère inerte

(Argon). Le m�lange d�HEMA (1,65 mmol, 0,21 g) et de DCC (1,65 mmol, 0,34 g)

solubilisés dans du CH2Cl2 (2 mL) est ensuite ajouté dans le ballon réactionnel à 0°C. Après

24 h de réaction à 0°C, le mélange obtenu est filtré. Le produit brut est purifié par colonne

chromatographique sur gel de silice avec un éluant cyclohexane/ ac�tate d��thyle: 2/1 v/v.

Rendement 86%.

1H NMR (acétone-d6)�(ppm): 7,16 (dd, C6H4, ibuprofène), 5,59-5,98 (m, CH2=C), 4,31 (m,

CH2-CH2, HEMA), 3,75 (q, phenyl-CH-COO-, ibuprofène), 2,44 (d, CH2-phenyl,

ibuprofène), 1,85 (m, CH3, methacrylate + CH, isopropyl, ibuprofène), 1,43 (d, CH3-CH,

ibuprofène), 0,88 (d, CH3, isopropyl, ibuprofène).
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Figure 11. Schéma réactionnel de la synthèse et analyse RMN de la prodrogue HEMA-ibu.
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o GMA-ibu [Babazadeh 2006, Babazadeh 2008]

Dans un ballon muni d�un agitateur magn�tique, GMA (9,5 mmol, 1,348 g),

ibuprofène (9,5 mmol, 1,955 g), hydroquinone (0,2 g) et pyridine (2 mL) sont solubilisés dans

du DMF (5 mL), Après 6 h de réaction sous vide à 40°C, le mélange obtenu est neutralisé

avec une solution saturée en NaHCO3 (20 mL), La phase organique est extraite trois fois avec

de l�ac�tate d��thyle, puis lav�e avec une solution satur�e en NaCl et finalement s�ch�e sur du

MgSO4, Le produit brut est en suite purifié par colonne chromatographie sur gel de silice avec

un �luant cyclohexane/ac�tate d��thyle: 5/1 v/v. Rendement 46%.

1H NMR (CDCl3) �(ppm): 7,16 (dd, C6H4, ibuprofène), 5,60-6,12 (m, CH2=C), 4,08-4,19 (m,

CH2-CH(OH)-CH2, GMA), 3,75 (q, phenyl-CH-COO-, ibuprofène), 2,45 (d, CH2-phenyl,

ibuprofène), 1,94 (s,CH3 méthacrylate, GMA), 1,85 (m, CH-iPr, ibuprofène), 1,51 (d, CH

isopropyl, ibuprofène), 0,89 (d, CH3, isopropyl, ibuprofène).
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Figure 12. Schéma réactionnel de la synthèse et analyse RMN de la prodrogue GMA-ibu.
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Ensuite, les prodrogues ont été utilisées dans la réaction de polymérisation en

suspension directe en tant qu�un co-monomère avec comme réticulant le PEGDMA (non

dégradable), TEG4L4G ou le TEG8L8G (Tableau III) par la méthode précédemment décrite

(cf. page 97). Différentes quantités de chargement en ibuprofène ont été effectuées

(théoriquement entre 12 et 26 % massiqueen dose d�ibuprof�ne par rapport � la masse totale

des microsphères sèches).

R�sultats

Les figures 11 & 12 montre les spectres RMN des deux prodrogues synthétisées. Les

deux molécules ont été synthétisées avec de bon rendement après purification par

chromatographie sur silice (86% pour le HEMA-ibu et 46% pour GMA-ibu).

Les microsphères contenant une des prodrogues synthétisées se révèlent plus hydrophobes

que celles sans incorporation de l�ibuprof�ne. En effet, une partie de co-monomère PEG

permettant le gonflement des microsphères a été remplacé par du monomère prodrogue. Par

cons�quent, elles gonflent moins dans l�eau et nous obtenons peu de microsph�res de taille

supérieure à 315 µm (Figure 13).
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Figure 13. Microsphères HEMA4L4G-3% chargées en ibuprofène (théoriquement 6 mg

d�ibuprf�ne dans 100 mg de microsph�res) de mani�re covalente observ�es par microscopie

optique en suspension dans de l�eau (A) et allure de la courbe donnant leur distribution en

taille (B) avant tamisage. L��chelle = 400 �m.
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Dans une deuxième étude, nous avons synthétisé des petites microsphères

biodégradables (taille 40-100 µm) chargées en ibuprofène de manière covalente pour le

traitement de l�arthrose. Notre contribution � ce travail a �t� d��tudier les conditions de

synthèsede microspsh�res d�hydrogel hydrolysable incorporant de l�ibuprof�ne par une

m�thode de copolym�risation d�une prodrogue polym�risable de l�ibuprof�ne. Destin�es �

être implantées dans des articulations, les microsphères devant servir de forme à libération

prolong�es d�ibuprof�ne devaient �tre de tr�s petite taille compar�es � celles pr�par�es pour

les applications en embolisation. Les méthodes de synthèse des microsphères développées

pr�c�demment pour la synth�se de microsph�res d�hydrogel hydrolysables pour embolisation

ont été adaptées pour obtenir des microsphères de plus petit diamètre (compris entre 40 et 100

�m). Plus pr�cis�ment, une augmentation de la vitesse d�agitation (de 250 rpm � 500 rpm)

nous a permis de former des microsphères de la taille souhaitée (Figure 14).

100 µm100 µm

Figure 14. Microsphères TEG4L4G-3% chargées en ibuprofène (théoriquement 12 mg

d�ibuprf�ne dans 100 mg de microsph�res) de mani�re covalente, tamis�es entre 40 et 100

�m, observ�es par microscopie optique en suspension dans de l�eau. L��chelle = 400 �m.

Le tableau III donne un résumé des conditions de synthèse des microsphères chargées

en ibuprofène synthétisées par cette méthode.
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Tableau III �Synthèses des microsphères chargées en ibuprofène de manière covalente

Microsphères Réticulant Comonomère Prodrogue
Chargement
théorique

Référence 1
(dégradables non chargées)

TEG4L4G
3%

PEGMMA
Mw.300

0 0

Référence 2
(non dégradables chargées)

PEGDMA
4%

HEMA-ibu
12 mg ibuprofène
/100 mg MS

MS-ibu1
TEG4L4G
5,4%

HEMA-ibu
12 mg ibuprofène
/100 mg MS

MS-ibu2
TEG8L8G
2,6%

HEMA-ibu
26 mg ibuprofène
/100 mg MS

MS-ibu3
HEMA4L4G
3%

HEMA-ibu
6 mg ibuprofène
/100 mg MS

Les microsphères chargées en ibuprofène et les microsphères de références

(correspondantes non chargées en ibuprofène) ont été transmise pour analyse afin de mener

des études de libération du principe actif in vitro et des études in vivo chez la brebis.
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Chapitre 2

D�veloppement de m�thodes de

caract�risation de la d�gradation

des microsph�res hydrolysables
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Introduction

Au cours de la première partie des travaux, une méthode originale de préparation

d�hydrogels hydrolysables a �t� propos�e. Elle a permis d�obtenir la synth�se de ces hydrogels

sous la forme de microsphères en une seule étape. La structure du réseau de polymère

constituant ces microsphères inclus un agent réticulant comportant des segments hydrolysables

en milieu aqueux. Ces segments ont été incorporés pour permettre une résorption définie dans

le temps apr�s l�implantation des microsph�res in vivo dans la lumi�re vasculaire par

embolisation.

La deuxième partie du travail a été consacrée au développement de méthodes de

caractérisation des microsphères et plus particulièrement de leur dégradation. Selon

l�hypoth�se qui a guid� le choix des composants utilis�s pour synth�tiser les microsph�res, la

d�gradation de ces derni�res devrait se faire par hydrolyse des ponts contenant l�agent de

r�ticulation dans la structure du r�seau de polym�re. Cette d�gradation s�accompagnerait

d�une diminution du taux de r�ticulation de l�hydrogel ce qui se traduirait par une modification

mesurable des propriétés de résistances mécaniques et des propriétés visco-élastiques des

microsphères [Clapper et al. 2007, Bencherif et al. 2009, Payet 2010].

Dans la littérature, peu de méthodes sont décrites pour mesurer ces propriétés sur des

microsph�res et donc permettre d�en �valuer les modifications d�coulant de la dégradation du

réseau de polymère les constituant. Les seuls procédés connus consistent à mesurer le module

de Young d�une seule microsph�re par une m�thode de compression [Hidaka et al. 2010].

Cette méthode présente plusieurs limites. Elle ne peut être appliquée que sur de grandes

microsph�res dont la taille est de l�ordre de plusieurs centaines de microm�tres (en g�n�rale au

dessus de 300 µm pour faciliter les manipulations). Par ailleurs, elle impose de réaliser un
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grand nombre de mesures pour avoir un résultat statistique satisfaisant et exige de.matériels

sophistiqu�s. Confront�s � ces limites, notre d�marche a �t� d�explorer le potentiel de

méthodes rhéologiques couramment utilisées pour caractériser les propriétés visco-élastiques

des hydrogels en les adaptant aux spécificités de notre population de microsphères

hydrolysables.

Des conditions de mesure par une méthode de rhéologie ont été recherchées et la

sensibilité de la méthode à des modifications du taux de réticulation a été explorée sur une

série de microsphères non dégradables synthétisées avec des proportions molaire de

réticulation variables compris entre 1 et 11% (par rapport à la totalité des monomères

introduits dans le milieu de polymérisation). La méthode a été, dans une deuxième étape,

test�e sur des microsph�res d�gradables dans des conditions favorables � l�hydrolyse.

Les r�sultats de ce travail ont permis d�adapter les conditions de mesures pour

caractériser les propriétés visco-�lastiques d�un hydrogel sous la forme de microsphères. Les

mesures peuvent ainsi �tre r�alis�es � l�aide d�une cellule de g�om�trie plateau-plateau entre

lesquels une monocouche de microsphères homogène et continue est introduite. Les

caractéristiques rhéologiques des microsphères ont été évaluées en balayage de fréquences

sous une contrainte constante de 0,04%. Les microsphères étudiées ont démontré des

propriétés quasi-élastiques  (très faible valeur de delta).  Nous avons également observé une

relation intrins�que entre leur module �lastique G� et leur degr� de r�ticulation. L�application

de la méthode à un type de microsphères dégradables placées dans un milieu favorisant

l�hydrolyse des segments hydrolysables incorpor�s dans le structure du polym�re de hydrogel

a permis de mettre en évidence une modification mesurable du module élastique au cours du

temps. Cette modification mise en évidence est en accord avec une diminution du taux de

r�ticulation de l�hydrogel constituant les microsph�res et peut �tre attribu� � un ph�nom�ne
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résultant de leur dégradation. Cette conclusion est renforcée par des mesures de pH visant à

suivre la libération des produits de dégradation des microsphères. En effet, une bonne

corrélation a été mise en évidence entre l'acidification du milieu d'incubation des microsphères

et la diminution du module élastique de ces dernières, confirmant que les modifications des

propriétés rhéologiques peuvent être directement liées à la dégradation des microsphères. Ces

travaux ont permis de développer un outil pertinent de caractérisation des microsphères, qui

est suffisamment sensible pour permettre en outre de suivre leur dégradation.
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Abstract

This work aimed to develop a rheological method to characterize degradation of microspheres

made of chemically crosslinked hydrogels. Conditions to measure rheological properties of

microspheres remaining as individual microspheres during measurement were established.

Relevant and reproducible measurements could be obtained with a rheometer equipped with a

plate-plate measurement cell in which a homogenous and continuous monolayer of

microspheres was inserted in the gap between the plates. Storage modulus of microspheres

was determined under an imposed strain of 0.04% with an oscillatory measurement mode

working at various frequencies. The microspheres showed almost pure elastic properties while

their storage modulus was affected by the degree of crosslinking. In the second part of the

work, the method was applied to investigate the degradation of microspheres made of a

hydrolysable crosslinked hydrogel. The method was found suitable to monitor the degradation

of the microspheres by measuring the storage modulus over time. A good correlation was

highlighted between acidification of the incubation medium due to the release of degradation

products and the decrease of the storage modulus of the microspheres indicating a reduction of

the crosslinking of the hydrogel resulting form the degradation process.

Keywords: rheology, crosslink, hydrogels, microsphere, degradation
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1. Introduction

Hydrogels are the synthetic biomaterial class the most similar to natural living material

(Ratner and Hoffman 1976, Peppas et al. 2000). They consist of three-dimensional crosslinked

macromolecular networks with a capacity of water absorbing up to thousand times their dry

weight without dissolving (Kopecek 2002, Hoffman 2002). This unique property contributes

to their soft consistency and biocompatibility. Therefore, they are receiving many attentions in

developing biomaterials for medical applications including tissue engineering, cell

encapsulation, drug delivery (Caldorera-Moore and Peppas 2009, Kopecek 2009). For many of

the applications in biomedical field, properties of hydrogels need to fulfill appropriate

mechanical properties. Rheology remains one of the most employed methods used to

characterise gels from their formation to their intimate properties. Indeed, rheological

properties are sensitive to the degree of crosslinking of the material and were widely used to

follow the kinetic of crosslinking reaction used during formation of chemically crosslinked

hydrogels (Vermonden et al. 2006, Moura et al. 2007, Neamtu et al. 2009, Payet et al. 2010).

Various experimental conditions are suitable to study rheological properties of hydrogel. The

most commonly used include time sweep at constant frequency and strain (Vermonden et al.

2006, Moura et al. 2007, Neamtu et al. 2009) or frequency sweep at constant shear stress

amplitude (Payet et al. 2010). Forming hydrogels can be also characterized by different

rheological methods i.e. frequency sweep, strain sweep or stress sweep mode (Khalid et al.

1999, Gever et al. 2011). It is noteworthy that these methods were mainly applied to

characterize bulk gels while their application to monitor degradation of hydrogels including

chemical crosslinks remains marginal. This is contradictory to the fact that rheological

properties of hydrogels are sensitive to the degree of crosslinking and are suitable to follow gel

formation during crosslinking reaction. Thus, it can be assumed that it could also be used more

systematically to monitor a decrease of the crosslinking ratio occurring during degradation of a
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hydrolysable crosslinked hydrogel. Only a few studies have actually applied rheological

methods to follow degradation of hydrogels made either from a biodegradable polymer

network (Zustiak and Leach 2010, Potta et al. 2009) or by the association of opposite charged

microspheres (Van Tomme et al. 2006). In all cases, it was demonstrated that the rheological

properties of the gels were modified during degradation and that the methods were suitable to

monitor the degradation of such materials. This is an advantage over all the other methods of

characterisation of polymers such as GPC, DSC,1H NMR which can not be applied to

characterize materials made of three dimensional polymer networks since they are not soluble

in any solvent.

Although well applied for the characterization of bulk hydrogels, it is noteworthy that their

application to the characterization of hydrogels under the form of nano- and microparticles has

raised a very limited number of works so far (Raquois et al. 1995). The aim of our work was to

develop a method based on rheological measurements that would be suitable to characterize

hydrogels occurring as individual microspheres and to follow their degradation by hydrolysis

of their crosslinking bonds. The first part of the work aimed to set up experimental conditions

providing with reproducible measurement of the rheological characteristics of hydrogel

microspheres with different degrees of reticulation. In the second part of the work, the

rheological method was applied to monitor the degradation of hydrogel microspheres

containing hydrolysable crosslinking bonds.
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2. Materials and methods

2.1. Materials
Poly(ethylene glycol methyl ether methacrylate) (PEGMMA) of number-average molecular

weight 300 g/mol, poly(ethylene glycol dimethacrylate) (PEGDMA) of number-average

molecular weight 575 g/mol, poly(vinyl alcohol) (PVA) (MWn 89,000-98,000 g/mol 99+%

hydrolysed) were purchased from Sigma-Aldrich (St. Louis, USA). Molar mass values were

given by supplier. Azobisisobutyronitrile (AIBN) used as polymerization initiator was

obtained from Acros Organic (Geel, Belgium). Analytical grade solvents were supplied by

Carlo Erba (Val de Rueil, France). All chemicals were usedas purchased without further

purification.

Phosphate buffer saline (PBS) (58 mM, 150 mM NaCl) at pH 7.4 was used as incubation

medium for the microsphere degradation study.

Ethylene glycol-co-tetralactic-co-tetraglycolic dimethacrylate (HEMA4L4G) (Fig. 1) was

synthesized according to the method previously described by Moine et al. 2011 (Moine et al.

2011).

4

Figure 1 Chemical structure of the hydrolysable crosslinker Ethylene glycol-co-tetralactic-co-

tetraglycolic dimethacrylate (HEMA4L4G) used in the synthesis of degradable microspheres.
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2.2. Methods
2.2.1. Synthesis of crosslinked hydrogel microspheres

Microspheres were prepared by direct suspension polymerisation by the method described in

Moine et al. 2011. A 0.75% solution of PVA (300 mL) was introduced into a 500 mL reactor

and allowed to stand under a nitrogen atmosphere for 15 min. The dispersed phase containing

the crosslinking agent and a co-monomer, PEGMMA, at various molar ratios were solubilized

in 12 mL of toluene and degassed by bubbling nitrogen through the solution for 15 min. Non

degradable microspheres were synthesised with PEGDMA as crosslinking agent at different

molar ratios (expressed as percentage of the total monomers) ranging from 1 to 11 % (Table I).

Degradable microspheres were synthesized using 3 % (in molar ratio regarding total amount of

monomers) of HEMA4L4G as the crosslinking agent. Preparation of the microspheres was

continued as followed in all cases. The dispersed phase containing the co-monomers dissolved

in toluene was introduced into the aqueous phase at 30°C and agitated at 250 rpm. AIBN (0.3

g) was solubilized in 2 mL of toluene and was then added into the reactor. The temperature

was increased to 70°C and the reaction was allowed to proceed under stirring for 15 h at 70°C.

The microspheres were washed with acetone and water before they were sieved over the

following series of sieves (Inox sieve with mesh size 630, 500, 315, 100, 40 µm) (Fisher

scientific, Illkirch, France). Particles retained by the sieve with a mesh size of 315 µm

corresponding to microspheres with diameter ranging from 315 to 500 µm were kept for the

present study. They were immediately freeze dried after preparation and purification and

stored at -20°C until use.

2.2.2. Degradation studies

Samples of dried microspheres (0.100 ± 0.002 g) were suspended in 15 mL of PBS pH 7.4

and incubated at 37°C under lateral stirring at 100 rpm (Incubator shaker KS4000i� IKA).
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Three essays were performed for each time point (0, 1, 3, 5, 10, 14 and 21 days). At the

different incubation times, the supernatant and the microspheres were separated for pH and

rheological measurements respectively.

2.2.3. Characterizations of microspheres

Morphology and size analysis
Microspheres obtained after synthesis or during the degradation process were observed by

optical microscopy. The optical microscope (OLYMPUS BH2 Microscope) was equipped

with leitz PL2.5/0.08 and Olympus Dplan 10 objectives and a Mightex camera. At less 25

micrographs were taken for each sample.

Particle size distribution was determined by laser diffraction on Mastersizer S apparatus

(Malvern Instrument Ltd.) at 25°C. Dry beads were dispersed in water and were allowed to

swell for 15 mins before measurement. They were then introduced in the QSpec small volume

sample dispersion unit. Homogenous circulation between the latter and the measurement cell

was performed by means of 1000 rpm magnetically stirring. The quantity of microspheres was

added in order to obtain an obscuration between 5 and 10 %. Each injection was analyzed 3

times. Granulometry was analyzed using the Fraunhofer optical model. Results were presented

in % volume distribution using the volume/mass moment mean diameter D[4,3] (equation 1)

and the span of their size distribution (equation 2)

With « ni » et « di » represented the number of particles with a define diameter

D[v, 90] is the volume diameter above which it includes 90% of the distribution.

D[v, 50] is the volume diameter above which it includes 50% of the distribution.

D[v, 10] is the volume diameter above which it includes 10% of the distribution.

�nidi
4

�nidi
3

D[4,3] = (1) Span =
D[v, 50]

D[v, 90] �D[v, 10]
(2)
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Mass fraction measurements of microspheres
The mass fraction of the microspheres in concentrated suspensions obtained after

sedimentation was determined as followed. A weighting boat was prepared with a preweighted

piece of filter paper above which was placed a preweighted piece of organza. A sample of the

concentrated suspension of microspheres obtained by sedimentation was plaved over the

organza. The mass measured, Wsed, corresponded to the weight of the wet microspheres

(WWM) and the weight of the surrounded liquid. As organza showed a mesh size much below

the size of the smaller microspheres and it did not absorb water, it retained the microspheres

while the surrounded liquid was absorbed by the filter paper placed below. By weighting

separately the pre-weighted piece of organza with the microspheres and the pre-weighted

piece of filter paper having absorbed the liquid surrounding the microspheres, it was possible

to determine the weight of wet microspheres (WWM) and that of the surrounding liquid. The

mass fraction of the microspheres (fwm) expressed as a percentage can then be calculated from

equation 3.

Determination of the Swelling ratio of the microspheres
The same procedure as described above was used to evaluate the weight of the wet

microspheres (WWM). Then the isolated wet microspheres were freeze dried and weighted

again after drying to measure their dried weight (WDM). The mass swelling ratio was then

calculated from equation 4:

fWM =
WWM x 100

WSed

(%wt.)  (3)

QW =
WWM �WDM

WDM

(4)
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pH measurements
The pH of each supernatant obtained during degradation process was measured with a

SevenMulti pH meter (Mettler Toledo) at 25°C.

Rheological measurements
The rheological properties of microspheres were evaluated by a Haake RheoStress 600

rheometer (Thermo Electron) equipped with a 35 mm plate-plate geometry. Measurements

were performed at 25°C (±0.02) and regulated with a Peltier plate. A solvent trap placed on

the geometry was used to prevent water evaporation during measurements. Microspheres were

allowed to sediment by gravity for 30 min prior sampling. The sediment with a mass fraction

in microspheres of 65 ± 3% was deposited on the inferior plate of the measurement cell.

Rheological experiments were performed using the oscillatory modes withan imposed strain.

The characterization of the microspheres included two steps that were carried out successively

including a shear sweep and a frequency sweep. Three rheological parameters were monitored

during each measurements which includedthe storage (or elastic) modulus G�, the loss (or

viscous) modulus G�� and the phase angle � (defined astan � = G��/G�).

At first, a shear sweep was performed to define the stable zone (plateau) of G� and G�� moduli

as a function of the applied strain (from 0.0001 to 0.1) at a constant frequency of the

oscillation (1 Hz). This experiment was performed on non degradable microspheres with a

crosslinking ratio ranging between 1 and 11 %. It allowed choosing a strain value in the linear

viscoelastic regime which was common for all systems.

Then G�, G�� moduli and phase angle� were determined at different frequencies of the

oscillation (0.01 - 100 Hz) for the different types of non degradable microspheres. In the case

of the degradable microspheres, the three rheological parameters were recorded on different

aliquots of the same batch of microspheres at various hydrolysis times.
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All measurements were performed in triplicate for each sample. Results were given as the

mean valueand standard deviation of G�, G�� and �which were calculated from the three

determinations.

3. Results and discussion

3.1. Microsphere synthesises

Degradable and non degradable microspheres were obtained with good production yield

(>80%). Particles were spherical (Fig. 2) and their diameter and size distribution were

comprised within the range of the size of particles (315-500 µm) expected from the sieve used

to isolate the microspheres after synthesis (Table I).

400 µm 400 µm400 µm

A B C

Figure 2 Morphological observations by optical microscopy of microspheres PEGDMA-1%

in different stages of the study. A - Before sieving. B - After sieving 315-500 µm, before

rheological study. C - After sieving 315-500 µm, after rheological study. Scale bar: 400 µm
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Table I Characteristics of microspheres obtained after sieving between 315 and 500 µm.

Sample name crosslink
ratio %

nature of
crosslink

D[4,3]
(µm)

Span
10-1

G� at 10 Hz

103 (Pa)
�at 10 Hz

(°)

PEGDMA-1% 1

PEGDMA
(non

degradable)

462 ± 2 3.5 ± 0.1 1.1 ± 0.1 7.9 ± 1.8

PEGDMA-2% 2 439 ± 2 4.0 ± 0.1 2.8 ± 0.1 5.6 ± 0.4

PEGDMA-2.5% 2.5 418 ± 3 5.0 ± 0.1 3.8 ± 0.2 4.2 ± 0.2

PEGDMA-3% 3 419 ± 1 4.6 ± 0.1 5.1 ± 0.7 4.3 ± 0.2

PEGDMA-4% 4 391 ± 2 2.1 ± 0.1 8.0 ± 0.4 3.6 ± 0.6

PEGDMA-5% 5 389 ± 4 2.3 ± 0.3 8.7 ± 0.1 4.4 ± 0.4

PEGDMA-6% 6 412 ± 2 4.8 ± 0.1 12 ± 1 4.1 ± 0.3

PEGDMA-7% 7 423 ± 1 5.0 ± 0.1 15 ± 1 3.0 ± 0.3

PEGDMA-9% 9 406 ± 2 5.8 ± 0.1 16 ± 1 3.8 ± 0.2

PEGDMA-11% 11 376 ± 1 2.7 ± 0.2 17 ± 1 4.7 ± 0.6

HEMA4L4G-3% 3
HEMA4L4G
(hydrolysable) 379 ± 2 7.3 ± 0.1 4.8 ± 0.2 7.7 ± 0.7

Swelling measurements were carried out for non degradable microspheres with different

crosslinking ratios. The swelling of the microspheres greatly depended on the crosslinking

agent concentration used during the synthesis (Fig. 3). Highly crosslinked microspheres

contained less amount of absorbed water while the lower the crosslinking the larger was the

swelling. This result agreed with what is generally observed considering bulk hydrogels

(Ibrahim et al. 2010, Wang et al. 2010).

Figure 3 Swelling ratio of microspheres as the function of their crosslinking ratio.
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3.2. Preliminary considerations to the development of the rheological
method for the characterisation of the microspheres
The purpose of the work was to develop a rheological method to characterize mechanical

properties of hydrogel microspheres while they remained under individual microspheres

during the entire process of the measurement. This was in contrast with many works in which

the properties of the hydrogel forming microspheres or nanospheres were approached by

measuring the rheological properties of a bulk hydrogel of the same composition (Hu et al.

2008, Kumachev et al. 2011). Preliminary experiments included the determination of the

concentration in microspheres of the suspensions used for rheological measurement and

determination of the gap between the plates of the measurement cell that needed to be used to

provide with relevant and reproducible experimental measurements.

3.2.1. Concentration in microspheres in the suspension:

The key parameter for rheological measurements of a suspension is that it must form a

homogeneous medium. In physical studies in general and particularly in rheology, the volume

fraction is frequently used to characterise the concentration of the dispersed phase in a

suspension. It is an important factor which greatly influences the obtained moduli in

rheological measurements (Taylor & Bagley 1975). This dependence is not only an issue for

suspensions but also for bulk hydrogels (Raquois et al 1995, Baker et al. 2007). As a

consequence, it was important to verify that all measurements were performed at the same

concentration in microspheres in the suspension throughout the study to be able to obtain

relevant comparable results. The volume fraction can be calculated by the ratio of the volumes

of all the particles (particles without the liquid entrapped in the void spaces subsisting between

microspheres) to the total volume of the suspension (particles plus dispersing liquid).

However, volume fraction is sometimes difficult to determine at it requires to know the
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density of the dispersed particles. This was the case with the hydrogel microspheres

investigated in the present study. A related factor can be used in the case which corresponds to

the mass fraction. This parameter can be measured from the determination of the weight of the

wet microspheres contained in a define weight of sample. The mass fractions measured for all

the suspensions used in this study at their maximal concentration obtained after sedimentation

for 30 min were 65 ± 3%. As the standard deviation was low between the different samples of

microspheres, it was considered that rheological measurements were performed on

suspensions at a constant mass fraction of the microspheres providing with results that could

be compared in relevant conditions.

3.2.2. Choice of the gap between plates of the measurement cell.

Sedimentation occurring during measurement is another parameter influencing results from

rheological evaluations performed on microsphere suspensions. To avoid sedimentation

phenomenon with the large size hydrogel microspheres dispersed in PBS, we choose a gap

between plates of the measurement cell in which only one layer of microspheres can fit in (i.e.

300 µm). The gap was then smaller than the mean size of the microspheres (microspheres

sieved between 315 and 500 µm) assuming that the microspheres formed a reproducible

homogenous monolayer of material between the plates of the cell measurement.

3.3. Rheological characterization of microspheres
3.3.1. Shear sweep studies:

First, experimental conditions needed to be identified to perform rheological measurements on

microspheres in relevant conditions. It was then verified that the material deposited in the

measurement cell underwent reversible deformation during shear solicitations. In general, this
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condition is fulfilled in the linear regime which corresponds to plateau values of G� and G��

shear moduli as a function of the strain.

In a first set of experiments, rheological behaviours of non degradable microspheres were

monitored under shear sweep to identify the range corresponding to the linear regime. Fig. 4

presents the results of the variationof G� and G�� shear moduli for two of the non degradable

microspheres used in this study while the experiment was performed for all non degradable

microspheres synthesized for this work (Fig. 4).

Figure 4 Determination of the range of the linear regime under controlled strain in experiment

with non degradable microspheres with crosslinking ratio of2% (A) and 6% (B). G�(open

symbols) and G��(closed symbols) moduli were monitored as a function of strain sweeping

from 0.001 to 10%. The grey hashed zones correspond to the linear regime and the dotted lines

indicate the positions of chosen controlled shear strain value (0.04%) for following

experiments.

According to the results obtained from these experiments, G� and G�� moduli were stable

between values of the strain ranging from 0.02 to 0.3% indicating the limits of the linear

regime for all types of microspheres. The imposed strain,�, chosen for exploring the

rheological behaviour of the microspheres in the oscillatory shear mode used in the next step

of the development of the method was 0.04%. It is noteworthy that this value of controlled
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strain is very low. It insured non destructive micro-shear preserving microspheres from being

damaged during rheological measurements. This was confirmed by a systematic observation

of the microspheres by optical microscopy after rheological measurements. This controlled

observation performed on the different microspheres after rheological measurements showed

that all types of microspheres remained well spherical and did not exhibited any fracture (All

data not shown, See for an example Fig. 2 C).

3.3.2. Frequency sweep studies:

Controlled strain mode with a constant strain at 0.04% was applied to study the visco-elastic

characteristics of the non degradable microspheres prepared with crosslinking ratios ranging

between 1 and 11 %. Experiments repeated three times on the same sample of microspheres

but by refilling the measurement cells with a new amount of sample always gave values in a

low range interval (ranging between 5 to 8 %). An example of the curves obtained showing the

mean value with standard deviation of the storage (G�) and loss (G��) moduli as a function of

frequency was plotted in Fig. 5A for the microspheres PEGDMA-1%. The two moduli G� and

G�� were almost independent on the variation of frequency in the whole range of the frequency

sweep. The rheological behaviour showed by the microspheres was typical of that of

chemically crosslinked hydrogels. The ratio G��/G�was roughly in the order of 0.1 and

appeared rather independent on the frequency. In agreement with this, the phase angle,�, was

nearly constant over the range of frequencies comprised between 0.05 and 40 Hz (Fig. 5B). In

those conditions, the value of the phase angle was around 8° indicating that the microspheres

behaved like a gel material with nearly pure elastic properties.

As shown in Fig.6, the storage modulus, G�, of the microspheres was almost independent on

frequency whatever their crosslinking density was. The value of the storage modulus taken at a
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frequency of 10 Hz increased with the degree of crosslinking of the microspheres (Table I,

Fig. 7).
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Figure 5 Influence of frequency on the rheological behaviour of the microspheres PEGDMA-

1%. Measurements were performed with the imposed shear strain at 0.04%. A - The storage

(G�) and loss (G��) moduli ; B �Phase angle�.

Figure 6 Determination of the storage modulus, G�, of non degradable microspheres with

different crosslinking density ( dark blue 1%, dark green 2%, light purple 2.5%, red 3%, cyan

4%, orange 5%, blue 6%, black 7%, pink 9%, dark purple 11%) at the oscillatory frequency of

10 Hz and under an imposed shear strain of 0.04%.
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Figure 7 Storage modulus,G� (A), and loss modulus,G�� (B), of hydrogel microspheres with

different crosslinking densities. Measurements were performed with an imposed shear strain at

0.04% and at an oscillation frequency of 10Hz. The line indicates is only a guide to highlight

the linear domains of the curve between the storage modulus and the degree of crosslinking of

the microspheres.

This was also the case considering theloss modulus, G� (Fig. 7B). The phase angle deduced

from these measurements ranged between 3 to 8° for the different microspheres (Table I). This

indicated that all microspheres showed nearly pure elastic properties.

For bothG� and G�parameters, a clear dependency between the rheological properties of the

microspheres and the degree of crosslinking appeared up to a crosslinking ratio of 7% while

above this degree of crosslinking the values of both moduli reached a plateau value. The

results obtained here can be discussed considering the theory of the rubber elasticity proposed

by Flory (Flory 1953) in which the storage modulus, G�, depends directly on the number of

crosslinkper elastically active chain, �e, and on a constant characterizing the polymer solvent
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system, �. The relation appearing between these parameters and the storage modulus is given

in equation 5.

G� = ��eRT (5)

where R is the universal gas constant and T the temperature.

The two parameters � and �e are related to the characteristics of a given hydrogel. According

to the Flory theory, they represent the swelling capacity of the gel. As a consequence, the

above-relation demonstrates the dependence between rheological moduli and swelling ratio of

hydrogels. It can be pointed out that the Flory theory applied well with the microspheres

considered in the present study. Both the storage modulus, G�, and the swelling ratio of

microspheres with degrees of crosslinking below 7% varied a lot (Fig. 3). In contrast, with

highly crosslinked microspheres (crosslinked density above 7%), very little differences in

swelling capacities were observed and the storage modulus reached a plateau value. According

to the above results the storage modulus of microspheres varied a lot with crosslinking degree

only with microspheres crosslinked at a maximum ratio of 7%. Considering these

microspheres, an almost linear relation was found between the two parameters (Fig. 7A). This

suggested that degradation of microspheres through hydrolysis of the crosslink bonds canbe

monitored by measuring the loss modulus of the microspheres during degradation experiments

performed on microspheres with an initial crosslinking degree below 7%.

3.4. Application of the rheological method to the characterization of the
degradation of hydrolysable microspheres
Degradable microspheres were synthesized using a hydrolysable crosslinker. The degradation

of these microspheres was believed to take place by hydrolysis of the crosslinking bonds

including lactic and glycolic acid segments. Thus, it was expected that the crosslinking density
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of the microspheres will be reduced during the degradation process which in turn could be

monitored by measuring the storage modulus of the microspheres over time. It was also

expected that the hydrolysis of the microspheres would be accompanied by the release of

carboxylic acids in the incubation medium coming from the hydrolysis of the ester bonds

included in the lactic and glycolic acid containing segments of the crosslinker. This effect can

be monitored by measuring the pH of the incubation medium. Thus, an acidification of the

incubation medium would signify that the microspheres degraded through the expected

hydrolytic mechanism while a decrease of the storage modulus would indicate a loss of

crosslinking bonds in the hydrogel structure of the microsphere.

Rheological measurements were performed in conditions established above on microspheres

incubated in PBS. In agreement with the work presented in the first part of this paper,

microspheres with a low initial crosslinking density (3%) were selected for this study.

Fig. 8 presents the results of the evolution of the pH of the incubation medium of microspheres

HEMA4L4G-3% monitored during the experiment. It shows a significant decrease in pH value

of the dispersing medium occurring from the start of the experiment up to the 10th day of the

incubation time. The decrease of pH monitored over the first 10 days of the incubation

indicated that the microspheres released acidic compounds in the incubation medium. This

was in agreement with the hydrolytic mechanism expected from the chemical nature of the

hydrogel composing the microspheres. After 10 days, the pH of the incubation medium

remained constant indicating that the degradation of the microspheres was stopped.
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Figure 8 Variation of pH of the incubation medium during incubation of the microspheres in

PBS at 37°C.

Fig. 9 presents the results obtained from the measurement of storage modulus,G�, of the

degradable microspheres HEMA4L4G-3% incubated in PBS over a period of time of 21 days.

A cleardecrease of G� was monitored between the start of the experiment (day 0) and day 10

where G� reached a plateau value. The loss modulus, G��, followed exactly the same tendency

over the same period of time. The value of the phase angle,�, remained constant and close to

8° during the whole period of time of the experiments indicating that the hydrogel remained as

an almost purely elastic material.

The fact that the storage modulus of the microspheres was decreased with time during the

incubation of the microspheres in PBS was in favour with a decrease of the crosslinking

density of the hydrogel forming the microspheres. The time scale in which the modification of

the rheological properties of the microspheres occurred correlated well with the time scale

during which the pH of the incubation medium dropped down. This last result suggested that

the modification of the rheological properties monitored during the incubation of the
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microspheres in PBS resulted from the degradation of the hydrogel through the hydrolysis of

the crosslinking bonds.

A B

Figure 9 Evolution of rheological properties of microspheres HEMA4L4G-3% during

incubation in PBS at 37°C. A -Storage (G�, open symbols) and loss (G��, closed symbols)

moduli. B -Phase angle �. The lines were drawn to serve as guides for the eyes.

4. Conclusions

Conditions to measure rheological properties of microspheres made of a chemically

crosslinked hydrogel and remaining as individual microspheres were established. It was

determined that relevant and reproducible measurements could be obtained with a rheometer

equipped with a plate-plate measurement cell in which a homogenous and continuous

monolayer of microspheres is inserted in the gap between the plates. The storage moduli of the

microspheres followed the theory of rubber elasticity suggested by Flory. It was affected by

the degree of crosslinking of the hydrogel forming the microspheres in the same crosslinking

density range than that affected the swelling ratio of the microspheres. Results from this work

also showed that degradation of hydrolysable crosslinked microspheres can be monitored by
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measuring their storage modulus over time by applying the rheological method of

characterization of microspheres developed in this work.
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Introduction

La derni�re partie de ce travail a �t� consacr�e � l��valuation de la d�gradation des

microsphères synthétisées avec les agents de réticulation hydrolysables par la méthode de

polymérisation en suspension directe. Ces travaux ont été réalisés in vitro par incubation des

microsph�res dans un milieu d�hydrolyse mod�le et par l��valuation des modifications des

propriétés visco-élastique des microsphères par la méthode de rhéologie précédemment

d�velopp�e. Les �tudes rh�ologiques ont �t� compl�t�es par le suivit de l�acidification du

milieu d�incubation r�sultant de la lib�ration de produits de d�gradation acide du polym�re

constituantl�hydrogel des microsph�res et du gonflement des microsph�res li� � la diminution

de la r�ticulation de l�hydrogel. Le suivit a �t� r�alis� sur des microsph�res pr�par�es avec

différents taux de réticulation et différents agents de réticulation hydrolysables sur une

période de 60 jours. Les résultats de cette étude ont montré que les microsphères se dégradent

seulement partiellement par hydrolyse. Le temps nécessaire pour rompre tous les ponts

dégradables varie entre 7 et 49 jours en modulant la composition des microsphères notamment

leur taux de r�ticulation ou la nature de l�agent r�ticulant. A l�issue de l�hydrolyse, les

particules subsistent et conservent une forme bien sphérique. Leurs caractéristiques

viscoélastiques ne sont plus modifiées et restentconstantes jusqu�� la fin de l�exp�rience qui a

été réalisée sur 60 jours. Les microsphères hydrolysées sont dans un état très gonflé et leur

module élastique est très faible (allant de 172 à 830 Pa) comparé à celui du départ. Les

résultats obtenus au cours de cette étude suggèrent que l'hydrogel formant les microsphères

s�hydrolyse mais que l�hydrolyse � elle seule ne permet pas une r�sorption compl�te des

microsph�res. Ceci sugg�re que l�hydrogel constituant les microsph�res est constitu� de

segments hydrolysables mais qu�il contient �galement des liaisons de r�ticulation non

hydrolysables empêchant la dégradation totale et la dissolution des microsphères. La
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formation de ces liaisons de réticulation non hydrolysables a pu être attribuée à une réaction

secondaire qui a été décrite dans la littérature dans le cas de la polymérisation radicalaire du

PEGMA, comonom�re utilis� dans la synth�se des microsph�res faisant l�objet de la pr�sente

�tude. Concernant la partie hydrolysable de l�hydrogel, ce travail permet de mettre en

�vidence l�influence du taux de r�ticulation et de la nature des agents de r�ticulation sur la

vitesse de d�gradation de l�hydrogel constituant les microsph�res et de d�gager une �chelle de

temps sur lequel se produit cette dégradation.
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Abstract

This work aims to monitor the hydrolysis of microspheres made of hydrogels synthesized

with different biodegradable crosslinkers. Methods used to monitor the hydrolysis evaluated

modifications of swelling and of rheological properties of the microspheres and variation of

the pH of the degradation medium. Degradation was studied over a period of 60 days and

results showed that all microspheres were only partially degraded through a hydrolytic

mechanism. Time for total hydrolytic degradation varied from 7 to 49 days and could be

finely tuned by modulating the composition of the microspheres in term of the degree of

degradable crosslinkings introduced in the hydrogel and the nature and structure of the

degradable crosslinker included in the hydrogel structure. After complete hydrolysis,

microspheres were still present but their characteristics were very different from those of the

starting material. They were highly swollen with a low elastic modulus (ranging from 172 to

830 Pa) and an almost ideal elasticity (delta = 7). This suggested that the hydrogel forming

the microspheres included also non hydrolysable crosslinking bonds. This hampers total

degradation and dissolution of the microspheres after degradation of the hydrolysable

crosslinks. Insignificant change in swelling capacity was found with crosslinking containing a

longer PEG chain. However, the longer PLGA chain of the crosslinker increased the elastic

modulus of microspheres.

Keywords: hydrogel, microsphere, hydrolysis, rheology, elasticity, degradable crosslink
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1. Introduction

Over the last decade, biodegradable hydrogels have been widely investigated for medical

applications including drug delivery, tissue engineering and cell encapsulation [Gombotz and

Pettit 1995, Alsberg et al. 2003, Nicodemus and Bryant 2008]. Because of their high water

content, hydrogels are considered as the synthetic biomaterials the most similar to natural

living [Ratner and Hoffman 1976, Peppas et al. 2000]. They were applied as delivery systems

for macromolecules such as proteins, peptides and RNA. In the field of tissue engineering,

biodegradable hydrogels form suitable scaffolds for the development of tissue and cells

[Ishaug-Riley et al. 1998]. When implantedin vivo, their in situ degradation is a tremendous

advantage because it avoids post-surgical interventions aiming to remove the implant [Nair

and Laurencin 2007]. However, the rate of degradation is a critical issue which needs to be

finely tuned according to the final application. This can be achieved by choosing appropriate

monomers and crosslinkers while designing the implantable device.

Recently, Moine et al. [Moine et al. 2011] have designed hydrogel microspheres including

hydrolysable crosslinks to be used as biomaterial for temporary embolisation. This technique

consists in the selective transcatheter occlusion of blood vessels and is interesting to apply to

stop hemorrhage or to treat arteriovenous malformation and tumors requiring a temporary

occlusion of the feed blood vessels. In these specific applications, re-canalisation is of

primary importance to help the organ recovery of its normal physiological functioning. It can

be made possible by using biomaterials with resorption time tuned according to the exact time

required for the duration of the occlusion.

The microspheres developed by Moine et al. were composed of a hydrogel obtained from the

polymerization of a poly(ethylene glycol) macromer of methylmethacrylate (PEGMMA)

including hydrolysable crosslinkers. The general structure of the crosslinkers was based on
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the model initially proposed by Shawhney et al. [Shawhney et al. 1993]. Such crosslinkers are

known to be cleaved by a simple hydrolysis occurring in aqueous media [Metters et al. 2000,

Metters et al. 2001]. Thus it is expected that degradation rate of such microspheres would be

only defined by the chemical composition of the biomaterial while it will remain insensitive

to the site of implantation in the patient and to the physiopathology of the patient. By varying

the chemical composition and the molar ratio of the crosslinking agent added to the principal

monomer PEGMMA different types of microspheres were synthesized. The present study

aimed to evaluate the degradation of these microspheres and to identify parameters that can be

adjusted to tune their degradation time in order to make them a suitable biomaterial device to

be used for temporary embolisation in the corresponding clinical indications.

2. Materials and methods

2.1. Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGMMA) (number-average molecular

weight (Mn) 300 g/mol), poly(ethylene glycol) dimethacrylate (PEGDMA) ( Mn 575 g/mol),

poly(vinyl alcohol) (PVA) (Mn 89,000-98,000 g/mol 99% pure) were purchased from Sigma-

Aldrich (St. Louis, USA). Mn of the different compounds were given by the supplier. 2,2'-

azobisisobutyronitrile (AIBN) was obtained from Acros Organic (Belgium). Analytical grade

solvents were supplied by Carlo Erba (France). All chemical products were used as received.

Phosphate buffer saline (PBS) (58 mM, 150 mM NaCl) at pH 7.4 was used as the incubation

medium for the microsphere degradation study. The PBS solutions were prepared following

the protocol previously described [Höglund et al. 2007].
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2.2. Synthesis of degradable microspheres

Four degradable crosslinking agents were synthesized as described elsewhere [Moine et al.

2011]. They were: Ethylene glycol-co-tetralactic-co-tetraglycolic dimethacrylate

(HEMA4L4G), ethylene glycol-co-dodecalactic-co-dodecaglycolic dimethacrylate

(HEMA12L12G), tetra(ethylene glycol)-co-tetralactic-co-tetraglycolic dimethacrylate

(TEG4L4G) and poly(ethylene glycol)-co-tetralactic-co-tetraglycolic dimethacrylate

(PEGMA4L4G) (see chemical formulas in Table I).

Degradable microspheres were obtained by direct suspension polymerisation. A PVA solution

(300 mL at 0.75% wt./v. PVA, NaCl 0.1M) was introduced in a 500 mL reactor and was

purged with nitrogen for 15 min. The dispersed phase was prepared by dissolving the two co-

monomers (13g) including the degradable crosslinking agent and PEGMMA in various molar

ratios (1/99, 3/97, 6/94%) in 12 mL of toluene. The solution was also purged with nitrogen for

15 min. Then, the dispersed phase was introduced into the aqueous phase at 30°C under

agitation at 250 rpm. The initiator, 0.3 g AIBN solubilized in 2 mL of toluene, was then

introduced into the reactor. The temperature was raised to 70°C and the reaction was allowed

to continue for 15 h under continuous stirring. Microspheres were washed with acetone and

water. The obtained microspheres were then sieved to collect fractions with a homogenous

size distribution ranging from 100 to 315 µm and from 315 to 500 µm. After sieving,

microspheres were immediately freeze-dried and kept at -20°C until used to preserve them

from hydrolysis.
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TABLE I �Crosslinking agents used for preparing different types of degradable microspheres

Crosslinker Chemical formula

HEMA4L4G

4

HEMA12L12G

12

12

12

12

PEG4L4G

44

TEG4L4G
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2.3. Degradation study

Dried microspheres (0.100 ± 0.002 g) were suspended in 15 mL of PBS pH 7.4   and

incubated at 37°C under lateral stirring at 100 rpm (Incubator shaker KS4000i� IKA). At

different time points (0, 1, 3, 7, 14, 21, 28, 42 and 60 days) and for each type of microspheres,

the supernatant and microspheres were separated and characterized by various methods to

evaluate changes in microsphere morphology (observation by microscopes), physical

properties (rheology studies) and release of degradation products (pH measurements of the

supernatants). Each time point was performed in triplicate.

2.4. Methods of Characterisations

2.4.1. Observation of the microsphere morphology

Microspheres obtained after synthesis or during the degradation process were observed by

optical microscopy. The optical microscope (OLYMPUS BH2 Microscope) was equipped

with leitz PL2.5/0.08, Olympus Dplan 10 objectives and a Mightex camera. At least 25

micrographs were taken for each sample.

Morphology of microspheres was also observed by scanning electron microscopy using a

LEO 9530, Gemini (France) at an accelerating voltage of 3kV (ICMPE, Thiais, France). Prior

to observations, samples were mounted on metal stubs, using carbon-conductive double-sided

adhesive tape, and coated with a 4 nm platinum/palladium layer under vacuum (Cressington

208 HR, Eloise, France).

2.4.2. Size measurements of microspheres

Particle size distribution was determined by laser diffraction on a Mastersizer S apparatus

(Malvern Instrument Ltd.) at 25°C. Dry beads were dispersed in water and were allowed to

swell for 15 min before measurement. They were then introduced in the QSpec small volume
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sample dispersion unit. Homogenous circulation between the latter and the measurement cell

was performed by means of 1000 rpm magnetically stirring. The quantity of microspheres

was added in order to obtain an obscuration between 5 and 10%. Each injection was analyzed

3 times. Granulometry was analyzed using the Fraunhofer optical model. Results were

presented in % volume distribution using the volume/mass moment mean diameter D[4,3]

(equation 1) and the span of their size distribution (equation 2)

�nidi
4

�nidi
3

D[4,3] = (1)

Span =
D[v, 50]

D[v, 90] �D[v, 10]
(2)

where ni represents the number of particles with a define diameter di.

D[v, 90] is the volume diameter below which is included 90% of the distribution.

D[v, 50] is the volume diameter below which is included 50% of the distribution.

D[v, 10] is the volume diameter below which is included 10% of the distribution.

2.4.3. Determination of the swelling ratio of microspheres before degradation

A well defined weight of dried microspheres (0.0100 ± 0.0002 g) was introduced in a 1 mL

graduated test tube containing 1 mL of PBS, pH 7.4. The test tube was sealed to avoid

evaporation of water and placed in an incubator at 37°C under orbital agitation (100 rpm). All

experiments were performed in triplicate.

The initial swelling ratio of the microspheres, QV0, was taken as the volume of the wet

microspheres at t0 (VWM0), evaluated 15 min after dispersion in PBS at 37°C over the weight

of dried microspheres (WDM), introduced in the test tube:

QV0 = VWM0 / WDM (3).

In our experiments, WDM = 0.01 g.
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VWM was determined from the sediment volume (VSed), measured in the graduated test tube

after sedimentation of the microspheres. This corresponded to the sum of the volume of the

wet microspheres and of the volume of PBS entrapped in the void spaces subsisting between

microspheres, Vvoid. Thus VWM can be deduced from equation 4 as followed:

VWM = VSed- Vvoid (4)

In turn, Vvoid can be estimated from the mass fraction of the free liquid surrounding the

microspheres assuming that its density was equal to 1. It was previously demonstrated that

Vvoid = 0.35 x VSed (5)

[Nguyen et al. Submitted for validation to Occlugel 14 April 2011] by weighing the free

liquid part of a known amount of sediment after separation of the microspheres. Thus, VWM

can be deduced from equation 5:

VWM = VSed(1 �0.35) = 0.65 x VSed (6)

Thus, from equations (3), (4) and (6), the volume swelling ratio of microspheres

Qv = 65 x Vsed(mL/g) (7).

2.4.4. Swelling kinetic of microspheres during degradation experiment (volume
swelling measurements)

In a 1 mL graduated test tube, 0.010 g (±0.0002 g) of dried microspheres was dispersed in 1

mL of PBS pH 7.4. The test tube was then sealed to avoid evaporation of water. Modification

of the swelling of the microspheres during degradation was followed by measuring Vsed at

different time intervals over a period of 60 days. Although the microspheres were maintained

at 37°C under orbital agitation for the whole duration of the study, the agitation was stopped

30 min prior to the measurement to allow sedimentation of the microspheres before direct



Travaux expérimentaux – Chapitre

�85 « Microspheres résorbables pour embolisation et chimio-embolisation »

reading of the volume of the sediment, Vsed, on the graduations of the graduated tube. All

readings were done in triplicate on each graduated tube and pictures of the tubes were also

taken for records. The volume swelling ratio Qv of the microspheres was calculated from the

value of Vsedread on the test tube using equation 7.

2.4.5. Measurement of the pH of the degradation medium

At defined incubation times, samples were let to sediment and their supernatants were

collected for pH measurements. The pH of each supernatant was measured with a SevenMulti

pH meter (Mettler Toledo) at 25°C.

2.4.6. Rheological characterisation of microsphere dispersion

Rheological properties of the microspheres were evaluated at different incubation time

according to a method recently developed in our group [Nguyen et al. Submitted for

validation to Occlugel 14 April 2011]. Measurements were performed using a Haake

controlled stress RS600 rheometer (Thermo Electron) equipped with a 35 mm plate-plate

geometry maintained at constant temperature, 25±0.02°C, with a Peltier plate. A solvent trap

placed on the geometry was used in order to prevent water evaporation during measurements.

Microspheres were deposited on the plateau at a mass fraction which corresponds to the

random close packing obtained after letting the suspension to settle in the incubation medium

for 30 minutes. Rheological properties of the microspheres were characterized by oscillatory

measurements in the linear regime. Frequency sweeps from 0.01 to 40 Hz were performed

under a constant strain of 0.04%. The gap between plates was chosen as 200 µm for beads

having diameters ranging between 100 and 315 µm and as 300 µm for microspheres with

diameter ranging from 315 to 500µm beads. Rheological parameters monitored on each

microsphere samples and at each time point were: the storage (or elastic) modulus G�, the loss
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(or viscous) modulus G�� and the phase angle � (defined by tan � = G��/G�). Rheological

measurements were performed in triplicate at each time point. Means and standard deviations

of G�, G�� and � were calculated.

3. Results

3.1. Characterisation of the microspheres:

Degradable microspheres were obtained with a good production yield (>80%). Particles

appeared spherical with a homogenous size distribution shown by a single peak with a

Gaussian shape (Fig.1). The mean diameter and size distribution of the different microspheres

are listed in table II. Results agreed with size distribution expected from the size fraction

selected during the sieving which was applied during the preparation of the microspheres (i.e.

either 315-500 µm or 315-500 µm). The initial swelling ratio of the microspheres crosslinked

at 3% were roughly the same indicating that it was not influenced by the nature of the

crosslinking agent. However, the initial swelling ratio varied a lot with the degree of

crosslinking, in agreement with general observations made on hydrogels [Ibrahim et al. 2010,

Wang et al. 2010].

Rheological measurements performed on the microspheres showed that G� varied with the

degree of crosslinking for a given crosslinker, the size of the microspheres and the chemical

nature of the crosslinker. The evaluation of the elastic properties revealed that all

microspheres behaved like nearly pure elastic material under the measurement conditions as

indicated by the very low value of � (< 10�).
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Figure 1 Optical micrographs of microspheres HEMA4L4G-3% obtained after sieving on

100-315 µm (A) and 315-500 µm (B) and their respective size distributions as evaluated by

laser light diffraction with a Mastersizer S (C) and (D). Bar Scale = 400 µm.

TABLE II �Initial characteristics of the microspheres prepared for the degradation studies.



Travaux expérimentaux – Chapitre

�88 « Microspheres résorbables pour embolisation et chimio-embolisation »

3.2. Monitoring of the microsphere degradation

Degradation of the microspheres was expected to take place through the hydrolysis of the

PLGA segment introduced in the structure of the crosslinking agent used to synthesize the

hydrogel microspheres. Such hydrolysis would transform ester groups in the PLGA chain into

acid functions, which in turn would decrease the pH of the incubation medium [Grizzi et al.

1995]. Thus, a first method of monitoring the microsphere degradation was based on the

measurement of the pH of the incubation medium over a period of 60 days. In parallel, the

degree of crosslinking of the hydrogel microspheres was assumed to decrease as a

consequence of the hydrolysis of the PLGA segments of the crosslinking bonds. This was

expected to modify rheological and swelling properties of the microspheres as these

properties are generally highly sensitive to the degree of crosslinking of hydrogels [Clapper et

al. 2007, Bencherif et al. 2009, Payet et al. 2010, Nguyen et al. submitted for validation to

Occlugel 14 April 2011]. Therefore, the swelling and the rheological behaviour of the

microspheres were also evaluated during the course of the experiment. Finally, the

morphology of the microspheres was observed using optical microscopy and SEM over the

same period of time.

3.2.1. Monitoring of the pH of the degradation medium

The evolution of the pH of the incubation media of the different microspheres were plotted in

Fig. 2. All curves showed a decrease of the pH, which indicated a release of acid compounds

from the microspheres in agreement with the degradation of ester bonds included in the

PLGA segments of the crosslinker. As shown in Fig. 2A, the higher the crosslinking

percentage in the hydrogel, the larger the pH decreased. The comparison of the two classes of

size distribution of the same microspheres did not reveal differences in pH variation during

degradation process (Fig. 2B). Microspheres prepared with a crosslinker having a long PLGA
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chain (HEMA12L12G) have produced a bigger pH decrease than those obtained with the

HEMA4L4G crosslinker in which the PLGA segment was shorter (Fig. 2C). This agreed with

the fact that the content in lactic acid and glycolic acid in the microspheres HEMA12L12G-

3% was higher than that of the microspheres HEMA4L4G-3%. Microspheres with different

PEG chains in the structure of the crosslinker were also compared: microspheres

HEMA4L4G-3% with only one ethylene glycol unit, microspheres TEG4L4G-3% with 4

ethylene glycol units in the middle of the chain and microspheres PEGMA4L4G-3% with

ethylene glycol units at one extremity. The total pH variation was the same for all types of

microspheres. This indicated that the hydrophilic/hydrophobic balance of the crosslinker did

not influence significantly the production of acid compounds resulted from the hydrolysis of

the hydrogel (Fig. 2D).

3.2.2. Evolution of the morphology of microspheres during incubation

Microspheres were observed by optical microscopy and scanning electron microscopy (SEM)

at different times during the degradation experiment. As an example, Fig. 3 shows the

morphology evolution of microspheres TEG4L4G-3%. Both optical microscopy and SEM

showed that the microspheres remained spherical during the whole duration of the experiment

(i.e. 60 days). By optical microscopy, an obvious swelling of the microspheres can be

observed up to day 14 while, at longer incubation times, the microspheres became less visible

because of a progressive contrast match of the refractive index of the microspheres on that of

the surrounding medium. This effect can easily be explained by the combination of two

effects. During microsphere degradation, the amount of crosslinking decreased hence the

concentration in polymer in the microspheres. As the second effect, the swelling of the

microspheres tended to increase the amount of surrounding medium composing the hydrogel.
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Figure 2. Effect of crosslinking density (A), of microsphere size (B), of crosslinker PLGA

segment length (C) and of the PEG/PLGA balance in the crosslinker (D) on the variation of

the pH of the incubation medium. Lines were exponential curve fits.
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Figure 3. Evolution of the morphology of TEG4L4G-3% microspheres during incubation in

PBS pH 7.4 at 37°C. Column A: SEM micrographs, scale bar 100 µm. Column B: Optical

micrographs, scale bar 400 µm.
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Thus the composition of the microspheres tended to reach that of the dispersion medium as

the degradation proceeded. It is noteworthy that even after 60 days of incubation of the

microspheres in a hydrolytic medium, there were still microspheres remaining indicating that

they were not fully degraded. Observations described in detail for the microspheres

TEG4L4G-3% were also observed with all the other microspheres studied in the present

work.

3.2.3. Swelling behaviour of microspheres during the degradation

The volume taken by a defined amount of swelled microspheres in the incubation medium

was measured at different time intervals. Results are reported in Fig. 4. In agreement with

optical microscopy observations, the volume taken by the microspheres increased during

incubation in PBS. The curves showed two parts. The first part corresponded to an increase of

the volume occupied by the microspheres over several days before reaching a plateau value

(the second part of the curve). Almost microspheres crosslinked at 3% had the same volume

swelling ratio independently on their size and on the nature of the crosslinking agent (Fig. 4B

and 4D). Only the microspheres obtained with the more hydrophobic crosslinker

HEMA12L12G displayed a lower swelling during the incubation (Fig. 4C). Nevertheless, the

degree of crosslinking of microspheres affected a lot their swelling ratio. (Fig. 4A). The more

crosslinked microspheres, the smaller the initial volume swelling ratio (at t=0). The 3

different microsphere types (formed with 3 different crosslinkers) swelled and have followed

a parallel evolution so that the differences between them remained roughly unchanged over

the degradation process.
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Figure 4: Monitoring of the swelling of the microspheres during the incubation in PBS.

Microspheres differing from their crosslinking density (A), their size (B), the length of the

hydrophobic segment in the crosslinker length (C) and the PEG/PLGA balance in the

crosslinker (D). Lines were exponential curve fits.
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3.2.4. Monitoring the rheological properties of the microspheres during the
degradation

Results from the monitoring of the rheological properties of the microspheres during

degradation are plotted in fig. 5. As mentioned above, G� of microspheres varied with their

degree of crosslinking, the nature of the crosslinker and the size fraction. The initial values for

the microspheres considered in the degradation study ranged from 2500 to 11000Pa (Table

II). During the incubation in PBS, a dramatic decrease of G� was monitored with all types of

microspheres whatever the initial value was. The curves showed two distinct parts similarly to

those monitoring the swelling of the microspheres during degradation. The decay showed in

the first part of the curve was more pronounced for the most crosslinked microspheres (Fig 5

A) and the smaller microspheres (Fig 5 B). In contrast, decay of the first part of the curves

appeared very similar between microspheres obtained with crosslinkers of different nature and

composition (Fig 5 C, D). The decrease in G� was monitored until it reached a plateau value

which ranged between 150 and 800 Pa. This plateau corresponded to the second part of the

curve. This indicated that the hydrogels composing the microspheres were not fully degraded.

These results were in agreement with previous observations showing that microspheres still

remained at the end of the incubation time. The time at which the G� reached the plateau

value depended on the degree of crosslinking (Fig. 5 A) and on the length of the hydrolysable

PLGA segment in the crosslinker (Fig.5 C). It was rather not dependant on the size range of

the microspheres and on the nature of the crosslinker (comparing crosslinkers with the same

content in PLGA in their structure). The difference between initial G� and G� at the plateau

greatly depended on the type of microspheres. This agreed with the fact that the initial G� of

the microspheres varied over a wide range of values (2500�11000Pa) while it was comprised

in a quite narrow range at the plateau value (200-800 Pa) obtained during incubation of the

microspheres in PBS. Finally, it can be pointed out that the hydrogel microspheres which



Travaux expérimentaux – Chapitre

#9$ « Microspheres résorbables pour embolisation et chimio-embolisation »

showedalmost ideal elastic properties at the beginning of the experiment (� < 10�) kept their

elasticity properties all along the duration of the incubation time (data not shown).
G

' (
P

a)
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D

Figure 5: Monitoring of the variation of G� of the microspheres during incubation in PBS.

Microspheres differing from their crosslinking density (A), their size (B), the length of the

hydrophobic segment in the crosslinker (C) and the PEG/PLGA balance in the crosslinker

(D). Lines were exponential curve fits.
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4. Discussion

Hydrogel microspheres were synthesized with different hydrolysable crosslinkers and degrees

of crosslinking and were sieved to obtain fractions with homogenous size distribution ranging

from 100 to 315 µm and from 315 to 500 µm. The initial swelling and rheological behaviour

of the different microspheres were evaluated prior to the degradation. The evolution of the

swelling and the rheological properties observed with different degrees of crosslinking and

with different crosslinker was in agreement with what is generally observed with other

hydrogels independently of the nature and the shape of the device. [Zhu et al. 2005, Bencherif

et al. 2009].

Once the microspheres were incubated in PBS they started swelling and their rheological

properties were greatly modified. TheG� decreased dramatically and the swelling proceeded

until a steady state was reached. In parallel to these modifications of the microsphere

properties, the pH of the degradation medium decreased, which indicated that there was a

release of acid compounds. This was in agreement with the expected degradation mechanism

of the hydrogels composing the microspheres. Indeed, during the degradation, the diminution

of the pH of the incubation medium could correspond to the release of carboxylic acid

containing components resulted from the hydrolysis of the ester bonds of the oligo(lactic and

glycolic acid) segments included in the structure of the crosslinkers. Based on this hypothesis

and on results reported in the literature, the decrease of pH expected should depend on the

composition of the crosslinker in lactic and glycolic acid residues [Ponn et al. 2009]. The

higher the amount of lactic and glycolic acid in the microspheres, the more quantity of

carboxylic acid containing compounds may be released hence the higher the decrease in pH of

the incubation medium [Grizzi et al. 1995]. Results from the experiments (Fig. 2) agreed well

with what was expected from the degradation mechanism. Thus, the modification of the

swelling and the rheological properties of the microspheres occurring after the start of the
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incubation in PBS can be correlated with a hydrolytic degradation of the hydrogel. Due to the

hydrolysis, the G� of the microspheres decreased as the density of the crosslink reduced

implying a higher swelling [Flory 1953]. This is also in agreement with the assumed chemical

structure of the hydrogel and with data reported in the literature on similar types of hydrogels

[Bencherif et al. 2009]. However, it is noteworthy that, contrarily to what was expected, none

of the microspheres were totally degraded. All curves showed a first part in which the studied

parameters varied, that can be attributed to modifications of the microspheres properties due

to the hydrolysis of the crosslinking bonds. Then, while no more variation of pH were

recorded in the incubation medium, the swelling of the microspheres and their G� value

stopped also to vary and remained constant until the end of the experiments. This was in

contrast with the exponential increase of the swelling curves followed by a sudden drop

attributed to the dissolution of the hydrogel reported with fully hydrolysable hydrogels

[Clapper et al. 2007]. Samples having reached the plateau values were observed by optical

microscopy and SEM revealing that highly swollen microspheres were there with quite

spherical shape. This indicated that they were still composed of a crosslinked hydrogel that

was strong enough to hold the material together within the shape of microspheres. In the work

of Clapper et al. [Clapper et al. 2007], a similar result was reported with one of the hydrogels.

The authors assumed that it included a very low fraction of non hydrolysable crosslinkings

due to an incomplete modification of the PEG during the synthesis of the hydrolysable PEG

macromer. As it was reported that very low non degrading crosslinkings may induce the

formation of relatively permanent hydrogel networks, this hypothesis should be considered to

explain the only partial degradation of the microspheres observed here. The method used for

the synthesis of the microspheres was based on a radical co-polymerization of PEGMA with

the hydrolysable crosslinker. It was reported in the literature that the monomer PEGMA can

be reticulated during a radical polymerization even when the reaction is performed in the total
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absence of crosslinking agents [Gramain and Frere 1986, Frere et al. 1992]. According to the

authors, the crosslinking occurred through a chain transfer or a coupling reaction which

follows the formation of reactive functions (radicals, hydroxyle and aldehyde groups) due to

the degradation of the PEG segment of the macromer by a radical. The occurrence of such a

crosslinking side reaction during microsphere preparation was confirmed by performing a

polymerization of PEGMA in the same conditions than those used to prepare the

microspheres of this study but without adding crosslinking agent in the polymerization

medium. This polymerization allowed obtaining well spherical particles. The microspheres

were totally insoluble in many common solvents for polymers (i.e. chloroform, THF, DMSO,

DMF, acetone, ethanol, water) indicating that they were composed of a crosslinked polymer.

Their rheological characteristics (G� 100 Pa) and swelling properties (Qv0 = 28 mL/g)

suggested that the crosslinking rate was very low but sufficient to form a hydrogel of a well

define spherical shape. This supported the assumption that that microspheres remaining after

complete hydrolysis of the hydrolysable bonds were formed by a non degradable hydrogel.

The permanent crosslinks of the hydrogels resulted from a non desirable side reaction

occurring during the synthesis of the microspheres by radical polymerization of PEGMA. The

obtaining of fully degradable microspheres required that this crosslinking reaction should be

completly avoided.

It was possible to quantify the degradation rate of the hydrolysis of the microspheres by fitting

the experimental data plotted in figures 2, 4 and 5 with an exponential equation (equation 8)

Y = A + B exp(-t/�) (8)

WhereA was the value at the plateau,A + B = C was the initial value at time 0,t was the time

and �the characteristic time of the rate of degradation. A small value of �indicated a slow

degradation while a high value of�indicated a fast degradation. The same exponential trend
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was previously observed during the degradation of bulk hydrogels obtained from similar

crosslinking agents [Metters et al. 2000, Metters et al. 2001]. Parameters of the equation fitted

the results of the variation of G� with the incubation time are given in table III for the

different microspheres considered in this study. Results from the variation of G� were taken

for this analysis because of the high sensitivity of this parameter monitoring microsphere

degradation compared with other methods used in this study. The analysis revealed that the

degradation rate of microspheres depended on their degree of crosslinking, on the

composition of the crosslinking agents and, to a lesser extend, on their size. Results were in

agreement with the literature considering hydrogels made with similar crosslinkers

independently of their shape [Sawhney et al. 1993, Burdick et al. 2001]. Interestingly, the

equation 8 could be used to calculate the time needed to reach completeness of the hydrolysis.

It was defined as t99, the time at which the decreased of G� have reached 99% of the total

variation monitored between the initial value (t=0) and that of the plateau. This calculation

revealed that the time required hydrolyzing the hydrogels composing the microspheres ranged

from 7 to 49 days. Microspheres showing the shortest time of hydrolysis was the less

reticulated while the microspheres with the highest degree of crosslinking showed the longest

hydrolysis time.

The hydrolysis time was also greatly affected by the structure of the hydrolysable crosslinker

as suggested by the comparison between the microspheres prepared with the two asymmetric

crosslinkers PEGMA4L4G-3% and HEMA4L4G-3% (t99 = 24 and 28 days respectively) and

those prepared with a crosslinker having the same composition in lactic and glycolic acid unit

but symmetrically arranged at both ends of a tetra(ethyleneglycol) (TEG) segment

(TEG4L4G-3%, t99 = 37 days). The increase in the length of the oligo(lactic-co-glycolic acid)

segment also increased the time required for complete hydrolysis of the hydrogel. This can be

explained by a higher hydrophobicity of the crosslinker [Clapper et al 2007]. The hydrolysis
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time of the hydrogel composing the microspheres can be tuned by adjusting the degree of

crosslinking as well as the nature and structure of the hydrolysable crosslinker.

TABLE III - Parameters of the exponential equation (8) obtained by fitting the experimental

curves monitoring the variation of G� of the microspheres during their incubation in PBS.

sieving

(µm)

Degradable
microspheres

fit equation of G� (Pa)

t99 (days)

A B �

315-500

HEMA4L4G-1% 172 2340 0.7 7

HEMA4L4G-3% 511 4334 3.1 28

HEMA4L4G-6% 830 9248 5.3 49

HEMA12L12G-3% 423 7945 4.6 45

TEG4L4G-3% 533 5980 4.0 37

PEGMA4L4G-3% 724 7340 2.5 24

100-315 HEMA4L4G-3% 418 9980 2.1 21

5. Conclusion

This study revealed that microspheres composed of a hydrogel of PEGMA crosslinked with

hydrolysable crosslinkers were only partially degraded when they were incubated in PBS. The

degradation occurred through the expected hydrolysis mechanism. The time window for

complete degradation of hydrolysable bonds can be tuned by the chemical composition and
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structure of the hydrolysable crosslinker and the degree of crosslinking of the hydrogel.

Although this time window is satisfying and can be finely adjusted to comply with what is

required for temporary embolisation, the microspheres, which did not completely dissolved

after the hydrolysis, are not suitable for such an application. As the remaining non degradable

crosslinking bonds of the hydrogel were identified to come from a side reaction of the radical

polymerization of the PEG containing monomer, it will be necessary to further investigate the

conditions of the polymerization to eliminate this side reaction. This would be the condition to

obtain fully degradable microspheres.
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L�objectif de ce travail �tait de d�velopper des microsph�res pour embolisation

constitu�es d�un mat�riau d�gradable. Les hydrogels, par leur grande flexibilit�, constituent

une classe de matériaux bien adaptés à la conception de microsphères. Leur structure

ressemble � une �ponge gonfl�e d�eau dans laquelle le squelette est constitu� par les cha�nes

d�un polym�re r�ticul� formant un r�seau tridimensionnel. Leur composition et leur structure

sont proches de celles des milieux rencontrés dans le monde vivant ce qui en font des

matériaux de choix pour développer des dispositifs relevant du domaine biomédical. Plus

spécifiquement, ces matériaux présentent un très grand intérêt pour toutes les applications

visant à développer des systèmes implantables in vivo. Un autre avantage présenté par les

hydrogels est la possibilit� d�avoir des mat�riaux tr�s �lastiques. Cette propri�t� �tait

consid�r�e comme importante pour permettre l�injectabilit� des microsph�res � travers un

cath�ter de faible diam�tre utilis� lors de la mise en place de l�embole dans les vaisseaux

sanguins à obstruer chez le patient. Par ailleurs, les indications thérapeutiques pour lesquelles

ces microsph�res d�embolisation devaient �tre d�velopp�es requièrent une embolisation

temporaire allant de quelques jours à quelques semaines. Il était donc nécessaire de

développer un polymère dégradable qui permettrait une recanalisation du vaisseau embolisé

par disparition de l�embole in situ sur l��chelle de temps souhaitée.

L��tude des travaux publi�s dans la litt�rature a permis de mettre en �vidence

l�existence de nombreux hydrogels d�gradables. Les hydrogels se d�gradant selon un

m�canisme d�hydrolyse sont apparus les plus adapt�s pour constituer la matrice polymérique

des microsph�res d�embolisation � d�velopper. En effet, une d�gradation par hydrolyse est

reproductible et ind�pendante du site d�implantation du mat�riau ou des conditions

physiologiques du patient. Parmi les matériaux hydrolysables, il a été choisi de travailler avec

la famille des poly(acide lactique), poly(acide glycolique) et leur copolymères. Ils sont bien

connus dans le domaine biomédical pour leur biocompatibilité et ont été largement employés
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depuis plus de vingt ans pour concevoir des implants biodégradables [Cutright et al. 1971,

Miller et al. 1977, Agrawal et al. 1995, Athanasiou et al. 1998, Maurus P.B. and Kaeding

2004]. Ces matériaux présentent deux inconvénients en vue de leur utilisation pour la

fabrication de microsph�res d�embolisation. Ils sont hydrophobes et les implants obtenus ont

une très faible élasticité. Pour contourner cette limitation et répondre au cahier des charges

fix� par le cadre de l�application, nous nous sommes tourn�s vers les hydrogels form�s par

copolymérisation radicalaire entre un réticulant biodégradable à base de PLGA et des

copolym�res qui permettent une meilleure absorption d�eau (notamment le PEGMMA, l�acide

m�thacrylique ou l�acide acrylique). Par ailleurs, ce choix a �galement �t� fait en vue de

favoriser la d�gradation de l�hydrogel constituant les microsph�res d�embolisation.

Dans la litt�rature, la synth�se d�hydrogels avec les compos�s identifi�s est bien d�crite pour

obtenir des films, des objets préparés dans des moules ou pour combler des tissus

endommag�s in vivo par des m�thodes de polym�risation in situ. N�anmoins, il n�y avait pas

de méthode décrite pour synthétiser des hydrogels dégradables à base de réticulant PEG-

PLGA sous la forme de microsphères pour répondre aux objectifs de ce projet. L�originalit�

de notre travail a donc �t� de d�velopper une telle m�thode. D�autres m�thodes ont �t�

développées pour permettre la caractérisation des microsphères synthétisées notamment

mesurer leurs propriétés visco-élastiques et évaluer leur vitesse de dégradation. Pour un type

de microsphères synthétisées, une étude préliminaire de la biocompatibilité a été réalisée dans

des conditions d�embolisation chez l�animal. Au cours de ce travail, il a �galement �t�

envisagé de charger les microsphères avec des principes actifs, l�un anticanc�reux pour

développer des applications en chimio-embolisation et l�autre antalgique pour soulager les

fortes douleurs produites par l�embolisation. Cette partie du m�moire de th�se discute des

résultats obtenus au cours des différentes étapes des travaux expérimentaux réalisés.
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1. Synth�se des microsph�res d�hydrogel

Préalablement à la synthèse des microsphères, plusieurs agents de réticulation ont été

synth�tis�s par voie chimique. Suivant l�amorceur permettant l�incorporation du matériau

hydrolysable (HEMA, PEGMA, TEG ou PEG) utilisé, la structure de la molécule résultante

présente ou non une symétrie par rapport au segment PEG incorporé dans la structure. Les

synthèses ont été réalisées en 2 étapes: l�insertion du mat�riau dégradable PLGA suivi par le

greffage de la (des) double(s) liaison(s) afin d�obtenir un r�ticulant contenant deux

groupements C=C. Tous les produits  synthétisés incluant les agents de réticulation et leurs

intermédiaires de synthèse ont été caractérisés par RMN. Les rendements de synthèse se sont

révélés acceptables  (> 60%) et la pureté du réticulant dans le produit final isolé et purifié

avoisine les 100% sauf dans le cas du PLGA-PEG1500-PLGA. Il peut être avancé que dans le

cas de ce dernier composant, les faibles rendements de synthèse pourraient être liés à une

humidit� importante du PEG Mw. 1500 qu�il a �t� difficile de s�cher.

Les méthodes qui permettent la synthèse de particules de polymères de forme

sphériques sont nombreuses. Elles comprennent les méthodes de polymérisation par

précipitation, polymérisation en dispersion, en suspension ou en émulsion. La taille finale des

microsph�res d�pend de la m�thode mise en �uvre et du m�canisme de stabilisation des

gouttelettes. Le choix de la méthode depolym�risation s�est tourn� vers la polym�risation en

suspension qui paraissait la mieux adaptée pour synthétiser des microsphères de taille adaptée

pour servir d�agent d�embolisation (typiquement entre 100 �m et 1mm).

Deux voies de polymérisation en suspension ont été étudiées dans le but de fournir des

microsph�res constitu�es d�une large gamme de choix de mat�riaux :

-Dans le cas de la polymérisation en suspension directe (huile dans eau), les agents de

réticulation synthétisés ont été copolymérisés avec du PEGMMA Mw. 300 pour obtenir le
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polym�re devant former la matrice de l�hydrogel. Les monom�res ont �t� dissous dans du

toluène et le mélange formé a été dispersé dans une phase aqueuse à faible teneur de chlorure

de sodium en présence de PVA utilisé comme agent de stabilisation des microsphères. La

polymérisation, effectuée en réacteur de 1L,a �t� amorc�e par l�AIBN, amorceur de

polymérisation radicalaire soluble en milieu organique, et a été réalisée en 15 h à 70°C.

- Dans le cas de la polymérisation en suspension inverse (eau dans huile), le réticulant

est copolym�ris� avec de l�acide acrylique neutralis� � 75%, du DMA et du Tris ajout� en

diff�rentes proportions. Les monom�res ont �t� solubilis�s dans de l�eau puis l�ensemble de la

phase aqueuse a été suspendue dans du cyclohexane contenant du Span80 comme agent

tensioactif. La réaction a été réalisée en 2 h à 70°C. La méthode de polymérisation en

suspension directe a permis d�obtenir des microsph�res constitu�es d�un hydrogel dans lequel

les agents de réticulation hydrolysables synthétisés ont été incorporés.

Concernant la polymérisation en suspension inverse, cette méthode a été appliquée

avec succès à la synthèse de microsphères non dégradables. Elle a en fait été optimisée dans le

but de limiter la formation d�agr�gats � l�aide d�un r�ticulant non d�gradable. L�application de

cette méthode à la fabrication de microsphères dégradables par copolymérisation du réticulant

hydrolysable synthétisé(1500PEG8L8G) a �chou� conduisant � la formation d�agrégats à

cause de la densité trop élevée du réticulant. Une forte réduction de la quantité de réticulant

(0.75%) 1500PEG8L8G a permit d�obtenir des microsph�res. Cependant celles-ci ne sont pas

visibles car elles ont absorb� une grande quantit� d�eau (d� �leur faible taux de réticulation)

et ne présentaient pratiquement pas de différence de contraste avec le milieu aqueux. Il serait

toutefois int�ressant de refaire des essais avec l�agent de r�ticulation d�gradable et

d�optimiser les conditions de r�action pour obtenir par cette méthode des microsphères

dégradables.
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Dans les conditions de polym�risation permettant d�obtenir des microsph�res, il a pu

�tre montr� qu�en fonction de la vitesse d�agitation et de la concentration en agent stabilisant

(PVA ou Span 80), les microsphères obtenues ont une distribution de taille variables comprise

entre quelque dizaine de micromètre à plus de 500 µm. En général, dans les conditions de

synth�ses optimis�es, peu d�agr�gats sont form�s et la majorit� du polym�re obtenu se

présente sous la forme sphérique souhaitée. Il a été observé que la répartition en taille des

pr�parations diff�rait selon la nature de l�agent de r�ticulation et surtout selon le degr� de

r�ticulation de l�hydrogel. Pour l�application envisag�e en embolisation, deux fractions de

taille des microsphères ont été retenues après tamisage, la fraction contenant les microsphères

de diamètre compris entre 100 et 315 µm et celle de diamètre compris entre  315 et 500 µm.

Pour éviter toute dégradation, les microsphères ont été immédiatement congelées puis

lyophilis�es apr�s lavage � l�eau et tamisage pour permettre leur conservation entre le moment

de leur synthèse et celui des caractérisations ultérieures. Le rendement de production des

microsphères a été évalué via la quantit� d�agr�gats obtenue apr�s la synth�se. Les r�actions

effectu�es ont toutes donn� des quantit� d�agr�gats n�gligeables (5-10 % de la masse totale

théorique). Ces résultats nous permettent de conclure que les conditions de synthèse ont bien

été optimisées.
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2. Synth�se de microsph�res pour

embolisation charg�es en principes actifs

Deux m�thodes d�incorporation de principes actifs dans les microsph�res ont �t�

proposées au cours de travaux menés en collaboration avec deux laboratoires. Dans un

premier travail, les conditions d�impr�gnations des microsph�res par un m�dicament

contenant un agent anticancéreux (Streptozocine) ont été optimisées. Dans ce cas, le principe

de chargement des microsphères était basé sur une simple absorption de la solution par les

microsphères lyophilisées au cours du phénomène de gonflement accompagnant leur

r�hydratation. Dans le deuxi�me travail, un antalgique, l�ibuprof�ne, a �t� introduit dans les

microsph�res d�gradables sous la forme d�une prodrogue polym�risable au cours de la

synthèse des microsphères. La prodrogue a été synthétisée avec une liaison ester facilement

clivable pour permettre la lib�ration de l�ibuprof�ne lors de la d�gradation de l�embole au

cours de l�embolisation. Elle a pu �tre incorpor�e avec succès dans les microsphères

dégradables étudiées au cours de ce travail par copolymérisation en suspension directe avec

les monomères utilisés précédemment.
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3. Caract�risation des microsph�res

La caract�risation des microsph�res isol�es � l�issue de la synthèse a été réalisée par

diverses méthodes. Dans un premier temps, des méthodes standard ont permis de caractériser

la taille et la morphologie des microsphères. Il a ainsi pu être vérifié que les microsphères

avaient une forme bien sphérique par microscopie optique et par microscopie électronique à

balayage, que leur surface était lisse par microscopie électronique à balayage et que leur

diamètre et répartition granulométrique correspondait à celle de la fraction de taille isolée lors

du fractionnement sur les tamis.

L��valuation des propri�t�s de l�hydrogel telles que la capacit� de gonflement et la

mesure des propriétés visco-élastiques et de résistance mécanique a nécessité le

développement de méthodes de mesure adaptées aux microsphères. Par ailleurs, la

d�gradation de l�hydrogel se r�alise par hydrolyse des ponts de r�ticulation du polym�re ce

qui suggère que les propriétés mécaniques et visco-élastiques et les capacités de gonflement

des microsphères seraient affectées au cours de la dégradation. Les méthodes de

caract�risation d�velopp�es devaient �galement permettre de suivre l��volution des propri�t�s

de l�hydrogel r�sultant de sa d�gradation et ainsi permettre d��valuer la vitesse de

dégradation.
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3.1. D�veloppement d�une m�thode de mesure des propri�tés de

résistance mécanique des microsphères basée sur un test de

compression

Une premi�re m�thode d��tude des caract�ristiques des hydrogels a �t� destin�e �

évaluer les propriétés de résistance mécanique des microsphères (Figure 15A).

A BA BAAA BA

Figure 15. (A) - L�analyseur de texture TAXT2 et le montage adapt� au syst�me seringue-

piston conçu dans notre laboratoire. (B) -L�analyse par compression des microsph�res en vue

d�en d�duire la limite d��lasticit�. R�sultat type montrant les courbes de compressions

obtenues pour 12 expériences de compressions menées sur les microsphères HEMA4L4G-

6%. On peut noter une grande variabilit� de l�allure des courbes traduisant un manque de

reproductibilité évident des mesures.

La m�thode a �t� con�ue sur la base d�un essai de compression réalisé sur plusieurs

lits de microsph�res pour en analyser la limite d��lasticit�. Elle a �t� d�velopp�e � l�aide d�un

analyseur de texture TAXT2 qui permet d�enregistrer la force exerc�e au cours d�un test de

compression. Pour ce faire, il a été proposé de placer les microsphères dans une cellule de

mesure qui permettrait au liquide de s��chapper alors que les microsph�res seraient retenues

dans la cellule. De telles cellules de mesure n�existent pas et notre premier travail a �t� de

d�entreprendre la conception d�une telle cellule. En outre, pour �viter qu�il ne soit pollu� par

des échantillons précédents, il est apparu que ce dispositif de mesure devait être renouvelé à

chaque nouvelle mesure. C�est ainsi que le choix s�est port� sur un tube à usage unique en
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plastique dont une extrémité était obstruée par une pastille de fritté. De tels tubes sont

accessibles en grande quantité chez les fournisseurs et sont commercialisés comme tube de

séparation en phase solide (SPE) à usage unique (Figure 16A). Pour compléter le dispositif,

un piston a �t� r�alis� sur mesure au laboratoire et l�ensemble a �t� adapt� pour �tre mont� sur

l�analyseur de texture et permettre la r�alisation de mesures.

La figure 15B donne les courbes obtenues lors de l�analyse réalisée sur une

préparation de microsphères de type HEMA4L4G-6%., au cours de 12 expériences de

compression effectu�es avec l�analyseur de texture. Il appara�t que l�allure g�n�rale de ces

courbes n�est pas reproductible. Par ailleurs, les changements de pente qui apparaissent sur

certaines courbes ne fournissent pas non plus de données reproductibles.

A B

Figure 16. (A) - Photos des cellules de mesure neuves à usage unique telles que celles

utilisées dans les tests de compression des microsphères. Il peut être noté une grande

variabilit� de la qualit� des fritt�s dans les cellules tant au niveau de l��paisseur que de la

planéité de la surface. (B) - Les pistons après utilisation dans les tests de compression menés

sur des microsphères. Les pistons apparaissent déformés suite à leurs utilisations.

Une analyse des facteurs exp�rimentaux pouvant �tre � l�origine de la forte variabilit�

des mesures a été conduite. Le premier facteur mis en évidence pouvant amener cette

variabilité importante a été le remplissage des cellules. Les microsphères étant en suspension
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dans un excès de liquide rendent particulièrement difficile un remplissage précis et

reproductible que ce soit par un opérateur donné ou par plusieurs opérateurs. Egalement, un

autre facteur clé pour obtenir des mesures reproductibles est lié à la qualité des cellules de

mesures. Comme indiqu� plus haut, les cellules de mesures sont constitu�es d�un ensemble de

deux pièces : le tube comportant le fritté à une extrémité etun piston en teflon usiné sur

mesure. Concernant le tube, son application dans le test de compression a été détournée de

son application initiale puisqu�il est commercialis� pour �tre utilis� comme un support de

colonne de séparation de solide à usage unique. Un examen visuel rapide de la qualité de ces

tubes sugg�re qu�ils ne pr�sentent pas les exigences requises pour r�aliser les mesures de

compression dans de bonnes conditions. En effet, l��paisseur des fritt�s, leur rugosit�

macroscopique et leur positionnement dans le tube plastique de chromatographie est très

largement variable d�une pi�ce � l�autre. (Figure 16A). Par ailleurs, une observation des

pistons r�cup�r�s � l�issue de quelques exp�riences de compression montre qu�ils ont subit

une déformation importante lors des expériences de compression des microsphères (Figure

16B). Il semblerait qu�ils ne sont donc pas adapt�s pour r�aliser les mesures souhait�es. Dans

cette analyse, il apparaît que la cellule de mesure utilisée pour réaliser ces essais présente un

certain nombre de d�fauts r�dhibitoires qui pourraient �tre � l�origine du manque de

reproductibilité relevé lors des essais réalisés avec les microsphères. La conception de cellules

calibrées de très haute qualité et spécialement conçues pour cette analyse pourrait permettre

d�apporter une r�elle am�lioration de la qualit� des mesures et de leur reproductibilit�. Ce

problème résolu, le remplissage des cellules avec les microsphères devra être optimisé. Des

études complémentaires seront encore nécessaires pour valider la méthode dans le but de

caractériser les propriétés de résistance mécanique des microsphères pour en déduire la limite

d��lasticit� de l�hydrogel les constituant.
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3.2. D�veloppement d�une m�thode de mesure des propri�t�s

rhéologiques des microsphères et application à la caractérisation de

leur dégradation

Suite aux difficultés rencontrées avec la méthode basée sur les tests de compression,

une �valuation des propri�t�s visco�lastiques de l�hydrogel constituant les microsph�res a �t�

proposée en se basant sur des méthodes rhéologiques couramment employées pour la

caract�risation des hydrogels. A notre connaissance, tr�s peu d��tudes se sont int�ress�es � la

caractérisation des propriétés viscoélastiques des microsphères, plus spécifiquement, les

mesures ne sont généralement pas réalisées sur les microsphères mais sur des films constitués

du même matériau que ces dernières [Hu et al. 2008, Kumachev et al. 2011]. Dans notre

travail, nous souhaitions utiliser ces mesures pour suivre l��volution des modifications des

param�tres visco�lastiques des microsph�res au cours de leur d�gradation. La forme d�un

matériau et sa taille influençant de manière importante les cinétiques de dégradation, il

apparaissait indispensable de déterminer des conditions expérimentales permettant de réaliser

les mesures pertinentes directement sur les microsph�res. Le choix de l�appareil de mesure

s�est port� sur un rh�om�tre Haake RheoStress 600 �quip� d�une cellule de mesure de type

plateau-plateau d�un diam�tre de 35 mm thermostaté à 25°C. Pour définir les conditions

expérimentales des mesures viscoélastiques,l�hypoth�se a été faiteque l�espace compris entre

les deux plateaux de la cellule de mesure serait totalement occupé par une monocouche de

microsphères. Un premier travail visant à optimiser les conditions de remplissage de la cellule

de mesure a permis de montrer que seules ces conditions permettaient effectivement d�obtenir

des mesures stables avec un coefficient de variation inférieur à 5% en comparant des séries de

3 mesures r�alis�es sur une m�me pr�paration de microsph�res ayant fait l�objet d�autant de

d�p�t que de mesures. Ces conditions exp�rimentales ont alors �t� appliqu�es � l��tude des

propri�t�s visco�lastiques d�une s�rie de microsph�res constitu�s d�hydrogels non d�gradables
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de degrés de réticulation variant de 1 à 11% (exprimé en rapport molaire agent de

réticulation/monomères totaux). Cette étude a permis de confirmer que les mesures étaient

reproductibles dans les conditions expérimentales précisées lors des expériences précédentes

et a surtout permis de montrer qu�elles �taient sensibles aux caract�ristiques de r�ticulation de

l�hydrogel constituant des microsph�res. Ces deux �tudes ont permis de valider une m�thode

originale de suivi des propri�t�s visco�lastiques d�un hydrogel sous la forme de

microparticules. La méthode a ensuite été appliquée à la caractérisation des microsphères

apr�s leur synth�se. D�une mani�re g�n�rale, les r�sultats des mesures montrent que les

microsphères ont un comportement très élastique : elles peuvent subir de fortes déformations

et reprendre leur forme initiale. En particulier, l�observation des microsph�res avant et apr�s

l�application du stress de cisaillement impos� dans la cellule de mesure permet de confirmer

la bonne tenue morphologique des microsph�res � l�issue d�une d�formation. Des mesures ont

�t� r�alis�es sur des microsph�res pr�par�es avec diff�rentes compositions d�hydrogel. La

nature de l�agent de r�ticulation utilis� lors de la synth�se des microsphères influence peu les

propriétés viscoélastiques pour un même taux de réticulation. En revanche, le degré de

r�ticulation de l�hydrogel influence de mani�re importante leur �lasticit�.

Par ailleurs, les microsph�res ont �t� con�ues de telle sorte qu�elles se dégradent

seulement au niveau de leurs ponts de réticulation. Par conséquent, au cours de leur

dégradation, nous attendons une diminution de leur degré de réticulation. Les mesures

rhéologiques étant sensibles au taux de réticulation, il apparaissait possible de caractériser la

dégradation des microsphères aux cours du temps. Les études ont été réalisées sur une durée

totale de 60 jours sur différents types de microsphères.
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3.3. D�veloppement d�une m�thode de mesure du gonflement des

microsphères et application à la caractérisation de leur dégradation

Une propri�t� tr�s sp�cifique des hydrogels est celle d��tre capable d�absorber de tr�s

grandes quantit�s d�eau. Ainsi, la masse d�eau contenue dans un hydrogel repr�sente

généralement u ne fraction massique très importante (pouvant atteindre 90%). Inversement, la

fraction massique du polym�re constituant l�hydrogel est tr�s faible. G�n�ralement, le

gonflement d�un hydrogel est peu influenc� par la nature du r�ticulant mais est fortement

dépendant du degré de réticulation de la matrice polymérique. La mesure du gonflement des

microsphères est apparue comme une deuxième méthode pertinente pour la caractérisation des

microsphères. Le phénomène de dégradation par hydrolyse des ponts de réticulation

engendrant une diminution du degré de réticulation, le suivi du gonflement des microsphères

au cours de leur incubation dans un milieu d�hydrolyse permettrait d��valuer le ph�nom�ne de

dégradation. Notre travail a consisté à mettre en évidence si un tel phénomène pouvait être

mesuré et utilisé pour suivre la dégradation des microsphères.

Il a été mis en place un dispositif permettant de quantifier le volume sédimenté de

microsphères gonflées correspondant à 0,1 g de microsphères sèches mises en suspension

dans 1 mL de PBS pH 7,4 � 37�C. L��tude de la d�gradation sur une p�riode de 60 jours a

port� sur diff�rents types de microsph�res. Chaque mesure a �t� r�p�t�e 3 fois pour s�assurer

de leur reproductibilité. Un exemple du dispositif de mesure et de la modification du volume

du s�diment des microsph�res au cours de la p�riode d�incubation sur 60 jours est donn� � la

figure 17. Une nette augmentation du volume des microsphères a été observée au cours des

dix premiers jours. Cette augmentation correspond au gonflement des microsphères suite aux

coupures des ponts de réticulation. La stabilisation du gonflement est caractéristique de la fin

de la dégradation. Similairement aux caractérisations rhéologiques, il a été observé une
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corrélation entre le degré de réticulation etl��volution du gonflement des microsph�res. Une

augmentation du taux de réticulation des microsphères entraine une diminution de leur

capacité de gonflement. Le réticulant contenant une chaîne PLGA plus longue gonfle moins

rapidement mais atteint le même plateau. En revanche, la taille des microsphères et la nature

de la chaîne PEG inclue dans le réticulant utilisé lors de la synthèse des microsphères

influencent peu le gonflement.
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Figure 17.Suivi du gonflement des microsphères HEMA4L4G-3% tamisées entre 315 et 500

�m au cours de la p�riode d�incubation de 0.1g (poids sec) de microsph�res mises en

suspension dans 1mL de tampon PBS à 37°C.

3.4. Etude de la dégradation des microsphères

La conception de l�hydrogel constituant les microsph�res synth�tis�es a été réalisée sur

la base d�un polym�re r�ticul� obtenu par incorporation d�agents de r�ticulation hydrolysables

au cours de la synthèse. Les différents paramètres pouvant être utilisés pour suivre cette

dégradation sont soit liés à la mise en évidence des produits de dégradation qui pourraient être
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relargués par le gel soit liés aux modifications des propriétés physico-chimiques des

microsphères au cours de la dégradation.

D�un point de vue chimique, les produits de d�gradation issus de l�hydrolyse du gel

(des fonctions esters) contiennent des groupements d�acides carboxyliques. L�hydrolyse

conduit donc � l�acidification du milieu de lib�ration et  cette acidification peut �tre suivie par

la mesure du pH du milieu d�incubation. Les mesures de pH appliqu�es au cours des études de

d�gradation ont effectivement confirm� une acidification du milieu d�incubation qui s�arr�te

apr�s quelques jours d�incubation dans le milieu d�hydrolyse : Il s�agit du moment � partir

duquel le pH se stabilise et cet instant dépend de la nature de l�agent de r�ticulation de

l�hydrogel. L�amplitude de la variation de pH (correspondant � la diff�rence entre le pH inital

et le pH atteint au plateau) dépend du degré de réticulation des microsphères et de la

composition en acide lactique et glycolique du réticulant. Toutefois, cette amplitude reste

limitée en accord avec le fait que le polymère représente une faible part dans la composition

des microsphères. Pour cette même raison, les mesures de pertes de masse habituellement

appliquées dans des �tudes de d�gradation des hydrogels n�ont pas �t� appliqu�es dans le

cadre de cette �tude. En effet, ces mesures sont apparues trop peu sensibles d�autant plus que

les �chantillons mis en �uvre dans notre �tude sont de petite taille. Sur le plan des méthodes

physico-chimiques, la mesure de la variation des taux de gonflement des hydrogels a permis

d�observer une augmentation du volume occup� par les microsph�res au cours du temps

pendant les premiers jours d�incubation puis le volume occup� par les microsph�res s�est

stabilis�. L�augmentation du volume occup� par les microsph�res est compatible avec un

m�canisme de d�gradation de l�hydrogel par hydrolyse des ponts de r�ticulation conduisant �

une diminution de degré de réticulation. La variation du volume des microsphères a coïncidé

avec la variation du pH lors de l�exp�rience d�crite pr�c�demment. Ces deux r�sultats

combinés sont en accord avec le mécanisme de dégradation attendu pour ces microsphères.
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Toutes les méthodes citées précédemment sont apparues beaucoup moins sensibles que celle

bas�e sur la mise en �vidence et l��valuation des variations de propri�t�s visco�lastiques des

microsphères. En effet, les propriétés rhéologiques sont extrêmement sensibles aux

modifications liées à la réticulation de l�hydrogel et permettent une analyse fine et pr�cise de

la dégradation des différentes microparticules par hydrolyse du pont de réticulation.

Les résultats des travaux montrent que la dégradation est rapide sur une période de

temps de quelques jours puis les propriétés viscoélastiques des microsphères deviennent

constantes dans le temps. Les courbes obtenues sont parallèles à celles de la variation du

gonflement et de l�acidification du milieu d�incubation. L�ensemble des r�sultats est coh�rent

et sugg�re que le ph�nom�ne de d�gradation s�arr�te alors que l�hydrogel composant les

microsph�res n�est pas compl�tement disloqu�. En effet, m�me apr�s 60 jours alors que tous

les param�tres faisant l�objet de mesures sont stables, il subsiste des microsph�res

parfaitement observables en microscopie optique et en microscopie électronique à balayage.

Par ailleurs ces objets présentent des propriétés viscoélastiques témoignant de la subsistance

d�un r�seau de polym�re pr�sentant une �lasticit� quasi-parfaite qui leur permet de résister à

des sollicitations comme les forces de cisaillements appliquées lors des mesures rhéologiques

ou de compression lors des manipulations. La rémanence partielle de ces MS même après 60

jours d�incubation dans un milieu propice � leur dégradation par hydrolyse a constitué un

r�sultat inattendu. Cependant, ils sont tr�s importants par rapport � l�application envisag�e

pour ces microsph�res. En effet, leur utilisation dans le cas de la mise en �uvre de techniques

th�rapeutiques d�embolisation temporaire requiert une disparition totale de l�embole dans un

temps donné pour permettre la recanalisation des vaisseaux sanguins embolisés. Les travaux

de Gramain et Fr�re [Gramain and Fr�re 1986, Fr�re et al. 1992] ont montr� l�existence d�un

processus de r�ticulation du monom�re PEGMMA m�me en l�absence de tout agent de

r�ticulation. Ce monom�re �tant mis en �uvre lors de la synth�se de l�hydrogel constituant les
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microsph�res, on peut faire l�hypoth�se que la d�gradation partielle des microsphères résulte

de la formation de ponts de r�ticulation non d�gradables dans l�hydrogel selon un sch�ma de

réaction qui pourrait suivre celui décrit dans les travaux menés sur le PEGMMA mentionné

plus haut. Pour vérifier cette hypothèse, la méthode de synthèse des microsphères a été

appliqu�e en utilisant comme seul monom�re le PEGMMA. L�essai a fourni des microsph�res

que nous pouvons facilement observer par microscopie optique (Figure 18). Il était impossible

de solubiliser ces particules dans les solvants classiques (acétone, éthanol, CH2Cl2, THF,

DMF, DMSO). De plus, ces microsphères présentaient des propriétés de gonflement et

visco�lastiques proches de celles des microsph�res r�ticul�es avec l�agent de r�ticulation

hydrolysables ayant été incubées 60 jours dans le milieu d�hydrolyse. Dans les conditions

expérimentales décrites ci-avant, limitées à six types de microsphères et ne faisant varier que

le pourcentage et la nature du réticulant, les microsphères ne se sont que partiellement

dégradées.D�apr�s les travaux de Gramain et Frère [Gramain and Frère 1986, Frère et al.

1992], la réaction de réticulation se produisant avec le monomère de PEGMMA, cette

réaction ne peut pas être évitée. Cependant, les auteurs de ces travaux montrent que certaines

conditions exp�rimentales de polym�risation permettent d�en limiter l�importance.

400µm

Figure 18. Microsphères obtenues seulement avec 100% du monomère PEGMMA Mw.300

observ�es par microscopie optique en suspension dans de l�eau. L��chelle = 400 �m.
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Les travaux réalisés dans le cadre de cette thèse ont permis de développer des

nouveaux mat�riaux d�embolisation sous forme de microsph�res d�hydrogel r�sorbables dont

nous avons caractérisé les propriétés de dégradation et le potentiel pour être appliquées dans

des techniques d�embolisation in vivo. Au cours de ce travail, plusieurs voies de synth�se ont

été explorées et plusieurs méthodes de caractérisation ont été misesen �uvre permettant

l��valuation des propri�t�s initiales ainsi que la d�gradation du mat�riau composant les

microsphères. Nous avons également participé à des études de chargement en principes actifs

par simple absorption ou par liaison covalente aux microsphères. Une preuve de concept de

l�applicabilit� de ces mat�riaux dans des conditions d�embolisation a �t� apport�e au cours

d�un essai r�alis� in vivo chez la brebis.

Ces travaux ouvrent des perspectives intéressantes pour la conception de matériaux

d�embolisation temporaire. Les paramètres influençant les vitesses de dégradation des

hydrogels ont été identifiés,ce qui permettra d�ajuster les compositions des hydrogels en

fonctions des caractéristiques de dégradation des microsphères recherchées. Les méthodes de

caractérisation d�velopp�es pour �tudier la d�gradation sont simples � mettre en �uvre,

rapides et précises.

A l�issue de ce travail, il subsiste un probl�me � r�soudre qui est apparu au cours des

études de dégradation des microsphères. En effet, dans les conditions expérimentales

particulières décrites ci-avant, les microsphères ne se dégradaient que partiellement même

apr�s deux mois d�incubation dans un milieu propice � l�hydrolyse de l�hydrogel. D�apr�s la

littérature, la formation de ponts de réticulation nond�gradable dans l�hydrogel a pour origine

la polymérisation du PEGMMA et son ampleur peut être modulée par les conditions de

polymérisation. Plusieurs solutions sont envisageables. Dans la poursuite de ce travail, une

optimisation des conditions de polymérisation s�av�re donc n�cessaire pour r�duire la
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formation de ces ponts de r�ticulation et permettre d�obtenir des microsph�res totalement

d�gradables pour les utiliser comme mat�riaux d�embolisation temporaire dans des

applications th�rapeutiques chez l�homme.



L’embolisation thérapeutique est devenu le traitement de choix pour l’hémorragie, les
malformations artériovéneuses ou certains types de cancer. Parmi différents agents d’embolisation,
les microsphères non dégradables (Embozene®, Bead BlockTM,…) sont les plus utilisées. Leur forme
bien sphérique et leur taille calibrée permettent un meilleur ciblage dans les vaisseaux et une bonne
qualité de l’occlusion. Dans certains cas cliniques, l’embolisation temporaire, envisageable avec
l’utilisation des microsphères résorbables peut être bénéfique pour les patients. Le but du travail
réalisé au cours de cette thèse a été le développement de microsphères résorbables satisfaisant les
différents critères pour être employées comme matériaux d’embolisation (taille calibrée,
biocompatibles, élastique pour être injectée au travers des cathéters mais suffisamment rigide pour
résister à la pression sanguine). Dans cet objectif, nous avons développé une méthode de synthèse
de microsphères constituées d’hydrogels hydrolysables par polymérisation en suspension. Une large
gamme de microsphères ont été synthétisées en modulant la nature du réticulant et/ou la
composition des milieux de polymérisation. Les expériences in vitro ont démontré que les
microsphères obtenues sont satisfaisantes pour permettre leur injection au travers des cathéters. La
dégradation rapide des ponts de réticulation a été confirmée à travers la diminution du module
élastique G’ et du pH du surnageant, accompagnée d’une augmentation du taux de gonflement.

Malgré une dégradation partielle des microsphères (due à une réaction secondaire formant
des liaisons de réticulation non dégradables), le temps de l’hydrolyse a répondu parfaitement au
cahier de charges (entre 7 et 49 jours). Des études complémentaires pour optimiser la réaction de
polymérisation vont permettre le développement de microsphères totalement dégradables.

Mots clés : hydrogel, microsphère, polymérisation en suspension, réticulation, PLGA, dégradation,
embolisation, élasticité.

Therapeutic embolization is nowadays a first line treatment for haemorrhage, arteriovenous
malformation or tumors. Among different embolization agents, non degradable microspheres
(Embozene®, Bead BlockTM,…) are the most employed thanks to their well calibrated spherical shape
which allows good occlusion. In some cases including treatment of uterine fibroids or chemo-
sensitive tumors, it may be interesting to achieve a temporary embolization to avoid definitive
destruction of the tissue. Temporary embolization would be possible using biodegradable
microspheres. The aim of our work was to develop degradable microspheres having all required
characteristics to be used as embolization material (well calibrated in size, biocompatible, rigid
enough to resist blood pressure but elastic enough to remain intact during injection through
catheter). To this purpose, we have developed hydrolysable hydrogel based microspheres by
suspension polymerization. A wide range of microspheres was synthesized by varying the type of
crosslinker and composition of the polymerization medium. In vitro test showed that the
microspheres have suitable characteristics to pass through catheter. Degradation studies revealed a
rapid diminution of G’ modulus and the pH of the supernatants, accompanied by an increase of
swelling ratio due to the hydrolysis of the crosslinkings. Although microspheres were not totally
degradable as expected (since a side reaction had created non degradable crosslinking during the
polymerisation), characterisations showed promising results that the degradation did occur within a
suitable time scale requirements for temporal embolization.

Keywords: hydrogel, microsphere, suspension polymerization, crosslink, degradable, embolisation,
elasticity.

Laboratoire de rattachement : Physico-chimie, Pharmacotechnie et Biopharmacie UMR CNRS
8612
PÔLE : PHARMACOTECHNIE ET PHYSICO-CHIMIE PHARMACEUTIQUE
UNIVERSITÉ PARIS-SUD 11
UFR «FACULTÉ DE PHARMACIE DE CHATENAY-MALABRY »
5, rue Jean Baptiste Clément
92296 CHÂTENAY-MALABRY Cedex


