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Avertissement

Le besoin de créeine microsphlte rl$orbable pour llembolisation a donnlieu en
2005 a une reflexion associant le Département de Neuroradiologie mienvelle de
1[H[pital Lariboisilte APHP (Dr. A. Laurent) et le Laboratoire des biomat/tiaux de 1[UMR
CNRS 8612 et Paris XI (Prof. D. Labarre, Dr. L. Moine).

La solution technique imaginée alors pour répondre au besoin médicél la ét
synthese de microsphéres par polymérisation en suspension de macromonomeres
hydrolysables [base de PLGA en prisence dun comonom!te de PEG.

Courant 2006-2007, des travaux de faisabilité ont montré la possibilité detisgnthé
de telles molécules et de les introduire dans un procédé de polymérigsatisspension. Cela
a abouti a ne collaboration de trois ans (dlbutle le 15 octobre 2007) entre ITUMR CNRS
8612 et la sociltl1Occlugel, sous forme d/une thise CIFRE rlalis e par Melle Nguyen sous la
responsabilité du Pr. D. Labarre, puis, aprés son départ en retragecede du Dr. C.
Vauthier. Le Dr. L. Moine, collaboratrice proche du Pr. D. Labatrespécialiste des
polymeéres résorbables et des procédés de polymérisation en suspensiaiteinedtr
collabor! Jaux difflrents travaux men/(s jusqu!l/fin 2009.

Les différent procld[s et applications ont fait 1lobjet du d(p[t le 10 septembre 2009 :

v' dlune demande de brevet provisoire amlticaine dlposle [11[Office am[ricain des
brevets (USPTO) sous le n° 61/241 183 et intituldenplantable bio-resorbable
polymer »et

v' dlune demande de brevet européen EP 0930 5830 intitulémplantable bio-
resorbable polymer»qui a été étendue par voie de PCT en septembre 2010. Son
contenu a été porté a la connaissance de la communauté via publicataie dn 16

mars 2011.
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Avertissement

Les inventeurs de la technologie sont les personnes suivantes :

- Monsieur Alexandre LAURENT, MCWH, Service de Neuroradiologie de 1Th[pital

Lariboisiere, AP-HP,

- Monsieur Denis LABARRE, PU, Laboratoire Biomatériaux et Polymeres, 11PS

- Madame Laurence MOINE, CNRS,

- Monsieur Laurent BEDOUET, OCCLUGEL,

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

Pathologique de 1(h[ pital Lariboisilte, AP-HP,

- Mademoiselle Van Nga NGUYEN, OCCLUGEL.

LIAP-HP, le CNRS, I[UPS 11, 1IUPD 7 et OCCLUGEL sont copropriétaires du
Brevet, de certaines inventions et découvertes relatives a des pedymenflants et
résorbables, chargeables pour implantation humaine ou animale.

Les quatre articles inclus dans le présent rapport de théese siat dd' projet et n‘ont

pas encore été validés pour publication par la société OCCLUGEL.
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Introduction générale

Liembolisation thérapeutique est devenue une méthode de choix pour le traitement des
tumeurs hypervascularisés, des hémoragies ainsi que des malformatéits/éneuses
[Hovsepian et al. 2004, Syed et al. 2007, Artinyan et al. 2Q@8but de Ilintervention est
dlocclure de manilre sllective les vaisseaux sanguins qui constituent ou qui nourrissent une

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

Llacte chirurgical est rlalisl Jpar un radiologue. lagent embolisant est conduit jusqu(l
1lendroit ol il doit [tre inject[ [ 1[aide dun cathlter sans compromettre le flot sanguin dans le
reste de la circulation. Lealdecin observe en temps rl el llacheminement du cath(ter dans le
réseau vasculaireous rayon X et [117aide dlun agent de contraste pour 1lamener jusqullla
Iésion a traiter. Lintervention est dite mini-invasive carelle ne nl¢essite quline ponction
fémorale, évitant une ouverture importante comme dans les techniquesgichlas
classiques. Elle peut étre réalisée sous une simple anesthésie |logalessite généralement
une courte durle dlhospitalisation. Concernant llagent d[émbolisation, une d(finition en a [t[]
proposée par le Docteur Laurent dans un texte publié en 2006. Cetiéotetst reprise
dans la citation suivante @n peut d[finir comme agent démbolisation vasculaire tout
produit sous une forme quelconqlide/liquide(]) qui peut étre largué dans un flux
sanguin pour se bloquer dans le vaisseau ou il détermine une occlusion temmoraire
durable » [Laurent 2006]. Dans la pratiques agents dlembolisation se prlsentent sous
forme de particules de forme et de taille plus ou moins calibdéespires métalliques (coils),
de solutions gélifiante ou de microsphéres [http://www.brainaneurysm.comyameur
treatment.html, http://pennstatehershey.org/web/stroke/patientcaiegsérnyx,

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

Parmi les particules dlémbolisation, les microsphéres calibrées constituent une classe

dlagent dlembolisation vasculaire particulitement bien adapt( ¢ pour cette application. Leur
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Introduction générale

forme sphérique et la maitrise de leur taille offrent un avantagsifdéar rapport aux autres
particules pour le ciblg de 1locclusion. En effet, par le choix de leur taille, on peut prévoir le
niveau de plnltration de 1lémbole dans un tissu tumoral par exemple. Cet avantage peut étre
crucial dans le cas ou la microsphere porte une charge de médicantiesmicéreux destinée

a une délivrance locale intra ou péri-tumorale.

En fonction de llapplication thlrapeutique, il peut [tre souhait’ Ique llembolisation soit
permanente ou temporai@uelque soit la qualitlIde 1lémbolisation recherchl¢, les matériaux
dégradables constituant les embales/erent plus adaptées [Schwarz et al. 2004; Zhang and
Schwarz 2006; Moine et al. 2011; Weng et al. 2011]. Ces matériaux sontmégale
intéressanpour d/autres applications qui nécessitent une implantationvivo, comme pour la
réparation et régénération tissulaire [Alsberg et al. 2003; Tan and MN2Oid],
llencapsulation de cellules [Temenoff et al. 2004; Nicodemus and Bryant 200& ou |
formulation de systémes a libération contrdlée de principe actif [Paak #093; 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 (fiborome utérin) ou maligne (hépatocarcinomea), agent dlembolisation
TEMPORAIRE pourrait étre plus bénéfique sur le plan thérapeutiquestoapportant plus
de confort aux patients. En effdtutilisation dlun agentdlémbolisation non dégradable
pourra entrainer des effets indésirables aveeisgne dlinflammation importante. En outre,
dans le cas du traitement par embolisation des tumeurs ischiemoegnsinime le fibrome
ut(tin, il est inutile de prolonger 1locclusion vasculaire au-dela du temps nécessaire pour
obtenir la nécrose de la tumeur. Une recanalisation ragigeut que profiter [1lorgane pour
[faider [ reprendre un fonctionnement physiologique normal et [ [liminer les tumeurs

nl¢ros[es. Dans dlautres cas cliniques comme celui des tumeurs malignes hypervascularisées
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Introduction générale

(rencontrles dans 1h[patocarcinome), il est int[ressant d[Tliminer la tumeur en combinant
1locclusion vasculaire a ldlivrance dun principe actif charg[dans les microspheres. Cette
technique, connue sous le nom de chimio-embolisation, permet de concentrer dee mani
considérable la charge médicamenteuse au niveau de la tumeur etleahminuer la
concentration systémique et en méme temps les effets indésirables. aAdwaliblage
permettant la délivrance du principe actif a la tumeur, il est soll&ithobtenir une
recanalisation des vaisseaux nourriciers pour éviter la dastrtotale de 1lorgane atteint qui
comporte encore du tissu sein et fonctionnel et pour pernegipdication de nouvelles cures

de chimio-embolisationu dlautres th(tapies 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 (Getfediizer, Spong@l
de Sanofi-Aventis) et des microsphéres & basemillon (Spherék de Pharmacia,
Embocept de PharmaCept).lagent biodégradable le plus utilisét 1 Tponge hlmostatique
de gélatine. Ce produit, de faible codt, est commercialisé sous forplagiees ou réglettes
(destinées a étre découpées, broyées ou grattées) ou bien sous formeuespaéches
tamisés. Malgré le tamisagaicune calibration nlést possible due a leur forme irréguliere et &
la tendance des particules(agglom(ter. Les agrégats ainsi formés peuvent parfois conduire
au blocage du cathéter. De plus, les éponges de gélatines seules ne preglisent
occlusion partielle [Laurent 2006] eimbolisation totale nlést atteinte qulapr(s llactivation de
la coagulation et la formation dun caillot sanguin en compliment du matériau
dlembolisation. La dlgradation de llembole se produit suite [1la rfaction inflammatoire a
corps étrangenl est tr($ difficile dlavoir des informations pri¢tises concernant le temps de
recanalisation d[] [Jla variabilit[]de la compacit/]de 1[Tponge, de llampleur de la rlaction
inflammatoire et dellactivit'] enzymatique du patient [Laurent 2006]. Les microspheres

biodégradables calibrées seraient une réponse aux limites présentéess paatériaux
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Introduction générale

dlembolisation de forme irréguliére et de tailles variables et permettraient agodusion
complete et mieux ciblée avec un bien meilleur contréle du temps dadaégn. Des
microspheres biodégradables a basenition ont d[j(1fait 1lobjet de recherches pour des
applications dans le domaine de 1lémbolisation [Hilger et al. 2008]. Ces microsphéres ne sont
disponibles que dans une gamdeeaille dun diam[tre inflrieur [1100 [m ce qui compromet
leur application pour réaliser des embolisations nécessitant une occlusionsseawaiplus
grands. Ces particules se dégradent tres rapideoreqilklles sont isolles: elles
disparaissent en quelques dizaines de minutes [Pohlen et al. 2000], ce quiéeskegent
trop court pour réaliser une embolisationllinverse, du fait de 1laccumulation dlagrégats de
plusieurs dizaines voire centaines de microspheres, La résorption est alonefbntalentie
(en fonction de la taille des amas) et il devient excessivementildiffie contrbler le temps
de dégradation dieémbole qui slest rlellement form[in situ. Il faut également souligner que
la dégradation enzymatique tamidon dépend aussiftement du site dlimplantation et des
conditions physiologiques du patieritiénsemble de ces consid[fations montre clairement
gue la dégradation des emboles produits partdcrosphlfes nlest pas bien maltrisle. A ce
problemeslajoute la difficult[] dlobtenir un véritableciblage de 1locclusion du fait de la

formation dlagrégats.

Actuellement, il apparaitque le dlveloppement des techniques dleémbolisation
temporaire est consid[tablement freinl/par le manque de mat tiaux dlémbolisation adapt[ ][]
leur miseen [Juvre. Liexplrience acquise des techniques dlembolisation menl¢ avec des
matériaux non dégradables montre trés clairement que la forme dEsemboles est une
forme sphériquePour lever la limite au d[Veloppement de 1lembolisation temporaire il parait
nécessaire de développer des emboles sphériques de taille calibrée deidriau dont la
vitesse de dégradation est parfaitement maitrisable. Les tredalisés sur des microsphéres

biodégradables [@midon ont mis en [Vidence une limite [J1utilisation de matériaux dont la
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Introduction générale

dlgradation dlpend dlune activitllenzymatique. Ils ont [galement mis en [Vidence quiune
taille de microsphere trop petite amenait des difficultés pour @entte ciblage de la
localisation de llembolisation. Llobjectif de notre travail de these a été de rechercher un
mat(tiau dont la d[ gradation ne d[pendrait pas dune activit! Jlenzymatique et qui pourrait [tre
transformé en microspheres résorbables de grande taille pour embolisatinrétherche
de matériaux dégradables imptables in vivo s[ést tournleé vers les hydrogels. Les rlsultats

de 1[Ttude bibliographique prisents dans la premiere partie du mémoire de thése a permis de
sélectionner deg/pes dhydrogels hydrolysables répondangspriori aux criteres rechercheés.
Le travail expérimental présenté dans la deuxieme partie du meédwithese rapporte les
résultats des études ayant portées sur la synthése des microspheres, \&ioppeaient
diune m(thode originale pour suivre leur dlgradation in vitro et sur 1tude de leur

dégradation.
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Abstract

Hydrogels have received increasing attentions for a wide range of ioaheapplications
including drug delivery and tissue engineering. Progresses in synthetic alyemiske
biodegradable hydrogels a very dynamic topic with development potentredvofmaterials
resolving drawbacks found with non-degradable gels and improving comfort ehisaby
developing new techniques of therapeutics. They are versatile atafer which properties
can be tuned by the chemistry to fit requirements identifiethiodesired application. In this
review, we describe biodegradable hydrogels and present their potentia lbisenedical
applications. The review was focussed on synthetic hydrogels including khgebié

crosslinks.

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

Hydrogels are three dimensional polymer networks which absorb and fatge
amounts of water. They are universally found in Mother Nature as alatEmatrices of the
living organisms including for instance the interstitial tissue and the cell cytoplasm.

Synthetic hydrogels were first introduced as biomaterial in 196@Wiohterle and Lim
(Wichterle and Lim 1960) as soft contact lenses. Since then, they cotdimaise interests
among biomaterial scientists because of their high potential of biocontipatibideed, they
are a class of materials with the most similar structure to the materiats$ ifothre nature.

The three dimensional polymer network which composes hydrogels swellgueous
medium. It absorbs and retains large amount of water thanks to the brglnt in
hydrophilic groups in the polymer structure (Ratner and Hoffman 1976, Pepp&as2000,
Kopecek 2002). Thus, hydrogels were extensively studied as cell encapsulaticesndtug
delivery systems, biosensors and as matrix for tissue regeneratia@wiiBand 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 fiaostrebundant
types of synthesized hydrogels. They are suitable for many applicatidnaseacapsulation
of bulky compounds including proteins and RNA (Monteiro et al. 2004; Leach and &chmi
2005). However, degradable hydrogels have appeared to be more suitapf#ications in
which the material is directly implanted in the body and needs terbeved when its action
is completed. Such applications include scaffolds for tissue regeneratgire(élet al. 2003;

Tan and Marra 2010), cell encapsulation (Temenoff et al. 2004; Nicodemus and Bryant 2008),
drug delivery systems with controlled released properties (Park. €it983; 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 alM2iifhe;et al.
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2011; Weng et al. 2011). The degradation time scale of the hydrmagelials used in these
applications needs to be very precisely adjusted. This is a property of higdndgeh can be
finely tuned by adapting various parameters of synthetic hydrogelsn§tance, degradation
rate can be controlled by the physical properties of the crossli(&kegrdength, rigidity), the
chemical nature of the polymer composing the hydrogel and by thectdréstics of the
tridimensional polymer network, which establish the permeability atewinside the gel
(West and Hubbell 1995). Moreover, the morphology of the hydrogels including thei
porosity, their size and their shape (slide, block, spherical particles, thnélaghcing the
surface/weight relation and the surface to volume ratio has shown ltenoé also the
degradation rate especially when degradation occurs by hydrolysis (Wu rgp@@i4).
Although all types of hydrogels have a general structure based on eadinnensional
polymer network swelled by a large amount of water, the polymer chains formeimgtwork
are hold together either by physical interactions including secondgsfsuch as ionic, H-
bonding or hydrophobic forces or by covalent bonds in the case of covaled$iitked
polymer networks. Hydrogels formed from physical interactions are called [physicall]or
‘reversible[ Thydrogels. One advantage of these gels is that they can be formed without the
need of chemical modification or chemical reaction. Howevezy ttan be dissolved by
simple changes occurring in the physico-chemical conditions of theoement (Xu and
Kopelek 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 thdwydegradation rate of
these hydrogel can be finely tuned by adjusting many of the pararetaracterizing the
hydrogels. For instance, the chemical nature of the degradable segmda gsed to define
the mechanism by which the hydrogel will be degraded. S&dénd collaborators have

designed a hydrogel based on crosslinked synthetic paiyino acid)s$edlal Tk et al. 2011)
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which degrades under the action of enzymes while the PLA-PEG-PIsAliciced hydrogels
proposed by Sawhney and collaborators are simply hydrolysed by waehii8y 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 illustratederféw
examples, the nature of the degradable segment is another parameterinfloiences
hydrogel degradation. This degradation depends on the enzyme activity amd/bre
susceptibility to hydrolysis. The degree of crosslinking is another imoparameter which
influences the degradation rate (Kweon et al. 2003, Timmer et al. 200Beatherif et al,
2008, 2009, Wang et al. 2010). It controls the swelling of the hydrogel andesie size of
the pores which influences the amount of water penetrating the hiidfbgehydrophilicity
of the hydrogel may also modulate the capacity of water albsorpence influence the
degradation rate particularly in the case of hydrolysable hydrogels (8gwhal. 1993, Poon
et al. 2009, Wang et al. 2010). Regarding applications that request digarylegree of
degradation rate control, it seems that covalently crosslinked hydroge&dotegthrough a
hydrolytic mechanism are the most suitable. Indeed, their degradat®mvill only depend
on the chemical structure and characteristics of the hydrogel dingewotally independent
on the site of implantation in the body and on the physiology of thenpgKatti et al. 2002).
Their degradation rate can theoretically be adjusted only from thean#éma hydrogel was
chemically designed and synthesized.

The present reviews aimed to summarize the different types of hydbtdy covalently
crosslinked hydrogels developed so far. It first presents general methodarhag used to
synthesise hydrogels. Then, it describes the chemical nature of teeahsaused to produce
hydrolysable covalently crosslinked hydrogels. In this part, the éiftaypes of hydrolysable

chemical compounds and the way they can be used to synthesize crosslinkdre wi
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described. The different forms that hydrogels can take and theicappts in the biomedical

field are considered in the last part of the paper.

Abbreviations and Commercial products

4EDMAB ethyl-4N,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-propanor
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([4caprolactame)

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[Ndtetraethyl 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-dimednsietmeork
architecture by covalent linkage. This depends whether it is forroed thonomer 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 dassegbly are keys to
determine the biodegradable character of the resulting hydrogadirguidlocs are assembled
together thanks to the presence of chemical functions that allow formatien tiofee-
dimensional polymer network. Two families of chemical functions can be dissimed
whether they contain unsaturated carbon-carbon bonds or they incluteirirsttucture
chemical reactive functions consisting in alcohol, aldehyde, carbagitic amine, hydrazide
or thiol groups able to react with each other (Table 1).

In the first family, the linkage between building blocs can occur lsynple reaction of
polymerization resulting from the opening of the carbon-carbon doubleiboldled in the
molecule (Fig. 1C). Such reactions can be initiated by the towmaf 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 aréhessimed by radical
polymerizations which can be performed under mild conditions. Polymemnzetitiations is
generally based on thermal, red-ox and photochemical methods. The obtdipolymers
with three dimensional network architecture requires that one building fdoted the
crosslinking agent contains at least two carbon-carbon double bonds in theurstriibus,
preformed polymers containing a few carbon-carbon double bonds in theiusgraah be

crosslinked by initiating a radical polymerization (Fig. 1B).
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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 thmerpoly
network from monomer units containing complementary functions able to react together.
Difunctional monomers are included in the linear segments of the polymer netwagkrivhi

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 ahihaict

monomers added as crosslinking agent
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Table| [JChemical reactions of functional groups included on buiding blocks

CH
)J\z radical
n R R,

i polymerization RiR, R, R R, R R, Ry
unsaturated C=C bonds

O
Rl)J\OH
carboxylic acid + R,—OH o
alcohol )k R
R, cl R o’
or
\H/ ester

\j

o
acyl chloride + R,—NH, 0]
amine R
R o R - )k -2
or l\ﬂ/ \H/ 1 R; IﬁI
0O 0O amide
acid anhydride
+ R,—OH OH
alcohol R,
. Ry o
5 . R—NH, hemiacetal
. NR,
)J\ amine )k
Ry H 5 TR H
aldehyde )k _R, tmine
+ Ry DN q
H /N R2
hydrazine I\i \H/
- o
R; H
hydrazone
R,
+  N=c=o0 H
. O NO
R,—OH isocyanate R T R,
alcohol 0
urethane
S___R,

Rl_SH + HS_R2 _— R]/ \S/
thiol disulfide
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Figure 2. Scheme of the mechanism of radical polymerization.

The swelling characteristics of the hydrogels and their propeviiledepend on the length of

the linear segment separating two connections between chains. Inhydismels 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 thegoatgtwork. A

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

between chains making possible the obtaining of a three-dimensional polytwerlngrig.

1A). The composition in mono-unsaturated and di- or pluri-unsaturated monomess tef

degree of reticulation of the polymer network and in turn the swelliagerties and the mesh

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

hydrogel synthesized for medical application was prepared accotdirigis scheme by
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radical copolymerization of HEMA as the mono-unsaturated monomer withiV2Gas a di-
unsaturated monomer (Wichterle and Lim 1960). Although, this hydrogel is not
biodegradable because of the nature of the monomers, degradable hyclodatsobtained
by introducing degradable segments in the structure of the buildinkstésdt will be further
discussed in the following parts of this review (Tables Il - VII). Many pgirteperties can be
incorporated in hydrogels by varying the nature of the building blocksinstance, building
blocks with pH and temperature sensitive properties were incorporated strtlwture of
hydrogels in order to design stimuli responsive devices (Bettini Colombb #9895, Cicek
and Tuncel 1998). A polymerizable prodrug with a cleavable bond is anc@rapk of an
interesting building block that we could incorporate in the hydrogel teteign order to
design drug delivery systems in which the drug release is controjletheb hydrogel
degradation rate (Table VI) (Liu and Rimmer 2002).

In the second family, the building blocs are chosen between chemocdiésning functions
which can react together and form of a covalent linkage between rivat paolecules (Table

). The nature of the covalent bonds which crosslink the parent moledejesids on the
nature of the chemical functions reacting together to form thenaolypetwork. In turn, the
nature of the linkage defines whether or not the hydrogel is degraatablhe mechanism of
degradation. Beside chemical reactions, hydrogels can be obtained using Iathem
methods in which the crosslinking reaction is catalysed by enzymesndgtance, Sperinde
and Griffith used transglutaminase to form peptide based hydrogelsn@pemd Griffith
2000). It is noteworthy that radical polymerization of C=C double bond congambnomers
and macromers is so far the most commonly used method to produce hydrogels f
biomedical applications, since the design of suitable monomers is versatileydrogel can

be formed in various conditions includiimgvivo in situif needed.
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TABLE Il - 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

performed in the
presence of cells.

Evaluation of compatibility with cell
cultures and cell growth

Poly(C+hydroxyacid)-PEGyo. | UV irradiation ([1365 nm) Solution photopolymer] Degradation study in HEPES buffer sali| Drug delivery system | Shawhney et
20000 POIY(+hydroxyacid) with DMPA. ization, performed in | pH 7.3, 37°C. for Macromolecules. | al. 1993
diacrylate Copolymerization with NVP.| molds to form disks or | Time of degradation vary from 1 to 120
Poly((+hydroxyacid) were on a surface to form | days depending on PEG chain length al Healing material.
composed of PLA and/or PGA films lactide and glycolide content
PLA-PEG-PLA diacrylate bulk photopolymerization disks (1 x 5 mm) and | Degradation study in PBS pH 7.4, 37°C| Orthopaedia as Burdick et al.
initiated by visible light( [l porous scaffolds Time of degradation (30 to 60% mass | scaffolds for bone 2001
PLA: 6 or 10 lactides units 450 nm) with CQ and obtained by polymeri- | loss) in 8 weeks depending on PEG-PL| tissue regenerating
PEG: 2 or 6 ethylene glycol | 4EDMAB in the presence of | zation in molds. content applications.
units. cells or in molds Polymerization can be
performed in the
presence of cells.
Poly((+hydroxyacid)-PEGyo. | redox initiator system Solution polymeriza- | Degradation study in PBS pH 7.4, 37°C| Scaffold for tissue Zhu and Ding
10000 PoIy((+hydroxyacid) composed of AP and tion in a bath. Total degradation was observed in 35 | engineering and tissu{ 2006
diacrylate TEMED, 37°C days. regeneration.
Poly(C+hydroxyacid) were
PLA and PCL.
PLA-PEGoPLA diacrylate | UV irradiation with Darocur | Solution photopolymer; Up to 50 % degradation in 3 weeks Scaffold for tissue Benoit et al.
2959 ization can be Encapsulation of cells from Rat brain | engineering and tissu( 2006,

regeneration. Suitable
to be used as support
for neural cell growth.

Mahoney and
Anseth 2007

PCL-PEGqor PCL diacrylate

UV irradiation (1365 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 tbibroblasts in cell
culture

cell shape control
scaffold for tissue-
engineering.

Chan-Park et a
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(thydroxyacid)- PEGye | UV irradiation (11365 nm) Bulk photopolymeri- Degradation study on disks of hydrogel§ Scaffold for tissue Davis et al.
Poly("+thydroxyacid) diacrylate initiated with CQ and zation in molds About 10% mass loss after the first wee regeneration. 2003,
4EDMAB. After 8 weeks, the mass loss of the fast{ Implants for Burdick et al.
Poly(+hydroxyacid) were Polymerization can be | degrading hydrogels (poly(2EG6LA), | controlled drug 2006
composed of PLA and PCL. performed in the poly(2EG10LA)) ranged from 50 to 60% delivery of
presence of cells while the mass loss of the slowest neurotrophins to
degrading hydrogel (poly(8EG6LA)) wa{ enhance regeneration
lower than 30%. of damage to the
Cell seeding experiment with primary rg central nervous syste
calvarial osteoblasts
Evaluation of neurite outgrowth from
retina explant
PLA- PEGorPLA diacrylate | UV irradiation (1365 nm) Solution photopolymer; Compares the degradation of the Drug delivery systemg Shah et al.
initiated with Irgacure 2959. | ization performed in macromer crosslinker in solution to that| and Tissue 2006
molds of the reticulated crosslinker : under the| engineering scaffold.
reticulated form, more sensitive potential stimuli-
degradation to fluctuations in macromer responsive materials
cross-linker composition and to the
environement (water content, pH, ionic
strength)
PEG-PLA-PEG di- UV irradiation ([J365 nm) Solution photopolymery -with crosslinkers containing the larger | - Drug delivery Clapper et al.
(meth)acrylate initiated by Irgacure 184, ization performed in number of lactide units (4 and 6) total | system, 2007
Copolymerised with PEG- | molds degradation required > 3 months. - Biodegradable Clapper et al.
Biotin functionnalized Biotin methacrylate - Degradation incomplete with the composite formulatiorn] 2008

hydrogels

crosslinker containing the lower numbel
of lactide units (2) in the structure.
- Cell attachment test with preosteoblas
human palatal mesenchymal cells

- Scaffold for tissue
engineering

PGA- PEG,PGA diacrylate,
dimethacrylate and di-urethar|
methacrylate.

UV irradiation (1365 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 mak

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- PEGsorPLA 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 o
the hydrogel.

Hao et al. 2009

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

Inverse suspension redox
polymerization initiated by
AP and TEMED.

Inverse suspension
polymerization to
prepare microspheres

No complete degradation was reached.
Microspheres prepared with PLA
containing crosslinker degrade faster (9

Thermo responsive
and degradable
hydrogel microsphere

Zhu et al. 2005

(~ 200 pm). 95% degradation after