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Abstract

Advanced drug delivery systems rely on the avdilghif biocompatible materials. Moreover, biodedghility
is highly desirable in the design of those systdbmnsequently, aliphatic polyesters appear assa cfa
promising materials since they combine both properiNevertheless, their use in practical biomddigatems
relies on clinical approval which not only dependsthe material itself but also on its reproducibfathesis
with the absence of residual toxics. The firstisest of this review aim at reporting on the evalatof the
initiators/catalytic systems and of the synthesisditions (particularly the use of supercritical 13
polymerization medium) in order to produce alipbgtblyesters with controlled macromolecular paramseby
still "greener" ways. In addition, the further diymment of delivery systems also depends on th&hegis of
materials exhibiting novel properties, such as apiplicity or pH-sensitivity that are emerging frotme active
research in macromolecular engineering. Functiaimggialiphatic polyesters is quite tedious duentgirt
sensitivity towards hydrolytic degradation. Thet lsesction of this review is discussing severaltsgigs to
obtain functional (co)polyesters of various arattiiees providing them with novel properties.

Keywords: Aliphatic polyesters ; ring-opening polymerizatipenzymatic polymerization ; supercritical carbon
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1. INTRODUCTION

The current development of nano-medicine and paatity polymeric drug delivery systems (DDS) is ¢ily
with the advances in understanding the diseastetetaechanisms. This relies on the developmenteéin
polymeric architectures and appropriate synthegthodologies to tailor their physico-chemical pnoies.
However, even if synthetic polymer-based drug dginsystems have been applied in drug deliverytferdast
50 years, there are few examples of these macreomiekebeing used successfully in clinics. Evehéf tlinical
approval of these new materials can seem to bagv@y, it is worth to have a look on them and pesse
investigating their production by cleaner, moreciht and less expensive ways.

Most of the synthetic polymer DDS are based ondyjoddable and biocompatible materials mainly atipha
polyesters, polyanhydrides, polyethers, polyamigeljorthoesters and polyurethanes. The preseigweds
going to focus on the family of aliphatic polyestéBcheme 1). In the first section, we discussiimhetic
strategies evolution of these biodegradable polgrbgrfocusing on the ring-opening polymerizatio©OfR
mechanism. Indeed, this mechanism allows quite goodtrol of the polymer characteristics (i.e., peeable
molecular weight, narrow molecular weight distribn) and is particularly well-suited for macromaléar
engineering with the production of homo- and copwdys of various architectures (i.e., palm-treelodik,
multiblock, star) (Scheme 2). The key role of taluminum alkoxides as initiators of the ring-oiog
polymerization of lactones, lactides and glycold# be emphasised. Then the appearance of nosslttic or
more efficient organometallics will be shortly dissed. Since the contamination of the aliphatigexikrs by
potentially toxic metallic residues is particuladyconcern as far as biomedical applications avisiemed, the
possibility to replace organometallic initiators lipases and full organic systems will finally besdribed. The
second section will be dedicated to the valuabéeaisupercritical carbon dioxide as novel mediomtfie
ringopening polymerization. Purification and pragiag as particles of aliphatic polyesters will alteo
mentioned. The last section will focus on some gewtr synthetic reactions particularly promising thoe
macromolecular engineering of aliphatic polyesteith a particular attention paid to the synthegis o
amphiphilic copolymers that are promising materfatsadvanced DDS.

Scheme 1. Ring-opening polymerization of unsubstituted laet lactides, and glycolide.
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2. SYNTHESISOF ALIPHATIC POLYESTERSBY LIVING/CONTROLLED ROP

The development of reproducible and efficient D&uires the fine tailoring of the properties of tised
synthetic polymers. As far as aliphatic polyestesconcerned, the control of their biodegradatade,
bioadherence, hydrophilicity, glass transition tenature and crystallinity are of the utmost impocgand
relies on the availability of suitable synthetiopess. Aliphatic polyesters such as pelyaprolactones,
polylactides, and polyglycolides can be preparetitoydistinct mechanisms: (i) the step-growth padyization
or polycondensation, and (ii) the ring-opening palgition (chain polymerization). The step-growth
polymerization technique relies on the condensatidmnydroxy-acids or of mixtures of diacids andldio
(Scheme 3). The major drawbacks of this polyconaéms mechanism are the high temperatures and long
reaction times generally required that favour tide seactions, together with the deleterious eféecthe
molecular weight of any short deviation from thaation stoichiometry. Such reaction is also limited
equilibrium; water must thus be removed from thymerization medium to increase the conversionthed
molecular weight. This can be achieved by azeatrdfstillation of high boiling point solvents aseasfor the
industrial synthesis of high molecular weight pabtide (PLA) by Mitsui in Japan [1]. However, theewf high
boiling organic solvents, difficult to remove byagoration, is poorly compatible with productionsotvent free
PLA.

Scheme 3. Synthesis of aliphatic polyesters by step-grovallygmndensation.
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The polymerization of lactides and lactones byrthg-opening polyaddition process is free of thigséations
and is thus preferred for their synthesis withotaihade properties. High molecular weight polyestam be
easily prepared under mild conditions from lactookdifferent ring-size, substituted or not by ftinoal groups
[2,3]. A broad range of anionic, cationic and caoatdive initiators or catalysts have been repofeedhe ROP
[4,5]. Generally speaking, ionic (non-bulky ion sa&nd free ions) initiators are much reactive amdase of
polyesters, are responsible for detrimental irded intra-molecular transesterification reactiawsdring the
molecular weight and broadening the molecular wiedstribution of the polymer. Many organometallic
derivatives of metals with d-orbitals of a favouembnergy, such as Al, Sn, Nd, Y, Yb, Sm, La, e, Z, Ca,
Ti and Mg, are imparting control to the polymeri@atin contrast to their anionic counter-part. e imore
favourable cases, the ring-opening polymerizatiblactones and lactides is a living/controlled mes that
leads to polyesters of narrow molecular weightritigtion with a molecular weight predetermined bg t
monomer-to-initiator molar ratio.

The ROP proceeds mainly via two major polymerizatitechanisms depending on the used organometallics.
Some of them acts as catalysts, and activate tm®mer by complexation with the carbonyl group (Suéet).
Polymerization is then initiated by any nucleophdey., water or alcohol, present in the polymeigramedium
as impurities or as compound added on purposéelsgécond mechanism, the organometallic playsotlbeof
initiator and the polymerization proceeds throughimsertion-coordination' mechanism (Scheme 5taMe
alkoxides are typical initiators, which first coardtes the carbonyl of the monomer, followed bydleavage of
the acyl-oxygen bond of the monomer and simultas@agertion into the metal alkoxide bond. Other
mechanistic proposals can be found in the scierdiiérature, which are however not general encdodbe
discussed in this review.

Scheme 4. Ring-opening polymerization of lactones catalylag@rganometallic species [M] in presence of
nucleophiles (Nu).
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Among the wide variety of aliphatic polyesters, Pa#d PLGA polymers are the most used materialdriag
delivery due to their fast and adjustable degradatite. The sharp increase of the patents numbhisifield in
the early 90s coincides with the clinical succexs @mmercialization of Lupron Depot, the first grateral
sustained-release formulation using PLA, which eagroved in 1989 [6].

High volumes of PLA are produced under the namauéatorks™ by the joint venture between Dow and
Cargill in a plant built in North America with agacity of 0.14 million tones/year [7], mainly foormmodity
market. Besides, there are four established supplfeGMP-grade PLA (PLA which complies with the @glo
Manufacturing Practice regulations (GMP) promuldaty the European Agency for the Evaluation of
Medicinal Products) and PLGA: Purac (Purasorb™jmiBigham Polymers (Lactel™), Boehringer Ingelheim
(Reso-mer™) and Alkermes (Medisorb™). Other newgp$iers and smaller manufacturers are also caterin
the local niche markets worldwide.

For the time being, tin octoate and alkoxides vikeemost widely used organometallic mediatorstierring-
opening polymerization of lactones even if novelvpdul and interesting metal free catalytic systere
emerging as valuable alternatives.

2.1. Metal-based initiatorsor catalystsfor homogeneous ROP
2.1.1. Aluminum alkoxides

The high selectivity of aluminum alkoxides is thajor reason for their choice to produce well-dedine
polyesters for lab studies. For instance, propagas 100 times faster than bimolecular transditation in the
ring-opening polymerization of LLA in THF at 80 18] and molecular weight is very well controlled.
Advantageously, both chain end-groups are wellrgefiand predictable (Scheme 5). Indeed, the pelyest
chains arei-end-capped by an ester group RO-C(=0), where RReislkoxy group of the initiator. Because a
huge variety of aluminum alkoxides can be prepésectaction of triethylaluminum with an alcohol R(@see
Eq. (1) with R—Tertiary amine, acrylate, norbornene, alkyl hall@eG, allyl, ...), polymeric or not, functional
or not, the choice of the-end-group is very flexible. An excess of triethylainum is usually used to form the
monoalkoxide initiator since the di- and tri-alkdes, (Egs. (2) and (3) below) strongly aggregateaan thus
not useful in the aliphatic polyester synthesis.

AlEt; + R-OH—Et AIOR + EtH (1)
EtAIOR + R-OH—E(AI(OR), -+ EtH ()
EtAI(OR), + R-OH—AI(OR), + EtH 3)

Moreover, the hydrolysis of the propagating chaystematically results in@-hydroxyl end-group. Other
nucleophiles can also be used to terminate thenstzaid impose accordingly the structure ofdirend-group.
The very good control imparted to ring-opening padyization by aluminum alkoxides is a unique platfdor
the macromolecular engineering of aliphatic polgestfor instance, making comb-like, star-shapeaft gnd
hyperbranched (co)polyesters available [9]. Thigtgf initiator can also polymerize other cyclicmomers,
such as adipic anhydride and trimethylene carbd@te

For safety reasons, residual aluminum must be rechérom the material before use in food or biomadic
applications. Even if on the lab-scale, aluminum la efficiently extracted by EDTA complexatiom (V)
alkoxides is rather used as substitute for alumialkoxides, although the polydispersity of the alsas then
higher (~1.5).

2.1.2. Tin octoate

Probably the most popular polymerization initigimr ROP of aliphatic polyester is tin(ll) bis-(2-
ethylhexanoate) also referred as tin octoate (S){)J&0]. It is accepted as a food additive by theféed and
Drug Agency (FDA) and thus no purification of thelymers is needed for applications such as paclagin
the most likely proposed polymerization mechaniSm(Oct) is converted into tin alkoxide, the actual initigt
by reaction with alcohols (see Egs. (4) and (5Qtber protic impurities [11,12],

Sn(Oct), + ROH—Oct-Sn-OR + OctH (4)

Oct-Sn-OR + ROH—Sn(OR), + OctH (5)



Published in: Advanced Drug Delivery Reviews (2008). 60, pp. 1056-1076.
Status : Postprint (Author’s version)

As a consequence of the polymerization involves@dination-insertion mechanism similar to the one
described in Scheme 5. Thus again, the delibedatiti@n of a predetermined amount of alcohol to the
polymerization medium is an effective way to cohth@ molecular weight by the monomer-to-alcoholano
ratio. Tin octoate is also efficient in copolymetion of various lactones. Playing on the compositf such
copolymers allows tailoring their properties. Cofling the composition, the morphology, the Tg and
degradation rate allows regulation of the drugaséebehaviour [13]. However, even if toleratediodt
regulations, due to tin toxicity, it has to be alexd in materials used for biomedical applicatiomén added in
stoichiometric amounts for polymerization, caredutraction from the obtained polymer is requiretbbe
exploitation in the medical field.

2.1.3. Rare earth derivatives

A large variety of rare earth derivatives have based to initiate ROP of lactones and lactides.[TAgir
usually high reactivity must be emphasized, as @kfied by the polymerization dgi-butyrolactone which is
polymerized by Y(OCKHCH,OMe) at room temperature [15], in contrast to threglreaction time and high
temperature required when aluminum-based initiscaoesused.

Halo-bridges/Sm({ll) complexes ([Sm(u-X)(N(SiMg), (THF)],) and non-halo-bridged Sm(lll) complexes
(SMCp, Sm (N(GHs)3)3, SM(N(SiMe),)3) promote ROP at room temperature in less thamvithout the
assistance of a cocatalyst. The polydispersityxnsleather high (~2.0 and higher) even thoughiritimess" has
been supported by synthesis of a block copolyn#l. &reiner and co-workers have shown that bimetall
[SmuI(NP(CeHs)3)s(DME)] is an effective initiator for ROP @fCL ands-VL in toluene [ 16]. At 0 °C, the
molecular weight distribution is narrow (PDI ~ 1,.@hich indicates a fast initiation compared witlopagation
and transesterification reactions if any. The expental molecular weight agrees with the theorétiedue on
the assumption that two chains are initiated pemgiex molecule. From the analysis of the chain gmudips by
'H NMR, thein situformation of samarium alkoxides is supposed toltésm the addition of the bridged
nitrogen atom to the carbonyl group of the lactdakgwed by the cleavage of the endocyclic acygen bond
[16].

The ROP of (D,L)-lactide using rare earth (u-oxapi®poxides as initiator systems proceeds rapidig@m
temperature [17]. The lanthane initiator is the tmeactive with half-reaction time of 45 s, theataty range
being La>Y>>Yb. With Sm, Yand Yb a narrow polydisgi¢y is observed until high conversions while ff@r
initiator the polydispersity increases with convensindicating that transesterification reactiocsur.
Depending on the nature of the metal, the numbacte sites is close to 2.6 or 2.0.

Commercially available tris(bis(trimethylsilyl)anayl yttrium (Y[N(SiMe),]s) added with alcohol is able to
initiate ROP by convertini situthe inactive yttrium precursor into active Y alkdei[18]. The rapid exchange
between thén situ-formedyttrium alkoxide and the alcohol allows the averagenber of the initiated chains to
be controlled by the excess of alcohol with respeat. At a molar excess of 50, all the alcohol ewiles
participate to the exchange and thus to the iiotiadf e-CL polymerization at 20 °C. In addition kn, which
can be predicted from the monomer/alcohol molao r#tte molecular weight distribution is narrow e high
monomer conversion.

The use of a catalytic amount of lanthanide alkesit a valuable strategy to decrease the polyester
contamination by metallic residues as comparetiégpteviously described tin and aluminum baseéhioits
which must be used in stoichiometric amount vs alkehol to favour the polymerization kinetics. Hoxer, due
to low level of tolerance of rare earth metalshie brganisms, these catalytic systems are notggaéntly
adopted for the preparation of polyesters interflde@®DS elaboration.

2.1.4. Friendly metals

Another approach for producing aliphatic polyesfeze from toxic metallic residues is the use airbsorbable
salts for the ROP of polyesters. The LA polymeimatat 180 °C has been studied for a wide rangmatiéns
[19,20]: N&, K*, Mg**, C&*, Zr?*, and F&" with a variety of counter-ions: chloride, iodideide, hydroxide,
carbonate, acetate and higher fatty acids, ladtatieate, citrateq-amino acids and peptides. Zinc lactate gave
the best results.

Although strong Lewis acid metal halogenides amvkmcatalysts for cationic ROP, zinc dichloride daitiate
ROP ofe-CL, according to a coordination-insertion mechamnis which the alkyl-oxygen bond of the monomer
is cleaved (Scheme 5) [21]. Zinc alkoxides have hlEen prepared and efficiently used for the cdletdROP

of e-CL [22]. Zinc acetate turned out to be a frienalhalogue of tin octoate [23]. K®CH(CGHs),)s initiates

ROP of LA ance-CL and imparts a good control to the polymeriza{ip4]. A first order in both the monomer
and the initiator is the rule.
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Although commercially available and highly activeROP ofe-CL and L-LA, calcium methoxide is of limited
interest because of its low solubility and aggriegef25]. Feijen and co-workers used however sugfodly the
strategy implemented for lanthanide alkoxides. {Tte¢F),Ca[N(SiMe),], precursor was indeed reacted with
isopropanol within situformation of Ca isopropoxide. ROP ©fCL and L-LA is then controlled at room
temperature as confirmed by the agreement betvwesmetical and experimental Mn and [Mw/Mn(<1.3).
Poly(e-CL)-b-poly (L-LA) was also synthesized with success without raceimisdtiring ROP of -LA [26].
Remarkably, ROP is much faster when initiateuliketonate calcium alkoxides than by aluminuntiyth
and tin alkoxides.

Zirconium derivatives being 10 times less toxicrthia counterparts and Zr-containing drugs and eggs
being accepted by the Food and Drug Administrgdi, they were investigated for the polyesterstisgais.
LA and CL were polymerized by Zr (acac)4 in the 28D °C range [27,28]. Because Zr complexes usually
aggregate (coordination number=6) [29], benzyl ladd¢das been advantageously added to ZHQH-),
[29,30]. Mn is then determined by the monomer/abdoholar ratio, with low polydispersities. In coast to
aluminum alkoxides, the propagation rate decreesgalarly with increasing benzyl alcohol/Zr molatio.
Germanium alkoxides because of less toxicity tivaalkoxides have also been studied [31]. HoweR&P of
¢-CL requires higher temperature, e.g. 140 °C fof@&®Hs),4], and the molecular weight distribution is quite
broad.

Scheme 5. Ring- openlng polymenzatlon of lactones by theotdmation-insertion” mechanism.
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2.2. Supported-metal catalyzed ROP

Whenever toxic metallic catalysts is a must, thetegeneous polymerization by using metal alkoxgiasgted
onto solid supports is a valuable strategy to pceduolyesters free from metallic residues. In aoujtthese
heterogeneous initiators/ catalysts can be usbkdtzh production but their easy recycling/ reacirais
promising for continuous processes [32]. Al, Nd,Sf, Zr metal alkoxides have been grafted ontoasiir
alumina and successfully used for the synthesmbfc-caprolactone [30-33]. Nevertheless, the alcohatl ith
released in the reaction medium can react wittsith@ol groups of silica and form water. Therefqart of the
active species can be lost by hydrolysis. In cédsgumina, Al-O-R species can be additionally fochand
participate in the polymerization. Jérdme and cokers tackled this problem by using an Yalkoxideqursor,
i.e. Y[N(SiMe3),]3[34], reacting it with one or two equivalent(s)isbpropanol with formation of mixed yttrium
alkoxide/amide. The unreacted amide functions weea used to graft the Y alkoxide to the supponisT
method, free from side reactions and quite repriidii@llows to vary the average number of alkoxiges

Y(l or2). The grafted alkoxide can participate ifaat exchange with an alcohol added on purpo#eein
polymerization medium, at 40 °C. Chains are detddtmm the support by methanolysis, which restsoinesY
alkoxides at the surface of the support. Startiith W amide, rather than with preformed Y alkoxkteown for
fast association in solution, has the advantaggadfing, well-defined monomolecular species toshpport.

2.3. Enzymatic polymerization

As stressed in the previous sections, the avaitigloif aliphatic polyesters uncontaminated with sibke toxic
metallic residues is essential for biomedical aggtions. The enzymatic polymerization appears adtamative
technique for producing metal-free polyesters.[8bS3ome lipases are known to catalyze (trans) iéstion
reactions. A first report on the enzymatic bulk R@R-CL in organic solvents was published in 1993 [8Y,3
The Candida antarcticd.ipase B-mediated polymerization carried out iluésle occurs by catalysis at the
active serine residue of the enzyme and not byr atfiemical or non-specific interactions [39]. Irstingly
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enough, lipase-mediated polymerization takes dksoepin fluorinated solvents [40] and in ionic ligsi [41],
Since that time, small- to large-sized (4 to 17 inerad) lactones were found to be polymerized kaskp
catalyzed ring-opening fashion [35] (Scheme 6Qdneral, similar to chemical catalysts, the lipeatlyzed
ROP of lactones gives both higher molecular weights higher monomer conversions than the condemsati
polymerization of hydroxyacids [42]. In organic nednteresting cyclic oligomers are mainly produi¢43].
ROP ofy-BL, which is usually a problem by traditional teadues, is oligomerized in the presence of porcine
pancreas anBseudomonas capacid4]. As a rule, large-size lactones react fagtantthe smaller ones, which
is the reverse of what is observed for chemical RA3P. Actually, the rate-determining step in enatio
polymerization is the formation of a lactone-lipasenplex, which is more favourable for more hydraipic
large-size lactones. ROP takes place according tactivated monomer" mechanism (Scheme 6) [46& Kédy
step is the reaction of lipase with the lactonéhvidrmation of an acyl-enzyme intermediate, whigtitfer reacts
with water, alcohols, or hydroxyl end-capped chainsng either the initiation or the propagatioepstMost
recent insights into the mechanism of lipase-catdyROP of lactones are discussed in details inethiew
written by S. Kobayashi [47].

Scheme 6. Mechanism of enzymatic ring-opening polymerization
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The seven-membered unsubstituted lacta@# is the most extensively studied with respedigase-catalyzed
ring-opening polymerizatiors-CL is quickly polymerized by various lipases dffeient origin. Among them,
lipase CA appears as the most effective for thgmetization of-CL [48,49], and under appropriate conditions
PCL with a molecular weight (Mn) greater than 4D,0s produced [50].

Unfortunately, the control imparted to ROP in netg@od as the one obtained by chemical ROP, MitiiVin
higher than 2 [35]. One advantage of the enzynmatite is to be found in the optical activity ofdges, which
opens up a new route to stereoselective ROP. Rongbe, isotacticg)-enriched poly(4-methy-CL) and
poly(4-ethyle-CL) with an enantiomeric purity higher than 95%é#een prepared by enantioselective ROP of
the racemic mixture, in the presence of lipase Egno435 [51],

For medical applications, the metal-free polymeitraof |,4-dioxan-2-one by lipase may become trefgrred
method (Scheme 7a). Poly(1,4-dioxan-2-one) witivianof 41,400 was produced by an immobilized lipase
from theCandida antarcticdlipase CA)-catalyzed ring-opening polymerizati®2]. Different morpholine
derivatives can be copolymerized together (ScheaheBg the copolymerization of Sf-isopropylmorpholine-
2,5-dione and lactide, theS{isopropyl-morpholine-2,5-dione unit was introdddato the polylactide polymer
chain in order to improve the physico-chemical grbies of the polylactides. The glass transitiongerature
(Tm) of the copolymers decreased with the increasialp fraction of the DL-lactide residue in the cltymoers
from 74 to 40 °C [53]. Scheme 7 illustrates varipotymorpholines that can be enzymatically obtained
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Scheme 7. Various monomers and corresponding polymers pegdry enzymatic ROP: (a) 1,4-dioxan-2-one
(b) cyclic depsipeptides (c) 3(S)-sec-butylmorptel,5-dione. (d) 3(S)-isopropylmorpholine-2,5-di@nd 3-
methyl-6-methyl-morpholine-2,5-dione.
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LA is polymerized by lipase as a catalyst in bulkyield the corresponding polylactide with v of up to
126,000 with a relatively low yield. The L-lactide gives a higher molecular weight compaethe D- and L-
lactides [54,55]. The L-, D-, and D,L-lactides dancopolymerized with trimethylene carbonate bycpwr
pancreatic lipase (PPL) to produce random copolgrhaving molecular weights of up to 21,000 [56].
Remarkably, catalytic efficiency might be improuagdimmobilization of the lipase on supports [57]ogrusing
novel solvents [58].

The rapidly increasing number of publications ewitkes the potential of the enzyme catalysis progidinwide
range of polymer structures [59]. In the near fetthe development of production systems and fiitgsib
studies for industrial production should providecwel interesting source of metal free polyesters.

2.4. Metal-free ROP

Last but not least, metal-free polyesters can bpamed by using "all-organic” initiators [60]. Axhire of
alcohol and HCI C,HsO is a cationic catalyst for the controlled ROR-GL ands-VL [61], even ifMn
remains below 15,000 for polyg-CL) [62]. Poly@-VL) is an exception, wittMn up to 50,000.

The use of nucleophilic catalyst is also promigiigheme 8). Indeed, ROP of LA initiated by alcohsls
catalyzed by phosphines [63], tertiary amines 4edimethylaminopyridine, 4-pyrrolidinopyridine) [f4N-
imidazolium carbenes [65], thiazaolium carbeneg.[66e mechanism would be similar to the one reggbfor
biocatalysis [67] (Scheme 6) activation of the mmeo by the nucleophilic attack of the carbonyl by t
catalyst, with formation of an intermediate thaats further with an alcohol, polymeric or nidtheterocyclic
carbenes can be generateditufrom the corresponding imidazolium and thiazoliusitss whereas changing
the substituents of these compounds is a toolfting their reactivity [68]. Remarkably, stereosele
polymerization ofac- andmeselactide was catalyzed by encumbehetieterocyclic carbenes [69]. Alcohol
adducts ofN-heterocyclic carbene function as excellent sirgleyponent initiator of the ROP of LA afie
butyrolactone [70], Very recently, the polymeripatiof L-lactide was also carried out by activatadrihe
alcohol by a base such as 1,8-diazabicyclo[5.4n0a-7-ene (DBU) [71N-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD) [71] and phbapenes [72]. Interestingly enough, phosphazemasdu
out to be efficient to control the polymerizatiohe€L ands-VL [72], Conversely, DBU and MTBD were
efficient to control the ring-opening-polymerizatiof eCL ands-VL only whenever a thiourea was used as a
co-catalyst [71]. The role of the thiourea bein@étivate the monomer, a dual activation of bothrtftonomer
and the alcohol was thus implemented. Finally,7ttBazabicyclo[4.4.0]dec-5-ene (TBD) was also pron
control the polymerization of lactideCL anddVL in the absence of any other additive, by duahoroer-
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alcohol activation [71-73]. This promising procésactively studied at the time being and couldrizee widely
used in the near future.

Scheme 8. Nucleophiles suitable for all-organic ROP.
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3. TAKING ADVANTAGES OF THE SUPERCRITICAL CO, TECHNOLOGY

Environmental concerns have recently prompted ¢lentific community to investigate new ways to dsxge
the use of volatile organic solvents. For this jpsm the resort to supercritical fluids appears @aluable
alternative. Indeed, supercritical fluids combires-dike and liquid-like properties (solvation poveerd density).

Among the available supercritical fluids, supeicat carbon dioxide (scC{is the best candidate because of
low toxicity, low cost, non flammability and easégcessible critical parametefs$31.4 °C,P. = 73.8 bar).
Moreover, CQ is widely available from commercial and industsapplies and is also easily recycled.

The low solubility of many polymers, including aigtic polyesters, in scG@nay be a drawback. For example,
many polymerization conducted in this medium aecimitation polymerizations which is less desirable
Nevertheless, advantage can be taken of the lavbiity by using scC@as anti-solvent for the preparation of
nano- or micro-particles. Plasticization of polymby scCQis also beneficial particularly for drug delivery
applications, because it offers the possibilitynmrporate guest molecules under mild conditidiiese are
reasons why the contribution of sc& the ROP of lactones and lactides and theirgesiog has been
thoroughly investigated over last few years [74].

3.1. Synthesis of aliphatic polyestersby ROP in scCO,
3.1.1. Metal catalyzed/initiated ROP in scCO2

Tin(IV) alkoxides are very efficient initiators f&OP ofe-CL in supercritical C®(40 °C and 210-215 bar) [75]
The'H NMR analysis of the chain-ends has confirmed tH@PRproceeds through the coordination-insertion
mechanism that commonly operates in organic sadvent

When polymerization starts, the medium is transparecause the monomer and the very short PCLrokge
are soluble. After a few minutes, the medium turosidy as result of the precipitation of the nohibte PCL
chains. Nevertheless, the experimental moleculaghwéncreases regularly with conversion and is
predetermined by the monomer-to-initiator molaioredt least until 20,000 g/mol (Fig. 1), on thewsption
that the two alkoxides are active. The first orides-CL is observed whereas the first order in initidtalicates
that tin species are mostly unaggregated in sufieadrCO,. It has been measured that ROP at 40 °C proceeds
ca. 14 times faster in toluene and 33 times fastbulk than in scC@ This very slow kinetics has been
explained by equilibrium between propagating speard dormant species. The reversible insertidd®finto
the Sn-O bond leads to a carbonated tin compousid This mechanism has been substantiated by sisecipy
and the activation parameters for the reaction.[Mjen aluminum triisopropoxide is the initiatolQR ofe-CL
is a failure. Only a few percents of oligomers farened, as result of the high reactivity of alumimalkoxide
towards CQ. More recently, Howdle and coworkers publisheduaful study of the PCL precipitation
polymerization in scC@by using the most popular tin octoate catalys}.[77

Besides the above describe@L precipitation polymerization, poly(D,L-lactidean-(glycolide) [78] and
poly(L-lactide) [79] have also been successfullgthgsized by suspension polymerization in sg®Qhe
presence of fluorinated stabilisers.
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Fig. 1. Dependence of Mn (SEC) (a) on the monomer comvessid (b) on theoretical Mn, for tk€L ROP
initiated by BuSn(OMe) in supercritical CQ. [¢CL] 0 = 1.39 M, ECL]0/[Sn]0 = 364 (square), 254 (diamond),
167 (triangle), and 88 (circle). Reproduced withmession from [93]. Copyright Wiley-VCH Verlag Gmi&d
Co KGaA.
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3.1.2. Enzymatic ROP in scCO2

Enzymatic polymerizations have also been performetCQ. e-CL was polymerized by lipase CA to produce
the PCL with the highest molecular weightw) of 74,000. The enzyme and scOfere repeatedly used for the
polymerization [80], Takamoto et al. reported ttiet lipase-catalyzed degradation of PCL in theqires of
acetone produces an oligomer with a molecular waifless than 500 in scGOwhich can be polymerized by
the same catalyst [81]. Similar results by Matsuaretral. were obtained such that PCL was transidime
scCQ in the presence of a small amount of water arabépo produce repolymerizable oligomers havinlylan
of about 500 [82]. The produced CL oligomer wasimgalymerized with lipase CA to yield a PCL haviag

Mn of greater than 80,000 [82-84]. Kinetics measw@mimwere recently reported for the ROR-GL in this
medium by usingandida antarticdipase B (CALB) as catalyst [83]. High molecularigle (up to 50,000)

with polydispersities about 2 were observed. Thar peolecular weight control can be attributed to
transesterification reactions, as already obsefwednzymatic ROP in conventional solvents. The loimaition

of controlled atom transfer radical polymerizat{@TRP) with enzymatic ROP in scG@ able to produce
exceptional graft copolymers, i.e. poly(methyl nasttylate-co-hydroxyethyl methacrylate) (PMMA-co-HEBEM
with PCL grafts [84,85], Recently, block copolymersre synthesized by the association of enzymauip r
opening polymerization and metal free reversiblditawh-fragmentation chain transfer (RAFT) radical
polymerization [86],

3.2. Other advantages of scCO,
3.2.1. Purification of polyesters by scg€xtraction

scCQ is a valuable vehicle for extracting residual mmeos and catalysts leading to ultra-pure aliphatic
polyesters as required for applications in the lgidiral field. Fig. 2a shows the first-order kingiiofile for the
supercritical fluid extraction (SFE) efCL from a PCL sample containing 15 wt.% of monoii@di. Based on
the extraction constant, 95% ©fCL is extracted afteca. 110 min, while 99% extraction would requie. 175
min. Whenever ring-opening polymerization is irtitid by dibutyltin dimethoxide, the extraction af from
PCL is a more difficult task because PCL boundatkoxide. Tin has first to be derivatized into spscsoluble
in scCQ. A possible strategy relies on the reaction ofRIB -alkoxytin end-group with acetic acid and the
release of dibutyltin diacetate which is extraatay scCQ [87]. The kinetic profile is quasi-linear (Fig. Pénd
the slope of the straight line allows the extratonstant to be determined.
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Fig. 2. Kinetic profile for the extraction at 40 °C andQLbar, of (a)e-CL from PCL at a flow rate of 6 ml/min
(b) dibutyltin diacetate from PCL at a flow ratea#. 4 ml/min. Reproduced with permission from [93]
Copyright Wiley-VCH Verlag GmbH & Co KGaA.
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3.2.2. Synthesis and drug-loading of micro- andoyparticles

The use of scCthas the unique advantage of combining the syrgtidsiliphatic polyesters and their
processing. For instance, the polyester formefiérhigh-pressure reactor canibeituloaded by guest
molecules, or collected as micro-particleD,P\LA micro-particles loaded by a cholesterol-loweriregist
agent have been prepared by "rapid expansion @frstfical solutions" (RESS) [88]. This very simptesthod
consists in dissolving the polymer and the drug the supercritical fluid followed by the rapidlypansion of
the mixture into a low temperature and pressurégr@nment. This leads to a rapid decrease of thebdldl of
the polymer and crystallization of the solute asroy or nano-particles of a narrow size distribatio
Unfortunately, most polymers and pharmaceutical® lor solubility in scCg) which limits the development
of such processing strategy.

Micro-particles can be produced by a second sitguabnique that consists of spraying a polymer, €gLA,
solution in dichloromethane (or dimethylsulfoxid#);ough a nozzle into a reactor filled with supiiaal

carbon dioxide [89]. This process is known as 'stifecal antisolvent precipitation' (SAS). The exjmental
parameters have a limited influence on the parside (~I-4um)[90]. A modified version of the process known
as "the SAS-EM process", allows nano-particles odmtrolled size (3 - 50 nm) to be produced [91].

The effect of scC@on many polymers is to lower their Tg and thus, itaterial is plasticized, or liquefied. This
is caused by the very high solubility of the degae in the polymer. The scC02 is therefore applieder
pressure into the polymer until the gas saturadédtien is formed. When depressurized through zlegzhe

gas comes out of the liquefied polymer which fommdl-defined particles. This "particles from gasusated
solutions", so-called PGSS process, has the adyasithat the starting material does not have wohéle in
scCQ and that no organic solvents are required duringgssing. It is thus highly attractive for elabomat
particulate DDS, while it is not yet widely devetmh Mainly, drug loaded PEG and poloxamers micntigas
are described [92].

Besides these scG®ased processing methods, a strategy widely ingahéea for the production of polyester
particles relies on ring-opening polymerizatiorsupercritical carbon dioxide in the presence ofoalbor graft
copolymer made of a G&philic block responsible for steric stabilisatiand a C@-phobic block (PCL) acting
as the anchoring block. Because polymers are ibkolo scCQ, the choice of the C&philic component is
very limited, and usually restricted to siliconesldluorinated polymers. For instance, RORGE in scCQ has
been carried out in the presence of various pdhalgdroperfuorodecylacrylate-b-capro-lactone) atikl
copolymers [93]. Micro-spheres have accordinglybgepared with [PCL(20 K)-b-PAC8(40 K)] surfactant
(conditions: 10 vol.% CUMn,th=20k ; 5 wt.% surfactant, 40 °C, 300 bar, 400 rpmh}las illustrated in Fig.
3a. In a similar manner, PLLA particles have beletaimed by suspension polymerization in se®§ using
well-defined fluorinated triblock copolymers Figh B79]. Nevertheless, fluorinated polymers are prapriate
for biomedical applications. Interestingly enougbly(glycolide) micro-particles were prepared ipsrcritical
carbon dioxide by using a non-toxic hydrocarbotileter, i.e., P (propylene glycol)-b-PEO-b-P(prigye
glycol) [94]. Recently, the ROP of L-LA in scG@as studied in the presence of different stabiize
architectures based on polydimethysiloxane (PDMBg stabilization efficiency of amphiphilic blocké graft
copolymers was compared. While block copolymersvedfective giving fine and discrete PLLA micro-
particles, the graft copolymer failed to give enoggabilization due to their short polymer-philltains
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resulting in hard agglomerates [95].

Fig. 3. Various micro-spheres prepared by using the sct@chnology: (a) PCL (bar: 1 mm) prepared by inusit
polymerization in presence of PAC8-b-PCL Reprodweit permission from [93]. Copyright Wiley-VCH
Verlag GmbH & Co KGaA. (b) PLA (bar: 100 um) prepamy in situ polymerization in presence of PCL-
PFPE-PCL. Reprinted with permission from [79]. Cdgiit 2008 American Chemical Society.

4. MACROMOLECULAR ENGINEERING OF ALIPHATIC POLYESTERS

The previous sections are devoted to the ROP sgistbéthe major biodegradable and biocompatibifghatic
polyesters by one-step process from the simplesit Ibonomers, i.e-caprolactone, lactides and glycolide, all
of them being widely used in DDS. Details on thenfolations of these aliphatic polyesters as nanarioro-
spheres and their potential applications in thengidical field are given in recent dedicated revif97].
Section 4 is rather going to describe severalegiias for the attachment of functional groups alibregchain to
tailor the macroscopic properties of these hydrtyahaliphatic polyesters that are function-freeeptdor the
ester group within the main chain. Indeed, in addito tune physico-chemical properties of the peters,
these functional groups can be used as anchotiegyfsir drugs or targeting units, valuable in acdeshDDS.

Derivatization of aliphatic polyesters is partialyadelicate as compared to non degradable polynbecsause
any reaction conditions that would cleave the dsterd will be responsible of the premature polymer
degradation. A lot of efforts are thus currentlyalked to the preparation of tailored-made functiatiphatic
polyesters. Even if these novel materials have loeinscarcely tested in clinics up to now, theirque
properties make them promising for the DDS of taimar In contrast to these functional polyesters,
poly(ethylene glycol) (PEG)-based copolymers, depet in response to the need for a variety of féatimns
for different drugs and delivery pathways [98] ararting to appear on the market thanks to theicess in
preclinical applications.

For the last few years, two main strategies haes ipeoposed to synthesize aliphatic polyesters pétident
functional groups (Scheme 9). The first one is Basethe synthesis and polymerization of lactondsstituted
in a- ory-position [99]. The grafting of functional groupsthea-position of the carbonyl of preformed
polyester is the second strategy [100].

Scheme 9. Main strategies for the synthesis of aliphaticygsters with pendent functional group.
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4.1. Polymerization of functional lactones

¢-CL that bears five -(Ch-groups beside the ester group can be derivatizedrious positions and with a very
wide range of functional groups (Scheme 10). Thel®sis of 1,4,8-trioxaspiro [4.6]-9-undecanoneh(3ae
10a) is reported by Tian et al. Thiketal lactone is homo-polymerized [101] and copwdyized [102] with
g-caprolactone. The ketal groups are used as pegt&ettones, whose reduction by sodium borohydeded
pendent hydroxyl groups, together with an increzgbe hydrophilic character of the hydroxy-polyast
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Later on, a series of lactones substituted by bolem[103,104], acrylates [105], protected hydraolips
[106,107] protected carboxyl groups [108-115] asrthinal olefins [116,117] or containing ketonesg]Lthave
been synthesized and homo- or co-polymerized.dategly, brominated poly{caprolactone) homo- or
copolymers have been successfully quaternized bglipg [119] and were found to be efficient degialda
polycations in gene delivery systems [ 120]. It thesnoted that the synthesis of substituted lastdsm most
often a multi-step process with a low final yielahr a detailed description of the synthesis angimpetization of
these monomers, the reader is referred to a rgvéper [99].

Scheme 10. Substituted caprolactones polymerizable by ROP.

Vert et al. investigated the synthesis and polyragion of 3-(1,2-3,4-tetraoxobutyl-diisopropylidgdi®xane-
2,5-dione(DIPAGYL), a derivative of glycolide, stitsted by acetonide, which can be partially depctdd into
diol [121]. The copolymerization of lactones andtides with 2,5-morpholinediones substituted bytgcted
acids [122] and amines [123] is also reported.

Recently, the synthesis of novel functionalizedctibnes with protected hydroxyl groups, i.e. betmoymethyl
Me glycolide and benzoyloxymethyl glycolide wasagpd [124-126]. These monomers can be homo-
polymerized and copolymerized by ROP using coneaatitin octoate or ethylzinc as catalyst. After
polymerization, the deprotection under mild coruis gives the corresponding hydroxylated polyesters
Another route relies on the copolymerization of fiamctional dilactones with a functional lactonelsas
benzyloxyethyl-b-malolactonate [127].

The major drawback of this synthetic strategy & #my functional groups able to react with mellabxddes
(mainly aluminum and tin) involved in the polymeziion must be protected prior to polymerization and
deprotected after polymerization [128]. The chaitéhe protecting group is also an important idseeause
deprotection of too stable protecting groups canltén the polyester degradation. For instancd, Béhtaining
more than 50 mol% af-triethylsilanolate (-OSik} could not be quantitatively converted into hydrox
containing PCL without degradation [106]. Conveys&bo labile protecting groups are deprotecteldat
partly during the synthesis and purification of thenomer.

Epoxides are not compatible with tin and alumindkoxides, such that they have to be incorporated by
postpolymerization oxidation of pendent double Imridr instance byn-chloroperbenzoic acid (MCPBA) [117-
119].

The main advantage of using functional lactongékagpossibility to have them purified by distiltati or
recrystallization processes prior to polymerizatidherefore, the final polymer is not contaminabgd
potentially toxic catalysts and/ or chemicals asidde the case if the same functionalization ieaatas
carried out with preformed polymer chains.

A very attractive functional lactone is the poly@ene oxide) (PEO) (also called polyethylene ghyRBG)
macromonomer, i.e. a lactone substituted by a P&E@mer chain [129]. Such macromonomer is precuo$or
graft copolymers, e.g, polg-caprolactone-g-ethylene oxide) (PCL-g-PEQ) withaém-tree architecture due to
quite divergent reactivity ratios (Scheme 2e).

Amphiphilic PCL-g-PEO copolymers have been accajlgiprepared, that form micelles in water [130]e$h
palm-tree copolymers have been found more effidgrettie stabilization of polylactide nano-particlasvater
[131], as compared to the more conventional diblombolymer. Similarly, Park et al. reported on the
copolymerization of lactide with poly(ethylene o#)d PEO) end-capped by an epoxide group [132] lypaiso
great potential in DDS.
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4.2. Derivatization of preformed polyesters

Grafting of functional groups onto preformed alifbgolyesters chains is an appealing strategyusec&om a
single easily available precursor, a wide rangin€tional groups can be attached in one furtheg.st

4.2.1. Direct derivatization of poly{caprolactone)

A representative example for the functionalizatwé®CL or PLA chains along the ester backbone éuth
position of the ester group is reported by Vewrlef100,133-138] Metallation of PCL by lithium
diisopropylamide leads to the formation of a pohg(late), reactive towards a variety of electropgh{lécheme
11). For instance, carbon dioxide [135], benzaldehyt 00] and iodine [137], thus precursors of ahigiroxyl,
iodo moieties, have been respectively grafted atbeghain. The coupling of bromoacetylatedydroxy-
methoxypoly(ethyle-neglycol) onto anionically aetigd PCL is a route to the PCL-g-PEO graft copolyme
[138]. The implementation of this strategy is hoeelmited by unavoidable chain scission in comatiwith
chain metallation.

Scheme 11. Chemical derivatization of PCL by an anionic raute
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4.2.2. Derivatization of suitably substituted alic polyesters

Thanks to the efficiency of synthetic strategiesolwimakes some functional lactones readily avadlathle
combination of the two above-described strategitsa two-step process appears as a valuableatitern
(Scheme 12). In the first stepcaprolactone is substituted by a properly selefttadtional group and (co)-
polymerized. Then the substituent is derivatizathter into a variety of functional groups, polyneeoir not,
according to any suitable reaction known in théestédi the art. A wide range of aliphatic polyestess
accordingly be made available from a single premurs

Scheme 12. ROP of substitutegtcaprolactone into a unique precursor followed tsyahemical derivatization
into various functional aliphatic polyesters.
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The success of such strategy relies on the fullbf the following criteria: (1) as direct syntieas possible of
the substituted monomer to be first polymerizede(ontwo steps), (2) this monomer should complhyhwit
controlled (co)-polymer-ization, (3) the envisiordetivatization reactions should be carried outeundild
conditions in order to (i) avoid chain degradati@i,avoid protection/deprotection of the functsoto be
incorporated, (iii) favor quantitative reaction ewat high content of functional groups.

Emrick et al. gave a first example of this stratbgycopolymerizing:-caprolactone with an unsaturated
derivative, followed by conversion of the pendentidle bonds into diols. Esterification of these foygy!
groups with PEO end-capped by a carboxylic aciceggas again amphiphilic graft PCL-g-PEO copolymers
[139].

Similar copolymers can also be achieved by thetiggadbf amino-oxy-terminated poly(ethylene oxidBEHO)
onto the ketone groups of podyaprolactone-co-oxepane-l,2-dione) [140,141] (§whd 3). In another work,
hydroxyl groups were grafted onto palydaprolactone-co-oxepane-1,2-dione) by coupling twgethyl
hydrazine with pendant ketones [142], Pendant hgdrmgroups were used for further derivatizationZ]L4
Recently, Wooley et al. investigated the derivatiraof polyg-caprolactone-co-oxepane-l,2-dione) by
reductive amination. Nevertheless, this reactiondd out to be not selective enough due to dettiahen
lactamization side reactions [143], Neverthelespptymers with a high content of ketone are inslauly
organic solvents, restricting the content of amycfional group to low values.

In the following, we will describe three effectiderivatization strategies based on well-known basj@anic
reactions as a demonstration of the versatilitshisf third approach. These are all addition-tyetiens that
have the advantages to be free of side-productsagtions.

Scheme 13. Grafting of PEO onto PCL according to Mayes ef{&40].
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4.2.2.1. Michael-type addition.

y-acrylice-CL can be easily synthesized according to a tetepprocedure [144] and copolymerized vei@hi
into poly -acrylic€CL-co-€CL) copolymers. Various thiols are efficiently addento these pendent acrylate
groups of PCL (Scheme 14). Thiol end-capped PECte&sadded onto the pendent acrylic groups of PCL
(content of acrylic units = 18 mol%) in the presené pyridine (THF, room temperature, 300 h
[pyridine]/[thiol]/[acrylate]=15/10/1). [145] The®L-g-PEO graft copolymer was formed as result #6665
conversion of the acrylic units. These experimectaiditions were extended to the addition of meiaagetic
acid, the acrylic conversion being 71% after 7Rémarkably, no cumbersome protection/deprotectantion
was needed for attaching acid groups onto PCL. &gpatiation was either observed. Nevertheless, tbkadl-
type reaction is not quantitative; with the riskocobss-linking through the residual acrylic groupast but not
least, the control of the homo-polymerizatioryeHcrylic<-CL is limited by a backbiting reaction producipg
acryloxyethyly-butyrolactone [146]. The main advantage of thehdal addition is that no organometallic
catalyst, that might be detrimental to biomediggdlecations, is needed. In a similar approach,|shicere
grafted onto pendent epoxides, prepared by oxidatfainsaturated aliphatic polyesters by mCPBA 117
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Scheme 14. Derivatization of pendent acrylic unsaturationsREL by Michael addition.
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4.2.2.2. Atom transfer radical addition.

PCL-g-PEO

Atom transfer radical addition (ATRA) consists ietaddition of an activated chlorine to an olefiutatyzed by
organometallics. This reaction is known for tolemmowards aliphatic polyesters [14a]chlorocyclo-
hexanone is easily converted into the parent l&c{@@lesCL) by one-step oxidation witim-CPBA with high
yield, the chlorine atom of the lactone being aattrd by the proximity of the ester group (Schemje 15
[148,149]. ThenaCleCL is copolymerized witkCL in a well-controlled manner, the initiator beiagdin(1V)
alkoxide [150]. Finally, 3-buten-1-ol is quantitatly grafted onto chloro-PCL by CuBr/MEREN meditated
ATRA in DMF at 65 °C for 4 h [148]. Again, no pratén is needed and no chain degradation is obdérye
SEC [148]. Moreover, ATRA of commercially availalklanethoxy,n-acrylate-PEONIn (PEO = 750) onto
poly(aCleCL-co€CL) (Mn= 17,500 ; 4&CleCL units) yields a graft copolymer, with 9 PEO ¢sdfl49].
However, 18 chlorinated units per chain are lostedmuction during ATRA. The situation is even wosgten
vinyl acetic acid is substituted for 3-buten-1\ith this olefin, no all the chlorinated units aesluced and
consequently no ATRA occurs. This problem was sl reducing the activity of the catalyst (HMTETA
used instead of MEREN) leading to ATRA with a moderate yield of 32ffter 24 h. To be quantitative, higher
temperature (85 °C instead of 65 °C) are needeAT&A, resulting in chains degradation. As a réd@RA
does not meet the third criteria of the generaltegyy shown in Scheme 12. Moreover, the stoichidgoamount
of the copper catalyst with respect to activatddrathes, which is needed in ATRA, contaminatesfthal
polyester, prevents its end-use in biomedical field



Published in: Advanced Drug Delivery Reviews (2008). 60, pp. 1056-1076.
Status : Postprint (Author’s version)

Scheme 15. Derivatization of thex-chloride pendent groups of PCL by atom transfatical addition.
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4.2.2.3. Click reactions.

Today, much attention is paid to copper catalyz8dHuisgen's cycloadditions between azides andhakkythus
to reactions which are known for quantitative yjeldder very mild conditions, from cheap and easilgilable
reagents, i.e. one reaction that falls in the stedalick reactions [151]. This reaction is activevestigated for
macromolecular engineering of aliphatic polyestErarick et al. reported on the cycloaddition ofeado-end-
capped PEO onto PCL bearing pendent alkynes [T%#."click” reaction was conducted in water in the
presence of CuSand sodium ascorbate as catalyst.

Scheme 16. Derivatization of pendent azide groups of PCL dick" reactions.
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Riva et al. described that potfleCL-co<CL) can be quantitatively converted into azide#ipfeed by "click"
reaction with functional alkynes (Scheme 16) [138]order to apply the reaction to more sensitioky@sters
such as PLA, the "click" reaction was tested atvatemperature (35 °C) in an organic solvent (THF).
Cycloaddition of both propargyl benzoate mediatedChl and triethylamine (NEXand 3-dimethylaminoethyl-
1-propyne mediated by Cul turned out to be quantdavith no significant degradation [153] (Scheh®. It is
worth noting that Cul is used in catalytic amouhtl(equivalent with respect to the azide groupbjclvis a
significant improvement compared to ATRA, whichui&gs a stoichiometric amount of copper catalyst. A
additional advantage of this "click" reaction itetance towards many organic functions. Indeedyqgationic
polyesters were prepared by ushMgN,Ntriethylammonium propargyl bromide as the alkyeagent. PCL-g-
PEO were also synthesized by reaction of an alkymkgroup of PEOu(-alkyne-PEO) with polyf{N;eCL-co-
¢CL). The grafting efficiency was approximately 3@34ine with the yield reported for ATRA. Importaytno
degradation was detected.

"Click" reaction is also superior to other derization reactions in that high content of pendentfional
groups can be considered. Indeed, the aforementioyeoaddition was complete in THF when paljgeCL)
homopolymer {in=46,000 Mw/Mn=1.6) was reacted with propargyl benzoate.

Remarkably, the very mild experimental conditiossdiin "click" reactions allow them to be extentiethe
functionalization of polylactide known for highegrssitivity to chain degradation than PGi-alkyne-PEO with
poly(aNseCL-co-LA), provided that the OH end-groups of tlpalylactide chains are previously esterified with
acetyl chloride gives PLA-g-PEO graft amphiphil@mpolymers (Scheme 17) [154],

Scheme 17. Synthesis of PLA-g-PEO by combining ROP and "tlitlemistry.
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The activated chlorides of polyCleCL-co-€CL) can thus be derivatized by either ATRA or Hgiisgen
cycloadditions. Even though the "click reactionjuiges an extra step compared to ATRA (comparigon o
Schemes 15 and 16), it is more effective. This sapyy is reinforced by the fact that the additidistep, i.e.,
substitution of chlorides by azides, and the cydtliion can be carried out in one-pot, thus withisotating the
intermediate azide containing copolymer. In a repn¢ative example, polyCleCL-co€CL) (Mn=22,000 ;
Mw/Mn= 1.5) was reacted with 5 equivalents of sodiuideain DMF at room temperature overnight. 5
equivalents of propargyl benzoate were then adoléidet reaction mixture, and the "click” reactiorswa
guantitative at 35 °C for 3 h. A slight increaseha polydispersity index was observétinf/Mn= 1.7).

The spreading development of click chemistry inypwdr engineering leads to very rapidly increasinmbers
of papers. For more description on Click reactiapglied to polymers, readers can refer to a mongptete
review paper written by Lutz [155],
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4.3. Amphiphilic copolymers, dendrimersand gels

Macromolecular engineering also provides polyestétis a wide variety of architectures and allowsith
combination of any other polymers. As far as DD&@ncerned the developments of copolymer architest
combining polyesters and polyethylene oxide (oyethlylene glycol) is of prime interest. This lasragraph is
going to focus on the variation of polyesters aeagiures (2) and additional strategies for thegraton of PEO
into them.

As already mentioned, the hydrolysis of the alkexad thew-end of the polyesters prepared by ROP results in
the presence of an hydroxyl group that can be tespdepare various macromonomers, e.g. by reautitim
acryloyl chloride.

On the other hand, because aluminum alkoxides egurdpared by reaction of trialkyl aluminum with an
alcohol, the variety of alcohols available offedaia@e choice for the structure of thend group, including
polymerizable end groups of the methacrylate aechtrbornenyl types [156,157] These hydrophobic
macromonomers can be copolymerized with hydropbdimonomers, such as 2-hydroxyethylmethacrylate
(HEMA), with formation of amphiphilic copolymers$8]. In case ofi,w-acrylate PCL (or PLA), formation of
amphiphilic polymer networks can be envisioned. Magtiators prepared by reaction of mono- or ditoyd/
PEO with triethylaluminum or using tin octoate allthe synthesis of AB diblock and BAB triblock cdpmers
(Scheme 2 a, c) where (a) is the hydrophilic PE® (&) the hydrophobic block of biodegradable pdiyes
(PCL, PLA, PLGA, PGA,...) with a complete contrditbe copolymer composition and size [159]. Similar
copolymers with functional polyesters are also dbed [160]. Such copolymers are tremendously stlifr
biomedical applications due to their amphiphili@dcter and the peculiar properties of the PEO oowmpt that
makes them unique for injectable DDS [161]. Trild@opolymers are also interesting by their possible
formation of physically cross-linked and thermostiwves hydrogels that offer alternative materialscbbice in
designing DDS [162]. pH-sensitive systems can bésbuilt by introduction of an additional pH-resgore
block to the structures leading to the emergingrsDBS sensitive to EPR effect for cancer therd®3],

The availability of hydroxyl functional lactonesagsas inimer also opens the way to the synthegigbfy
branched or dendritic polyesters valuable for pugdsystems [164],

Even if less developed than the chemical way, tizymatic ring-opening copolymerization is also efffee for
some macromolecular engineering. Functional lactosiech as for example the four-membeéitdaictone
benzylp-malolactonate (Scheme 18) [165], were polymerlzgtipases to yield the corresponding functional
polyesters.

Scheme 18. Functional polyesters by enzymatic ROP.
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Biodegradable copolymers, such as poly(ester-coecete)s [166], copolycarbonates [167] and polyetis
glycol-polyester block copolymer [168] have beeadurced. A series of PCL-PEG and PCL-PEG-PCL block
copolymers were successfully synthesized for t& fime using lipase CA [168].

Diblock copolymers, polybutadiertdeckpolypentadecalactone, and polybutadibiwekpolycaprolactone
were prepared by the monohydroxylterminated pobthigne-initiated PDL angtCL, respectively, using
immobilizedCandida antarcticdipase B [169].

Lactones were also copolymerized with divinyl estend glycols using lipase to produce the copatyeabt a
mixture of homopolymers. Two different modes ofypoérization, ring-opening polymerization and
polycondensation, simultaneously took place throeigtymatic polymerization in one-pot to produce the
copolyesters [170].

End-functionalized polyesters are synthesized byritig-opening polymerization of lactones in thegance of
functional hydroxy, carboxy, and methylene growas.alcohol could initiate the ring-opening polyneadion
of lactones by lipase [171,172]. The lipase catalghemoselectively induces the ring-opening polynagion
of 2-methylene-4-oxa-12-dodecanolide yielding aypster having the reactive exo-methylene groupémain
chain. The present polymer cannot be obtained wsit@nventional chemical initiator [173]. The chespecific
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ring-opening polymerization ef-methylenemacrolides having various groups, ir@mnatics, ether, and amine,
was enzymatically anionically, and radically cadrizaut.

Polymerization with the lipase catalyst succesgfyklds polymers only through the ring-openingqass,
whereas vinyl groups were further polymerized bipaic and radical initiators to produce a crosdich
polymer gel (Scheme 19) [173,174].

Scheme 19. Cross-linkable polyester by enzymatic polymerizati
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5. CONCLUSION

Aliphatic polyesters are emerging materials foretaboration of drug delivery systems. For suchaleaing
applications, their synthesis has to avoid theaigexic catalysts and/or initiators and of orgasidvents that
are difficult to remove. These requirements haweedrthe evolution of the researches on the ringromg
polymerization of these materials. From the quitedt aluminum and tin initiating systems mainly dse
stoichiometric amount, highly reactive rare eaatatysts leading to lower polymer contamination,
initiator/catalysts based on friendly metals hagerbdeveloped. Presently, all-organic and enzymsgitems
for ROP are the hart of tremendous researches Siegeare totally metal free.

Simultaneously, the spreading of the non toxic sgt@Ghnology made possible studies not only on ynéhesis
of aliphatic polyesters in this medium but alsctlosir purification and processing as micro-parsclehis
technology has been found as a method of choitar as DDS are concerned.

Finally, the recent discoveries in disease mechaare other guidelines for the elaboration of hawterials
of tailored properties able to build smart DDS wilie appropriate answer to the diseased tissuen iEtee
functionalization of aliphatic polyesters is vellyatlenging due to their sensitivity towards degteaa
successful strategies have been evidenced andalrigaterials can be synthesized in a highly cdettavay.
These novel materials, even if they have not yehtiested very much in clinical testing are prongdor the
advanced DDS of tomorrow.
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