Published in: Reactive & Functional Polymers (2004)1.61, pp.277-292
Status: Postprint (Author’s version)

Comparison of Sm complexes with Sn compounds for sgheses of
copolymers composed of lactide angtcaprolactone and their
biodegradabilities

Hajime Yasudd Katsuhiro Yamamofo Yuushou NakayaniaChikara Tsutsurfj Philippe Lecomte Robert
Jéromé Stephan McCarttly David Kaplafi

@ Department of Applied Chemistry, Graduate Scho&@rngineering, Hiroshima University, Higashi Hirosi 739-8527, Japan
"Department of Applied Chemistry and Biotechnoldginama National College of Technology, Yagumo Rilhama 792-8580, Japan
°Center for Education and Research on Macromolegillesversity of Liege, Allee de la Chimie 3, B6 @00iege, Belgium

dPlastic Engineering Department, University of Mastsasetts at Lowell, One University Avenue, MS 0185/

¢ Bioengineering Center, Tufts University, 4 ColbyMedford, MS 02155, USA

Abstract

The comparison of organolanthanide complexegyiéz),SmMe(THF) (Sm1) and [(§Bes),Sm]2(PhC=C=
C=CPh) (Sm2), with tin compounds, fan(OMe} (Sn1) and Bs5n(OCHCH,CH,0) (Sn2), in the preparation
of random and diblock copolymers composed of LidkecL-LA) or D,L-LA ande-caprolactone (CL), and the
preparation of triblock copolymers composed 4fA/CL/L-LA was studied and the biodegradabilities of the
resulting copolymers with proteinase K and a corhp@se examined. Poly{L A-ran-CL) shows much higher
degradability than polyfLA) with proteinase K, and poly(LA), poly(L-LA-ran-CL) and poly(-LA-b-CL) (b
means block) prepared with Sml had better degréijatiian those synthesized with the Snl compodri
degradability of poly(-LA-ran-CL) with proteinase K is higher than that of pah(A-b-CL). Poly(LA-ran-

CL) and poly(LAb-CL) prepared with Sm1 revealed higher degradafifiain those obtained with Snl using a
compost. Triblock copolymers, poly{A-b-CL-b-L-LA), synthesized with Sm2 revealed nearly the same
degradability with those obtained with Sn2 usirapenpost. Finally, biocompatibility was studied with
macrophage activation assay using RAW 264.7, artdboéc viability assay using Cell Titer Aqueousino
radioactive Cell.

Keywords: Biodegradability; Proteinase K; Compost; Poly(LAH@L); Poly(LA-b-CL); Poly(LA-b-CL-b-
LA); Tin compound; Rare earth metal complex; Pdigess Copolymerization; Biocompatibility

1. Introduction

Poly(L-lactide) [poly{-LA)] is known to be the most desirable biocomplatisnd biodegradable semicrystalline
polymer obtainable from starch in high yield [1-Bpcause of these characteristics, polyd) is widely
studied in detail for biomedical applications, pararly those that demand good mechanical proggeftr
surgical sutures and devices for internal boneifixg[6-10]. However, in recent years, homopolA) has
been reported to exhibit relatively poor biodegtality. Furthermore, homopolyfLA) is found to exhibit too
hard and too brittle characters as widely usaldddgradable materials. Therefore, physical progertiust be
improved by copolymerizations of lactide with otlmonomers in order to generate more elastic mégekigh
molecular weight poly(LA)s were prepared usingdimmpounds such as Sn(2-ethylhexaneate)l BySn(OR)
[11-17], and random copolymers composed-ofA ande-caprolactone (CL) unit were synthesized with
Al(OiPr); or tin compounds [18-23]. On the other hand, polyf) and poly(LA-co-cyclic carbonate) were
synthesized by ring-opening polymerizatrions osthenonomers [24-26] usingd@es),SmMe(THF) [27]. This
anionic initiator is also effective for living patyerizations of alkyl methacrylates [28,29], alkghdates [30]
and lactones [31]. Some epimerization occurs i& ¢hse during the polymerizationef A to lead to the
polymers having good biodegradability. This papesalibes the comparison of the activities betwean S
complexes and Sn compounds for random and blocklgmgrization of LA and CL together with the trilslo
copolymerization to lead to poly(LA-CL-b-LA) (b means block), and their biodegradabilities withtpirase
K and a compost. Biocompatibilities of the resjtoopolymers were examined by macrophage activatisay
using RAW 264.7 cells and by metaboric viabilitgag using the Cell Titer Aqueous non-radioactivietoe
indicate that almost all these copolymers are kigidcompatible.
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2. Experimental
2.1. General

'H NMR spectra were recorded on a JEOL JNM-LA400 spewtter (400MHz). Chemical shifts were
calibrated using CHGIlin CDCk at 7.26 ppm. Number average molecular weightsnamiécular weight
distributions of copolymers were determined byggimeation chromatography (GPC) on a Tosoh SC-8010
high speed liquid chromatograph equipped with gedéhtial refractometer, using CHE4As an eluent at 40 °C
(flow rate, 1.0 ml). The columns used were TSK@BD0Q,, G400Q;, G300Q;,, and G200Q. Molecular weights
were determined by using a universal curve plotigd narrow-polydispersity polystyrene standardepseM,,
values were determined by a light-scattering metfigeind T, values were measured on a Seiko SSC-5100
DSC-22C apparatus. The polymer samples were scdrorad 100 to 120 °C at a heating rate of 10 °Chin
under nitrogen strearii,, and—AH,, (heat of fusion) values were determined in the fieating, while th@in
the second heating. Topological changes of therpefysurface were measured on a scanning electron
microscope (SEM) Model Hitachi S-2150R after Ptdtd®ating of the films using an ion coater (Denton
Vacuum Desc Il). Tensile tests were conducted o@mentec universal testing instrument type RTCa.athd
measured at 25 °C with a crosshead speed of 50 inth m

2.2. Materials

Tetrahydrofuran and toluene were dried over a5 days, then over Na metal for 10 days antllldid

before use. Commercially availahldactide and,L-lactide (Aldrich) were dissolved in THF, dried oveaH,
for 10 days and sublimed twice before use at 11@-Waprolactone (CL) was gifted from Daicel Co. amied
over CaHfor 10 days. Then it was further dried over molacsieve 4A for 10 days, and distilled before use.
(CsMes),SmMe(THF) [27] (Sm1) and [#Mes),](PhC=C=C=CPh) [32] (Sm2) were prepared adogrtb
the known methods. The enzyme, proteinag@rirachium albumactivity 20 1U/mg, Wako Pure Chemical),
in Tricine buffer,N-[tris(hydroxymethyl)methyl]glycine, at pH 8.0, wased without further purification. lon
exchanged water was used for biodegradation tests.

2.3. Random and block copolymerizations of lactidevith CL

Random copolymerizations were carried out as falodmixture of L-lactidel(-LA) (1.44 g, 10 mmol) ob,L-
LA (1.44 g, 10 mmol) and CL (1.1 ml, 10 mmol) dissadlwe toluene (4.0 ml) was placed in a 20 ml Schlenk
tube. Then, (Mes)2SmMe(THF) (Sm1: 0.1 ml of toluene solution, 4.00¢ mmol) or BySn(OMe) (Snl: 0.2
ml of toluene solution, 4.0 x Fanmol) were added to the mixture and the random lyoperizations were
carried out at 80 °C for 12 h (Sml system) or 1C€UdSr 12 h (Snl system), respectively. Resultingdurcts were
dispersed in excess MeOH to induce the white pitetiys. Poly(-LA-ran-CL): *H NMR (CDC) ¢ 1.35 (m,
CH,CH,CHy,), 1.54 (d, CH), 1.62 (m, ®&1,CH,CH,), 2.29 [t, CH(CO)], 4.03 (t, OCH), 5. 13 (q, CH) ppm.
Poly(D,.-LA-ran-CL): *H NMR (CDC1) 6 1.34 (m, CHCH,CH,), 1.53 (d, CH), 1.62 (m, ®&,-CH,CH,), 2.28
[t, CH,(CO)], 4.03 (t, OCH), 5. 13 (g, CH) ppm.

The diblock copolymerizatins ofLA (1.44 g, 10 mmol) op,L-LA (1.44 g, 10 mmol) with CL (1.1 ml, 10
mmol) were carried out as follows using Sml or @0 x 10° mmol) as an initiator. CL was first treated with
the initiator Sml in toluene at 60 °C for 6 h otlwbnl in toluene at 110 °C for 12 h, respectivalyd
subsequently-LA or D,L-LA was added to the mixture followed by heating to 30Gor 20 h (Sm system) or
110 °C for 24 h (Snl system), respectively. Resgltieaction mixture was poured into 100 ml of methan
order to precipitate the resulting copolymer. Thecjpitate was dissolved in chloroform and theneatldgain to
excess methanol to induce the precipitation ottholymer. Poly(-LA-b-CL): *"H NMR (CDCI3)d 1.35 (m,
CH,CH,CH,), 1.54 (d, CH), 1.62 (m, ®¢1,CH,CH,), 2.29 [t, CH(CO)], 4.03 (t, OCH), 5. 17 (m, CH) ppm.

2.4. Triblock copolymerization of lactide with CL

Triblock copolymerization of-LA (1.44 g, 10 mmol) ob,L-LA(1.44g, 10 mmol) with CL (1.1 ml, 20 mmol)
was carried out using ®les),-Sm(PhC=C=C=CPH)Sm{®les), (Sm2, 2.0 x 18 mmol) or
Bu,Sn(OCHCH,CH,0) (Sn2, 2.0 x 18 mmol) as an initiator. First CL was added to tle¢ne solution of the
initiator Sm2 or Sn2 and the mixture was stirredrabient temperature for 12 h (Sm2 system) or afor 12

h (Snl system), respectively, and subsequanth or D,L-LA was added to the mixture followed by heating to
90 °C (Sm2) or 110 °C (Sn2) for 12 h, respectivBgsulting reaction mixture was poured into 100l
methanol to induce the precipitation of the resglitopolymer. The precipitate was dissolved in aiftorm and
then added again to excess methanol to precipitateopolymer. Poly(LA-b-CL-b-L-LA): *H NMR (CDCI3)
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6 1.33 (m, CHCH,CHy,), 1.52 (d, CH), 1.60 (m, G&1,CH,CH,), 2.25 [t, CH(CO)], 4.04 (t, OCH),
5. 18 (m, CH) ppm.

2.5. Enzymatic degradation

Enzymatic degradations of copolymers by proteikagere carried out in Tricine buffer (pH 8.0) bypasing
the polymer samples in the solution followed byedetining the weight loss gravimetrically after reedng the
samples at intervals. The used polymer films weepared by the solvent casting method. The sizenaight
of the films used were 5 x 5 mm (thickness 50-70Q pnd 10-15 mg, respectively. Three samples wezd tcs
obtain one data and the averaged value was usadiéstl deviation, + 4%). The enzyme and the bsfértion
were replaced every 24 h so that the enzyme desvibaintain at a desired level throughout the gxpnt. The
bottle (50 ml volume) containing a sample, an ereand the buffer solution were warmed to 37 °C with
stirring. After a fixed time, the samples were rene from the bottle, washed with 99.5% ethanol tuedh
dried to constant weight (5 h) in vacuo before \iig.

2.6. Degradation by a compost

Commercially available effective microorganism (Efd)mented solution (30 ml) containifghodospirillum,
Rhodopseudomonas, Pseudomonas, Micrococcus, Badilgtobacillus, Streptococus, Saccharomyces,
Aspergillus, Penicilliumetc. and theriaca syrup (40 ml) were added to 2008f water, and this solution was
sprayed on the mixture of rice hulls (5 kg) aneé fican (15 kg). Resulting material was wrapped with
polyethylene film and then dried in the shade fala¥. The content of water was evaluated by theghtédss of
the samples after heating them to 200 °C. The sssnpére sealed in polyethylene mesh and it wasihdtte
resulting compost for a fixed time. The evaluatidithe biodegradation was carried out by measuhagveight
loss with a compost.

2.7. Biocompatible studies
2.7.1. Macrophage activation assays

RAW 264.7 cells were plated at 2 x*lls/ well in 100 ml of DMEM media with 10% FC$the center of LA
copolymer films. After 10 min of incubation at 3 to allow cells to adhere to the films, 1 ml oftate media
was added. Cells were incubated for 48 h, and sapants were then collected for subsequent as&y.at 100
ng/ml served as a positive control for macrophdigeusation.

2.7.2. Metabolic viability assay

At the conclusion of the macrophage activatioratre¢ cell number and viability were determinedthg Cell
Titer Aqueous non-radioactive cell proliferatiorsag (Promega) according to manufacturer's instnsti
Briefly, the media was replaced with 1 ml fresh DMEand then 200 ml of the MTS/PMS solution was atlde
After two hours, 100 ml of culture media was rentead absorbance at 490 nm was determined. Retaive
numbers were normalized to the average of the n@apgolymer, and no-chloroform controls.

2.7.3. Determination of TNF release

TNF release was quantified by a sandwich ELISA ediog to the manufacturer's instructions (R&D Syste
with slight modifications as noted below. BriefNunc Maxisorp 96-well plates were coated overnajht °C
with 6 pg/ml of capture antibody (goat anti-muriigF). Plates were washed with PBS/Tween 20 thraed;
and blocked with 1% BSA in PBS. After two hoursubation at 37 °C, the plates were washed agains5andl
of wash buffer was added. Standards and macrophggnatants were added (50 ul) to the plates and
incubated overnight at 4 °C. Plates were washeatlsaaring antibody (hamster anti-murine TNF confadao
horseradish peroxidase) was added at 3 pg/ml diiaté% BSA in PBS/Tween 20. Plates were incub&ied
two hours at 37 °C and then washed. TMB subst&itgr(a) was added to each well and color was alldwed
develop for 10-30 min. Color development was stoppethe addition of 2 N $$0,, and plates were read at
450 nm. TNF released was determined by a standmve based on recombinant murine TNF at several
concentration.
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3. Results
3.1. Synthesis of random and diblock copolymers cqmsed ofi - or D,L-lactide and s-caprolactone

Random copolymerizations ofLA or D,L-LA with CL were demonstrated in toluene using
(CsMes),SmMe(THF) (Sm1) or Bisn(OMe) (Snl) as an initiator. An initiator, ¢Bles), SmMe(THF), was
prepared according to the procedure reported byp&f2v]. A mixture oi-LA orD,L-LA and CL was treated
with Sml at 80 °C for 12 h, or with Snl at 110 “@ .2 h, respectively. The representative resués a
summarized in Table 1. We used exae$s\ for the purpose of obtaining good thermal propéFtyvalue of
homopoly(L-LA) 174 °C, homopoly(CL) 60 °C). Thusfiratio of LA and CL was controlled to be 95/5/190
and 75/25 molar ratio. Sml initiated polymerizagroceeded in relatively low yield compared with &nl
initiated polymerizations, but thd,s are high anil,,/M.s are extremely low. Calculatddl, for 92/8 molar ratio
of poly(L-LA-ran-CL) is 7.1 x 10, and that for 84/16 molar ratio is 6.9 X*1y GPC. The absolutd,s were
also measured with DAWN DSP laser photometer eqappith GPC, that is, the molecular weights fonabo
polymers were slightly lower, 5.6 x 48nd 5.3 x 1) respectively. Because these values were neahiil,
M, was as a rule measured using a universal curvaubecd its convenience. Resultifig values using Sml are
higher than those obtained by Snl system for pely4-ran-CL), suggesting somewhat block nature of the
copolymers obtained with Sml. LowerAH,values of the copolymers obtained with Sml indi¢htgr lower
crystallinity in comparison with those obtainedm@nl. Random copolymerizationsmi-LA with CL did not
produce polymers possessing cl&awalues, indicating the formation of completely aptwus polymer. The
T4 values of poly(-LA-ran-CL) are higher than those of poly(Bl A-ran-CL). The Snl initiated
copolymerization ob,L-LA with CL gave lower molecular weights than the cktad values.

Table 1: Random copolymerization ofLA or D,L.-LAwith CL using Sm1 and Sn1 compounds
Catalyst Polymer LA fraction Yield Mp(10) My /M, T T4 -AH,

m
(mol %) (%) ()  (°©) (J/9)
Feed Found
Smil Poly(L-LA-ran-CL) 95 98 75 7.75 1.48 163.5 56.2 44.4
Smi 90 92 72 8.50 1.52 162.4 47.3 35.2
Smil 75 84 75 9.51 1.55 163.7 38.1 27.8
Snil 95 96 88 6.52 1.78 157.6 56.9 67.8
Snl 90 91 90 6.55 1.82 155.3 50.8 56.4
Snl 75 77 92 6.72 1.88 143.2 40.3 39.9
Sml Poly(D,L-LA-ran-CL) 95 98 71 6.21 1.45 - 42.3 -
Smil 90 92 73 7.83 1.50 - 40.5 -
Sml 75 81 74 7.89 1.67 - 30.2 -
Snl 95 96 94 4.21 1.58 - 45.3 -
Snil 90 92 92 4.35 1.64 - 385 -
Snil 75 78 93 5.02 1.56 - 20.3 -

Reaction conditions: Sml system, 80 °C for 12 K.lml toluene; Snl system, 110 °C for 12 h in#l®f toluene. Sml,
SmMe(GMes)(THF) 0.2 mol% of monomer; Snl, SnE®@Me), 0.2 mi% of monomer.

Scheme 1.
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Block copolymerizations were performed by reacfingt CL at 80 or 110 °C for 12 h using Sml or Snl,
respectively, and thenLA or D,L-LA was added to the resulting polymer complex® 1C for 24 h (Scheme
1). Reversed addition does not produce the desopdlymer and affords mainly poly (LA). Typical tdis are
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given in Table 2. The block copolymerization.efE A with CL proceeded in high yields (73-96%) to progluc
high molecular weight polymers/¢= 11.39-3.45 x 1%) with low polydispersities{M,,/M,, = 1.72-1.75) using
the Sml system, while Snl initiated copolymerizatgave relatively low molecular weights, broad ncalar
weight distributions, and slightly loW, values. The resulting molecular weights gradualtyéased with
increasing the-LA component. HoweveM,,/M, values are constant regardlessitHeA/CL ratios. In contrast
to poly(L-LA-b-CL), poly(D,L-LA-b-CL) showed the very low,,, and—AH,, values derived from poly(CL)
(poly(D,L-LA) does not show clear,, and—AH,, values because of its amorphousness. A seriedy(f_ploA- b-
CL) prepared with Sn1 catalyst reveals the presefitgo T, (glass transition temperature), one is originated
from poly(CL) backbone and the other comes fronyfaeLA) sequence, suggesting poor miscibility of the
poly(L-LA) sequence to poly(CL) part. In contrastpoly(L-LA-b-CL) prepared with Snl catalyst, the
corresponding samples prepared with Sml catalystaled only ond,.. This is the result of epimerization of
poly(L-LA) with Sml catalyst. Epimerization @fLA into D,L-LA or meseLA proceeds in 5% as judged from
the change ofdf]® , and resulting poly{0,L-LA mesoLA)-b-CL)} serves as compatibilizer for poly{A) and
poly(CL) sequences.

Table 2 : Block copolymerization afLA or D,L-LAwith CL using Sm1 and Sn1 compounds

Catalyst Polymer LA fraction (mol  Yield M, M./M, Tn T4 -AHq,
%) (%) (10 (°C) (°C)  (J9)
Feed Found
Smil Poly(L-LA-b-CL) 95 96 84 13.45 1.75 174.2 53.7 313
Smil 90 92 78 1251 1.72 170.5 541 25.2
Smil 75 78 74 11.39 1.74 168.5 535 15.3
Snil 95 96 88 7.52 1.78 174.2,52.556.3 40.3
Snil 90 91 91 7.35 1.81 166.5, 50.855.8 26.8
Snl 75 77 90 7.12 1.80 165.4,49.845.3 17.9
Snil 100 100 91 7.85 1.67 168.9 56.2 38.7
Smil Poly(DL-LA-b- 95 95 85 6.21 1.45 495 415 5.8
CL)
Smil 90 93 73 5.83 1.50 41.8 316 3.0
Smil 75 81 77 4.89 1.67 28.9 15..1 1.8
Sni 95 96 94 4.21 1.52 52.5 423 6.9
Snil 90 92 93 4.35 1.64 46.8 29.8 2.9
Snl 75 77 95 5.02 1.56 29.8 16.7 1.9
Snil 100 100 89 5.86 1.66 59.3 35,5 354

Reaction conditions: Sm system, CL was reacte® 4C&for 6 h in 4.0 ml toluene, followed by the &uh of LA at 100 °C for 20 h; Sn
system, CL was reacted at 110 °C for 12 h in 4.€oiakne, followed by the addition of LA at 100 f&@ 20 h. Sml, SmMe(§es),(THF)
0.2 mol% of monomer; Snl, SnE@®Me), 0.2 mI% of monomer.

3.2. Synthesis of triblock copolymers composed aidtidel e-caprolactone/lactide

Triblock copolymerizations of LA/CL/LA take placesing an unique bifunctional initiator,
(CsMe5),SmM(PhC=C=C=CPh)Sm{Mes), (Sm2), to afford a new functionalized polymer miaie Novak et al.
reported the synthesis of bifunctional polymersrfrecaprolactone using this initiator [22]. The reantstarts
by the reaction of CL with (§Me5),Sm(PhC=C=C= CPh)Sm{Nles), to afford (GMes),Sm(CL),
(PhC=C=C=CPh)(CL),Sm(£es),. This sequence represents as the B block in th& #iBlock copolymer.
Exact ratio between m and n is unclear at pre3émnL-LA or D,L-LA was reacted to afford the ABA type
triblock copolymers (Scheme 2).

Reversed addition, i.e., addition of LA and thend2l not produce the desired BAB type triblock copadr.
Only, LA can react with this initiator to give BLCHCH(CO)](PhC=C=C=CPh)[(CO) CHC}D]nH.
Bu,Sn(OCHCH,CH,0) (Sn2) was also used as a bifunctional initiginst CL reacts with
BUzsn(OCI‘&CHchzo) to give CyCIiC BuSn (OCHCHzcHzCHch2CO)n{OCH20H2CH20)
(COCH,CH,CH,CH,CH,0O)n species, which successively reacts with LA to EaBu,Sn
(OCHCH;CO)(OCH,CH,CH,CH,CH,CO),(OC H,CH,CH,0)(COCHCH,CH,CH,CH,0O)n (CO CHCHO),
Reversed addition, i.e., LA and then CL, againrditigive the desired species, due to the low naactf CL.
Kricheldorf and Slicker [33] reported the similafctic structure by reaction of BEn(OCHCH,CH,0) with
cyclic carbonates. Table 3 summarizes the restittibtock copolymerizations. We selected here ¢hknds of
feed ratios, 80/20, 50/50 and 20/80, which genet@t81/21-19, 39-50/61-50, and 15-19/85-81 mol#o raf
LA/CL. Resulting molecular weights varies froma5x 10 to 2.23 x 1& by changing the ratio efLA and
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CL using both Sm2 and Sn2 catalysts, wMlewere nearly constant even by changingohel A/CL ratio in
the case ob,L-LA/CL/D,L-LA triblock copolymerizations.-LA/ CL/L-LA triblock copolymers show tw®,,,
derived from poly(L-LA) and poly(CL) sequences, lehbnly oneT, was observed far-LA/CL/L-LA (L-
LA/CL = 80/20 feed ratio). Further increase of CL contestlted in the disappearancelgfSince
homopoly0,L-LA) is amorphous, resulting,L-LA/CL/D,L-LA triblock copolymers do not show clegy.

Scheme 2.
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o
0 o
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Table 3 : Triblock copolymerizations afLA/CLA-LAandD,L-LA/CLD,L.-LAwith Sm2 and Sn2 compounds

s

Catalyst Polymer LA fraction Yield M, (10) MM, Tn(°C) T4°C) -AH,
(mol %) (%) J/9)
Feed Found

Sm2 Poly(L-LA-b-CL- 80 79 91 15.21 1.39 163.5,59.847.1 425,235
b-L-LA)

Sm2 50 39 92 8.82 1.52 153.3, 58.7 - 45.9, 20.6

Sm2 20 15 94 2.23 1.64 168.5 - 78.5

Sn2 80 79 90 7.52 1.78 174.2,52.556.3 43.3,25.9

Sn2 50 48 91 6.35 1.81 166.5, 50.8 - 47.8, 26.8

Sn2 20 19 94 3.12 1.80 165.4, 49.8 - 77.9

Sm2 PolyD,L-LA-b-CL-b- 80 76 83 8.57 1.55 60.7 42.6
D,L-LA)

Sm2 50 42 85 7.76 1.35 62.3 - 58.2

Sm2 20 18 82 7.62 1.57 64.8 - 65.3

Sn2 80 79 90 5.21 1.67 65.9 - 45.6

Sn2 50 50 91 5.35 1.71 64.8 - 78.0

Sn2 20 19 89 4.95 1.75 64.5 - 76.8

Reaction conditions: Sm2 system, CL was react&@ &€ for 12 h in 4.0 ml toluene, followed by thaddion of LA at 90 °C for 12 h; Sn2
system, CL was reacted at 90 °C for 12 h in 4.@omkne, followed by the addition of LA at 110 °@ fLl2 h. Sm2,
(CsMes)(PhC=C=C=CPh)(Sm(@es)., 0.1 mol% of monomer; Sn2, SBOCH,CH,CH,0) 0.1 mol% of monomer.

3.3. Physical properties of random, diblock and tfblock copolymers

All the polymers used in mechanical, degradatiow, lBiocompatibility tests (vide infra) but not debed in
Tables 1-3 were prepared under the same conditixrept for the monomer feed ratio, so they havdaim
molecular weights and molecular weight distribusiaa those of the polymers in Tables 1-3. Mechanica
properties such as tensile strengths, tensile maddlelongations at break were measured for random
copolymers, poly{(-LA or D,L-LA)-ran-CL}, and diblock copolymers, poly{¢LA or D,L-LA)-b-CL} prepared
with Sm1 and Sn1 catalysts (Table 4). Tensile gtfenand tensile moduli for polLA-b-CL) are higher but
the elongation is extremely lower than those o/l A-ran-CL), irrespective of the used catalysts. PoJy{
LA- ran-CL) revealed much smaller tensile strengths and higigaltion because of the amorphousness of
poly(D,L-LA) component, compared with both palyA-ran-CL) and a block copolymer, pobALA-b-CL)
even when the LA fraction is relatively high. P@tyL-LA-b-CL) also showed very small tensile strengths and
small tensile moduli. Thus, pobyLA-b-CL) exhibits best mechanical property, althouginghtion is rather
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small. Its tensile moduli exceed that of poly(L-LA)

Table 4: Mechanical properties of copolymers of LA and @epared with Sml and Snl

Cat Polymer LA fraction  Tensile strength Tensile modulus Elongation at break
(%) (MPa) (MPa) (%)
Sml Poly(L-LA-ran-CL) 98 4.9 22.9 342
Sml Poly(D,L-LA-ran-CL) 96 1.3 - 1109
Smil Poly(L-LA-b-CL) 79 10.9 366.6 4.6
Smil Poly(D.L-LA-b-CL) 76 - - -
Smil Poly(L-LA) 100 17.2 308.5 283
Snil Poly(L-LA-ran-CL) 96 5.6 30.5 245
Snil Poly(D,L-LA-ran-CL) 96 2.5 - 895
Snil Poly(L-LA-b-CL) 79 12.5 402.1 10.5
Snl Poly(D.L-LA-b-CL) 81 0.9 4.5 2530

b means block.

Tensile strengths of triblock coplymers, pah(A-b-CL-b-L-LA) (79/21-39/61), prepared with Sm2 catalyst is
lower than that of the corresponding triblock coymaérs prepared by Sn2, while the elongation atkboéa
poly(L-LA-b-CL-b-L-LA) prepared with Sm2 is much larger than that obtaimiéld Sn2, presumably due to the
epimerization of LA in the former polymerizationgfile 5). Thus, the triblock copolymers preparedh \&in2
species exhibit more flexible character than thahimed with Sn2. Triblock copolymers, pahy(-LA-b-CL-b-
D,L -LA)s (79/21-76/24), obtained with both Sm2 an@ &xhibit excellent mechanical properties. Tensile
moduli and elongations are high enough, althoughilie strengths are a little smaller than that iolet for
poly(L-LA) (Table 5).

3.4. Hydrolyses of random copolymers

Hydrolyses of the resulting random copolymers thgetvith homopoly(-LA) prepared with Sm1 and Snl were
carried out in Tricine buffer at 60 °C (Fig. 1).lfA@,L-LA-ran-CL) (96/4) showed better degradability than
poly(L-LA-ran-CL), irrespective of the used catalyst. These ipelss exhibit higher degradability than
homopoly(-LA). Poly(D,L-LA-ran-CL) (96/4) and poly(-LA-ran-CL) (92/8) obtained by Sm1 decompose
completely after soaking the sample for 21 days2thdays, respectively. On the other hand, pelb4- ran-

CL) and homopoly(-LA) prepared with Sm1 show better degradabilitgritthose obtained by Snl, due to higher
flexibility of the former. Polyp,L-LA-ran-CL) (92/8) prepared with Snl showed nearly the saagradability

with poly(L-LA-ran-CL) (92/8) prepared with Sm1, due to their identicgbtallinities.

Table 5: Mechanical properties of triblock copolymers

Cat Polymer LA Tensile Tensile Elongation at break
fraction strength modulus (%)
(%) (MPa) (MPa)
Sm2 Poly(L-LA-b-CL-b-L-LA) 79 8.2 134.6 625.5
Sm2 Poly(L-LA-b-CL-b-L-LA) 39 9.1 236.7 252.4
Sm2 Poly(D,L-LA-b-CL-b-D,L-LA) 76 11.3 186.8 450.3
Sm2 Poly(D,L-LA-b-CL-b-D,L-LA) 42 4.4 63.5 505.4
Sn2 Poly(L-LA-b-CL-b-L-LA) 79 11.8 156.6 16.7
Sn2 Poly(L-LA-b-CL-b-L-LA) 48 18.8 256.6 16.7
Sn2 Poly(D,L-LA-b-CL-b-D,L-LA) 79 12.3 191.1 388.3
Sn2 Poly(D,L-LA-b-CL-b-D,L-LA) 50 5.6 58.9 580.0

b means block.
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Fig. 1. Hydrolyses of poly{¢LA or D,L-LA)-ran-CL} prepared with Sml and Snl by Tricine buffe6@ °C. (a)
poly(D,L-LA- mn-CL) (96/4, Sml); (b) poly(L-LA-ran-CL) (92/8, §mk) poly(L-LA) (Sml); (d) poly(D,L-LA-
ran -CL) (92/8, Snl); (e) poly(L-LA-ran-CL) (91/9, I18r{i) poly(L-LA) (Snl).
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3.5. Enzymatic degradation of random and dilock coplymers with proteinase K

Enzymatic degradations of random copolymers proeg@duch faster than the degradation with Triciniéenu
(hydrolysis) and compost at 60 °C (described latég. 2 illustrates the plots of weight remainimging
proteinase K in Tricine buffer against reactiondifor poly{-LA-co-TMC). Homopoly(-LA) decomposes
slowly than the random copolymers even when thepgamias soaked for 200 h in the enzymatic solution.
Poly(L-LA) prepared with Sml shows better degratipbtihan that prepared with Sn1, due to the oanee of
the partial epimerization resulting more flexiblymer. In fact, polyw(-LA-ran-D,L-LA) (74/26) obtained with
Snl revealed higher degradability as compared patlg(L-LA) (ca. 20 % weight remaining after 200 h, not
shown in Fig. 2). Poly(L-LA-an-CL) (84/16) a obtained by Sm1 exhibits a little higlegradability than
poly(L-LA-ran-CL) (91/9) c obtained by Snl, and its degradap#ixceeds that of poly{LA-ran-CL) (65/35)
because of the presence of appropriate crystglliRibly(-LA-b-CL) (36/64-40/60) showed very little
biodegradation due to its high crystallinity.

Fig. 3 illustrates the result of degradation folyfio-LA-ran-CL), poly(®,L-LA-ran-CL), poly (L-LA-b-CL), and
poly(D,L-LA-b-CL) prepared with Sm1 by a compost at 60 °C. moly{A) and polyp,L-LA-ran-CL) (95/5)
exhibits relatively small degradability, while p@lyL A-b-CL) (96/4) and poly§,L-LA-b-CL) (93/7) have high
degradability.

Fig. 4 describes the degradation with a compostdiodom and block copolymers prepared with Snly(®el
LA) and poly(-LA-b-CL) (46/54) exhibit low degradability. However,lpgD,L-LA-b-CL) (96/4), poly(-LA-
ran-CL) (92/8) and poly(-LA-b-CL) (96/4) have excellent degradabilities. Therdegbility of polyp,L-LA-b-
CL) (96/4), poly(-LA-b-CL) (96/4) and poly®,L-LA) prepared with Sn1 are nearly identical witlsk
prepared with Sm1, while pob{LA) exhibits much lower degradability than paby( -LA) because of its high
crystallinity.
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Fig. 2: Degradation of poly(L-LA-ran-CL) with Sm1 and Siylproteinase K at 37 °C. (a) poly(L-LA-ran-CL)
(84/16, Sml); (b) poly(L-LA-ran-CL) (65/35, Smk) poly(L-LA-ran-CL) (91/9, Snl); (d) poly(L-LA-bLE
(78/22, Smi); (e) poly(L-LA) (Sm1); (f) palsiA) (Snl); (g) poly(L-LA-b-CL) (36/64, Sml); (hdply(L-LA-b-CL)
(40/60, Snl).
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Fig. 3: Degradation of poly(LA-b-CL) or polyp,L -LA-b-CL) prepared with Sml catalyst with a contpos
containing 25 wt% of water at 60 °C. (a) poly(L-bAZL) (96/4); (b) poly®d,L -LA-b-CL) (93/7); (c) poly( -LA-
b-CL) (92/8); (d) polyg,L.-LA-ran-CL) (95/5); (e) poly(D,L-LA).
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Fig. 4. Biodegradations of poly(LA-co-CL) prepared withl$y a compost at 60 °C. (a) paiy( -LA-b-CL)
(96/4); (b) poly(L-LA-ran-CL) (92/8); (c) poly{LA-b-CL) (96/4); (d) polyi,L -LA-ran-CL) (78/22); (e)
poly(@,L-LA-ran-CL) (96/ 4,); (f) polyg,L -LA); (g) poly(-LA-b-CL) (46/54); (h) poly(-LA).
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3.6. Hydrolysis of triblock copolymer

Hydrolysis of triblock copolymers with Tricine beffat pH 8.0 is illustrated in Fig. 5. Degradatimes not
proceed so rapidly as enzymatic degradations. Antiozig, poly(-LA-b-CL-b-L-LA) (L-LA/CL =79/21) a
synthesized with Sm2 shows much higher degradabfiéin poly(-LA-b-CL-b-L-LA) (L-LA/CL =94/6, Sm2) ¢
and poly(-LA-b-CL-b-L-LA) (L-LA/CL = 92/8, Sn2) because of the presence of appro@mteint of
crystalline part for the former. POl A-b-CL-b-L-LA) (L-LA/CL = 76/24) b obtained by Sn2 exhibits less
degradability than the a system, presumably dilkgmccurrence of partial epimerization for the/stam,
resulting more flexible polymer having better defgaility. Poly{ -LA-b-CL-b-L-LA) (7/93) having excess of
CL unit shows extremely low degradability by hydis, because homopoly(CL) also shows very low
degradability towards the hydrolysis (90% weighhaéning after 49 days).

3.7. Enzymatic degradations of triblock copolymersvith proteinase K

Enzymatic degradations of triblock copolymers cosgubof poly(-LA-b-CL-b-L-LA) synthesized with Sm2

are illustrated in Fig. 6. Poly{LA-b-CL-b-L-LA) (L-LA/CL =79/21) shows best degradability among them, and
the increase of CL unit resulted in low degradapilHomopoly(CL) has almost no degradability in hylgsis,

and in fact poly(-LA-b-CL-b-L-LA) in a 3/97L-LA/CL ratio was also found to show almost no degradgbilit
even with proteinase K. Poly{_A-b-CL-b-L-LA) (L-LA/CL = 94/6) showed relatively low degradability,
presumably due to high crystallinity. Its degradigbis nearly the same level with those of paN(A-b-CL-b-
L-LA) (L-LA/CL = 48/ 52-15/85).

Fig. 7 illustrates the comparison of payi( -LA-b-CL-b-D,L-LA) with poly(L-LA-b-CL-b-L-LA) prepared with
Sn2 in degradability with proteinase K. The forraamples exhibit higher degradability than the fatte
irrespective of the molar ratio between LA and @then poly(-LA-b-CL-b-L-LA) (94/6) synthesized with
Sm2 (Fig. 6) was compared with those (96/4 andIj¥2nthesized with Sn2, the former exhibit mudgjhler
degradability, which is nearly the same degradabilith random copolymers prepared with Sm1. Howgve
mechanical properties of triblock copolymers exeeethose of random copolymers (Table 5). Therefore,
triblock copolymers, poly,L-LA-b-CL-b-D,L-LA) (D,L-LA/ CL = 91/9-75/25) indicate the best biodegradable
material exhibiting high degradability and relativiarge tensile strength and tensile modulus. [6dk
copolymers, poly(-LA-b-CL-b-L-LA) (79/21) synthesized with Sm2 also exhibitsatelely high mechanical
properties.
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Fig. 5: Hydrolyses of poly(L-LA-b-CL-b-L-LA) prepared wB8m2 and Sn2 by Tricine buffer. (a) poh@-b-
CL-b-L-LA) (-LA/CL=79/21, Sm2); (b) poly(LA-b-CL-b+-LA) (L-LA/CL = 76/24, Sn2); (c) poly¢LA-b-CL-
b-L-LA) (L-LA/CL= 94/ 6, Sm2); (d) polyfLA-b-CL-b+-LA) (L-LA/CL=92/8, Snl); (e) polyfLA-b-CL-bt-
LA) (L-LA/CL=15/85, Sm2).
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3.8. Degradability of triblock copolymers by a compst

The biodegradability of triblock copolymers, palyi(A-b-CL-b-L-LA), synthesized by Sm2 was examined by
using a compost (Fig. 8). The behavior of degrdiahiiffered from enzymatic degradation. The saespl
containing relatively low content efLA unit resulted in high degradability. Therefore,y§poiLA-b-CL-b-L-

LA) (79/21) sample is thought to be one of the llegjradable copolymer. Corresponding triblock comelrs,
poly(L-LA-b-CL-b-L-LA) (91/9-79/21), as well as poly(L-LA-b-CL-b-D,L-LA) (91/9-79/21) synthesized with
Sn2 exhibit good degradability as compared witly@elL A). The degradability of these copolymers compare
closely with those prepared with Sm2 species @ig.

3.9. SEM observation of poly(LA-co-CL) during degralation

Fig. 10 illustrates the scanning electron microgr@SEM) analyses of the random copolymers after
degradation with a compost at 60 °C. a shows tbél@iof poly(L-LA-ran-CL) (90/10) film after degradation
for 6 days (weight remaining, 38.4%) and b showsg(ooL-LA-ran-CL) (90/10) after degradation for 5 days
(weight remaining 25.2%). Both polymers originadiyhibit smooth surface with no cavities. After capation
with a compost, polytLA-ran-CL) showed large notches. In the case of mly{ A-ran-CL), we can see fine
cavities at around the polymer surface. The paeisica. 20 pm in diameter.

Fig. 11 shows the SEM images of pal(A-b-CL-b-L-LA) synthesized with Sn2 after degradation by a
compost, a shows the profile of a triblock copolymentainingL.-LA/CL =94/6 molar ratio (weight remaining
85%). Although we can see several clacks on tHaseiof a, the surface is still smooth, b is a ¢tpper
exhibitingL-LA/CL ratio of 48/52 (weight remaining 89%) and we cam small cavities, c is that containing
7/93 molar ratio (weight remaining 59%). The suefagrns unevenness by erosion. Thus, the samplevess
the largest degradability.

3.10. Compatibility of copolymers

To understand the compatibility of resulting copoérs, macrophage responses, specifically with dear
cytokine release, to lactic acid copolymers werngred. This research was focused on the releasenof
necrosis factor (TNF) from the murine macrophadklice, RAW 264.7. Additionally, semi-quantitativeT-
PCR was utilized to analyze the expression of letdain-1 (IL-I ), another important proinflammatory
mediator of the innate immune system. Macrophagjearese to LA copolymer films was determined by EAIS
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and RT-PCR analysis. LA copolymers induced onlykgesund levels of TNF release from RAW 264.7
macrophages for all except system 1, 2, 3 and llussated in Fig. 12. It should be noted thathie samples
where TNF release was above background, the LAlgomes films were intact, producing insoluble paei
that may induce a certain level of macrophage atitim independent of the composition of those pladi
Given the lack of response to the majority of LAotymer film preparations, it is likely that thegsence of
oligomeric polymer is the reason for the observdldFTelease. In fact, repeated dissolving of thepdar in
chloroform followed by precipitation in methanoktdted the below background of TNF release. Toioorthe
viability of the RAW 264.7 cells, the cells weresaged utilizing the metabolic dye, MTS. These tsSudicate
no significant decrease in viability based on tredpction of a soluble formazan product.

Fig. 6: Enzymatic degradations of triblock copolymers preg with Sm2 by proteinase K at 37 °C. (a) poly(
LA) (Sm2); (b) poly(LA-b-CL-b+-LA) (L-LA/CL= 79/21, Sm2); (c) poly(L-LA-b-CL4bLA) (L-LA/CL= 94/6,
Sm2); (d) poly(L-LA-b-CL-b-LA) (L-LA/CL= 48/52, Sm2); (e) poly (L-LA-b-CLibLA) (L-LA/CL=15/85,
Sm2); (1) poly(-LA-b-CL-b+-LA) (L-LA/CL= 6/94,Sm2); (g) poly(-LA-b-CL-b+-LA) (L-LA/CL=3/97,Sm2).
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Fig. 7. Enzymatic degradations of poly(LA-b-CL-b-LA) pregshwith Sn2 by proteinase K at 37 °C. (a)
poly(®,L-LA-b-CL-bD,L-LA) (D,L-LA/CL= 91/9);(b) poly(D,L-LA-b-CL-bb,L-LA) (O,L-LA/CL= 75/25); (c)
poly(L-LA-b-CL-b+-LA) (L-LA/CL= 79/21); (d) poly(-LA-b-CL-b+-LA) (L-LA/CL = 96/4).
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Fig. 8: Biodegradations of triblock copolymers, paN(A-b-CL-b+-LA) prepared with Sm2 by a compost, (a)
poly(L-LA-b-CL-b+-LA) (L-LA/CL=15/85); (b) poly(L-LA-b-CL-h--LA) (L-LA/CL= 39/61); (c) poly(-LA-b-
CL-b4-LA) (L-LA/CL = 79/21); (d) poly(-LA-b-CL-b+-LA) (L-LA/CL= 94/6); (e) poly(-LA).
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Fig. 9: Biodegradations of triblock copolymers, pobH(A or D,L.-LA)-b-CL-b-(-LA or D,L-LA) } prepared with
Snl by a compost at 60 °C. (a) poly(LA-b-CL-bD,L-LA) (L-LA/CL = 91/9); (b) poly(-LA-b-CL-b+-LA) (L-
LA/CL=91/9); (c) polyp,L.-LA-b-CL-bD,L-LA) O,L-LA/CL= 79/21); (d) poly(-LA-b-CL-b+-LA) (L-LA/CL
=79/21); (e) poly(L-LA).
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Fig. 10: SEM profiles of random copolymers prepared with &ter degradation by a compost: (a) pahi(A-
ran-CL) (90/10) (weight remaining 38.4%) and (b)y{b,L-ran-CL) (90/ 10) (weight remaining 26%).

(a)

4. Discussion

In the random and block copolymerization of LA aid, the Sm1 catalyst system shows similar actisit@
those of the Snl system at lower temperature te gopolymers with narrower molecular weight disitibns
than those for the Snl system. Sml affordddA/CL copolymers with lower crystallinity than that o&tiSnl
system, probably due to epimerization in the polynag¢ion ofL-LA with Sm catalysts. Thus, the Sm systems
are good at control of molecular weight distribotiEnd more susceptible to epimerization in comparigith
the Sn systems.

Mechanical properties are highly depending on tigrper structure. It is notable that A/CL/ L-LA triblock
polymers show significantly higher elongation add than that of the corresponding diblock polynvéth
keeping moderate tensile strength and modulusaiticplar, the triblock copolymers obtained with Zexhibit
high elongation at break presumably due to theedesged crystallinity of the copolymers caused by the
appropriate epimerization ofLA units. TheD,L-LA/CL/D,L-LA triblock copolymers are much more rigid than
the corresponding diblock and random copolymethpabh the reason is not clear.

The decreased crystallinity of the copolymers carllance their degradability. In general, sometalyrse or
semicrystalline parts are necessary as a scaffaddow the polymer samples with high biodegradsttily
enzymes [34,35]. Thus, completely crystalline patysnas well as completely amorphous polymers laek t
enzymatic biodegradability. Thus, the samariumesyst(e.g., Fig. 6b) tend to give more degradalpelgmers
in comparison with the corresponding stannous sysi@.g., Fig. 7¢c).

The degradabilities of the copolymers are alsolyiigepending on their structures. In the enzymagigradation
of L-LA/CL copolymers (LA/ Cl ~90) prepared with the Sm systedegradabilities of the copolymers are in the
order of random copolymer (Fig. 2(a)) > triblockpotymer (Fig. 6(b)) > diblock copolymer (Fig. 2(dy sharp
contrast, the compost degradability of the Sm systis diblock copolymer (Fig. 3(a)) > triblock cdpmer

(Fig. 8(d)) ~ random copolymer (Fig. 3(d)). Thisuresults from difference in the substrate speitif
between pure proteinase K and the compost of coatpli multiplicity. On the other hand, the enzymati
degradation of-LA/CL copolymers (LA/C1~90) prepared with the Srstems exhibited different preference,
random copolymer (Fig. 4(b)) > triblock copolymé&id. 9(b))> diblock copolymer (Fig. 4(c)). This difference
could come from lower susceptibility of the Sn sys$ to epimerization than the Sm systems. The fusg.-o
LA instead of-LA often improves degradability of the copolymers (eig. 7). Especially, the,L-LA/CL/D,L-
LA triblock copolymers combine good mechanicalg@adies and high degradabilities.
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Fig. 11: SEM profiles of polyfLA-b-CL-b+-LA) prepared with Sn2 after degradation by a costp(@)L-
LA/CL=94/6 (weight remaining 85%); ()}LA/CL= 48/52 (weight remaining 89%); and (c)LA/CL= 7/93
(weight remaining 59%).

Fig. 12: TNF release from RAW 264.7 cells for copolymermddia; 2, LPS; 3, poly{LA-b-CL-b+-LA) (L-
LA/CL= 96/4, Sm2); 4, polyfLA-b-CL-b+-LA) (L-LA/CL= 40/60, Sm2); 5, polyfLA-b-CL-b+-LA) (L-LA/CL
= 15/85, Sm2); 6, polyfLA) (Sm1); 7, polytLA-ran-CL) (-LA/CL= 84/16, Sml); 8, polytLA-b-CL) (-
LA/CL=78/22, Sml); 9, poly(D.L-LA) (Sml); 10, poly(DlA-ran-CL) ©,L.-LA/CL= 81/29, Sml); 11, poly(L-
LA-b-CL) O,L.-LA/CL= 50/50, Sml); 12, poly(CL) (Sml); 13, payi(A-b-CL-b-L-LA) (-LA/CL= 79/21, Sn2);
14, polyp,L-LA-b-CL-bD,L-LA) (O,L.-LA/CL= 79/21, Sn2); 15, poly{LA-ran-CL) {-LA/CL= 91/9, Snl); 16,
poly@,L-LA-ran-CL) O,L.-LA/CL=92/8,Snl); 17, poly(-LA-b-CL-b+-LA) (L-LA/CL= 90/10, S12); 18,
poly(@,L-LA-b-CL-b-D|-LA) (D,L.-LA/CL= 91/9,Sn2).
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5. Conclusion

The comparison of (§Mes)2SmMe(THF) (Sml) and [(§e5),Sm]2(PhC=C=C=CPh) (Sm2), with tin
compounds, BsSn(OMe)2 (Snl) and B&n(OCHCH,CH,0) (Sn2), for the preparation of random and diblock
copolymers composed ofLA or D,L-LA and CL together with triblock copolymers composéd-oA/CL/L-
LA orD,L-LA/CL/D,L-LA was studied and the biodegradabilities of the tiegutopolymers with proteinase K
and a compost were examined. Poly(L-LA), polA-ran-CL) and poly(-LA-b-CL) prepared with Sml had
better degradability than those synthesized withuSimg proteinase K. The degradability of pah(A-ran-CL)
is higher than that of poly{LA-b-CL) by proteinase K. Poly(LAan-CL) and poly(LAb-CL) prepared with
Sml revealed higher degradability than those obthimith Snl using a compost. Triblock copolymerdyf-
LA-b-CL-b-L-LA), synthesized with Sm2 revealed nearly the sdagradability with that obtained with Sn2
using a compost. The biocompatibility test examinsithg macrophage activation assay and metabaiklity
assay tells us that almost all copolymers show dmoecompatibility.
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