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S u m m a r y  

High molecular  weight  copolymers of L- lac t ide  and e - cap ro l ac tone  have been 
synthes ized  by r ing opening copolymerizat ion wi th  s tannous octoate  as 
ca ta lys t .  The good mechanical  p rope r t i e s  of the 50/50 copolymers make it a 
sui table mater ia l  fo r  biomedical appl icat ions such as nerve guides etc . ,  where  
degradat ion  of the  e las tomer ic  implant is required.  In co n t r a s t  to the 
f requen t ly  used MDI containing polyurethanes ,  degradat ion  products  of the 
P(LLA-e-CL) are  non toxic.  The use of such a mate r ia l  is t h e r e f o r e  p re fe rab le .  

I n t r o d u c t i o n  

In medicine, b iodegradable  polyurethanes  are  widely used as e las tomer ic  
b iomater ia l s  (1). Examples of appl icat ions are  veins (2,3,4), nerve guides 
(5,6), a r t i f i c i a l  skin (7) and meniscus p ros theses  (8). However, segmented 
medical  grade  polyure thanes  like Estane,  Pel lethane,  Biomer and Mitra thane 
contain  a romat ic  diphenylmethane di isocyanate  (MDI) in the hard segments .  It 
has been shown (9,10,11) t ha t  upon process ing  and degradat ion  of the polymer, 
the toxic  and carcinogenic  methylenediani l ine is fo rmed and released.  A 
degradable  e las tomer ic  biomater ia l ,  wi thout  these  ser ious  side e f f e c t s  is 
highly desi rable .  
We have synthes ized  a biocompatible,  high molecular  weight  copolymer of 
L- lac t ide  and e -cap ro l ac tone  wi th  good mechanical  p roper t ies .  Hydrolysis of 
th is  polymer will yield L- lac t i c  acid and w-hydroxy hexanoic acid as the 
degrada t ion  products .  

E x p e r i m e n t a l  

M a t e r i a l s  

L-lac t ide  (CCA, The Netherlands)  was pur i f ied  by r ec rys t a l l i za t ion  f rom dry 
toluene, c - cap ro l ac tone  (Janssen Chimica, Belgium) was pur i f ied  by dry~ng over 
CaHz and d is t i l la t ion  under reduced ni t rogen a tmosphere .  The ca ta lys t  s tannous 
oc toa te  (Sigma Corp., USA) was used as received. 

P o l y m e r  t z a t  t o n s  

Copolymers of L- lac t ide  and e -cap ro l ac tone  were  p repared  in s i lanized glass 
ampoules. To the roixture of f r e sh ly  pur i f ied  monomers an amount of 1.10 -s mole 
ca ta lys t  per  mole of monomer was added, a f t e r  which the ampoules were  
evacuated and heat  sealed. Af te r  thorough homogenizat ion at  the polymerizat ion 
t empera tu re ,  the  polymerizat ion reac t ion  was se t  to take place at  110 to 120 

*To whom offprint requests should be sent 



328 

~ fo r  the  requi red  t ime period. 

Polymer Processing 

The synthes ized  polymers  were  pur i f ied  and f r eed  f rom unreac ted  monomer and 
low molecular  weight  polymeric mater ia l  by p rec ip i t a t ing  ch loroform solutions 
into 40 /60  mix tu re s  of ace tone /hexane .  P(LLA-e-CL) f i lms  were  p repa red  by 
cas t ing  oopolymer solut ions in chloroform.  Estane f i lms  were  cas t  f rom dioxane 
solutions.  The nerve guides were  p repa red  by dipcoat ing g lass  rods  wi th  a 
d iamete r  of 1.25 mm. 

Polymer Characterization 

In t r ins ic  v iscos i t ies  were  measured in ch loroform at  25 ~ wi th  an Ubbelohde 
viscosimeter .  Gel permeat ion  chromatography of polymer samples was ca r r ied  out 
a t  30~ on a Waters  GPC 150 wi th  ch loroform as the eluens. An es t ima te  of the 
molecular  weight  was  obtained by using the Mark-Houwink cons tan t s  fo r  PLLA 
(K=5.45 I0 -4 dl/g and a=0.73). 

Thermal characteristics were measured on a Perkin-Elmer DSC-7. 5-10 mg samples 
were heated at a rate of i0 ~ 

The mechanical  p rope r t i e s  of polymer f i lms were  measured  on a 4301 Inst ron 
tens i le  t e s t e r .  S t r e s s - s t r a i n  d iagrams of the f i lms were  obtained at  a 
c rosshead  speed of 12 mm/min  at  room tempera tu re .  
X-ray  d i f f r a c t o g r a m s  were  measured  on a Philips PW 28 d i f f r a c t o m e t e r  using 
Cu-Ka radiat ion.  Of the  as -po lymer ized  homo polymers round disks were  machined 
and used fo r  the d i f f r a c t i o n  exper iments .  In the  case of copolymers,  a f i lm on 
glass  was  measured.  
Copolymer solut ions in deutero  ch loroform were  measured on a Varian XR-300 
spec t romete r .  300 MHz 1H NMR was used to de termine  monomer conversion and 
copolvmer compsit ion.  Average monomer sequence lengths were  de termined by 75 
MHz I3C NMR. 

R e s u l t s  a n d  D i s c u s s i o n  

A number of 50/50 mole per  mole L- lac t ide  and r  copolymers  were  
synthes ized  by r ing opening polymerizat ion.  When carefu l  pur i f i ca t ion  and 
polymerizat ion procedures  are  applied, i t  is possible to synthes ize  very high 
molecular  weight  copolymers as shown in Table 1. Under the  applied condit ions 
L- lac t ide  conversion was essent ia l ly  complete in all cases.  At 110 ~ 98 to 
99 mole 7. of e - cap ro l ac tone  had been conver ted into polymeric mater ia l ,  at  120 
~ r  conversion was 91 7.. 

T a b l e  1 
C h a r a c t e r i s t i c s  o f  t h e  s y n t h e s i s  o f  5 0 / 5 0  P ( L L A - c - C L )  

s a m p l e  p o l .  t e m p .  
( ~  

110 
110 
110 
120 
120 

p o l .  t i m e  
( days  ) 

17 

17 
14 
5 
8 

% e - c a p r o  l a c t o n ~  
( m o l e  Z) 

51.8 
52.7 
45.5 
51.6 
48.5 

[n] 
(dl/g) 

9.9 

9.9 
8.5 
7.8 
8.0 
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A tyoical  gel permeat ion  chromatogram of a P(LLA-c-CL) sample synthes ized  at  
110 -C is given in Figure 1. It can be seen tha t  high molecular  weight  polymer 
wi th  a re la t ive  low polydispers i ty ,  D=1.63, has been formed.  Previous 
inves t iga t ions  (12,13) have shown tha t  the synthes is  of L- lac t ide  and 
c - cap ro l ac tone  homo polymers  wi th  s tannous  octoate  also leads to polymers  with 
low d i spe rs i ty  values. 
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F igu re  1: 
GPC curve of 50/50 P(LLA-e-CL) 
synthes ized  at  110 ~ 

Figure 2: 
S t r e s s - s t r a i n  d iagrams of Estane and 
50/50 P(LLA-c-CL) f i lms.  

A comparison of the mechanical  p rope r t i e s  of P(LLA-c-CL) and Estane is given 
in Figure 2. This f igure  shows the s t r e s s - s t r a i n  behaviour of f i lms of both 
ma te r i a l s  a t  ambient  conditions.  Estane has a tens i le  s t r en g t h  of 63 MPa and a 
s t r a in  a t  break of 950 Z. The presence  of c rys ta l l i zab le  hard segments  in the 
polyurethane chains give it the excel lent  mechanical  p roper t i es .  P(LLA-c-CL) 
shows a s imi lar  behaviour to Estane at  s t r a in s  up to 300 Y~. At higher 
elongations,  s t r a in  induced c rys ta l l i za t ion  re su l t s  in s t r a in  hardening of the 
mate r ia l  and break at  500 %. The tens i le  s t r en g t h  is 34 MPa. 
Thermal  analysis  by DSC of the  p rec ip i t a t ed  P(LLA-c-CL) mater ia l ,  Figure 3, 
shows a Tg at  -15 ~ This single Tg, in be tween the values of Pc-CL -60 ~ 

o . , 

and PLLA 57 C, indicates  a continuous amorphous phase. The presence  of a 
small melt ing endotherm (AHm = 4.3 J/g} at  71 ~ and an even smal ler  one at  
115 ~ can be discerned.  As the melt ing t e m p e r a t u r e  of Pc-CL has a value of 64 
~ i t  fo l lows tha t  the physical  cross l inks  are  small c rys ta l l ine  domains 
cons is t ing  of c rys ta l l i zed  L- lac t ide  sequences.  
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F i g u r e  3: 
DSC t h e r m o g r a m  of 5 0 / 5 0  P(LLA-~-CL) a f t e r  p rec ip i t a t ion .  
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F i g u r e  4: 
X-ray  d i f f r a c t i o n  p a t t e r n  of P~-CL (A); 5 0 / 5 0  P(LLA-e-CL) (B) and PLLA (C) 

X- ray  d i f f r a c t o g r a m s  a re  given in Figure  4. Crys ta l l ine  P~-CL (A) shows two 
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dis t inc t ive  maxima at  d i f f r a c t i o n  angles of 21.1 and 23.4 degrees  2| The 
highly c rys ta l l ine  PLLA (C) shows a large number of d i f f r a c t i o n  peaks. The 
sha rpe s t  and most  in tense  one being the 020 re f l ec t ion  at  16.69 degrees  20. 
Other peaks can be observed at  14.75, ( 1 0 1  ref lec t ion) ;  19.05, (023 
re f lec t ion)  and at  22.34 (121 ref lec t ion)  degrees  2| The d i f f r ac t i on  spec t rum 
of the  P(LLA-c-CL) (B) f i lm cons is t s  of a re la t ively  in tense  r e f l ec t ion  at  
16.65 degrees  28 and two less resolved peaks a t  14.75 and 22.26 degrees  28. 
These values coincide wi th  the observed values of the PLLA cc s t r u c t u r e  (14). 
Crys ta l l iza t ion  of c - cap ro l ac tone  sequences could not be detected.  
The f a c t  t h a t  L- lac t ide  sequences in the  50/50 copolymer are  capable of 
c rys ta l l iz ing ,  indica tes  the presence  of re la t ively  long L- lac t ide  sequences 
in the polymer chains.  13C NMR was employed to calculate  the average  monomer 
sequence lengths.  In Figure 5, the sp l i t t ing  of the carbonyl  carbon atom 
signals  of ~ -eapro lae tone  and L- lac ty l  units  due to neighbour e f f e c t s  is 
shown�9 Measurement  of the signal in tens i t i es  allows the  calculat ion of average 
s e q u e n c e l e n g t h s  (15). A random incorpora t ion  of monomers should yield a Lc of 
2 and a L of 4. 
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Figu re  5: 
Spli t t ing of the  L- lac ty l  and r  earbonyl s ignals  due to 

�9 13 
sequence e f f e c t s  in the  C NMR spec t rum of 50/50 P(LLA-e-CL). 

The calcula ted  average sequence length values fo r  copolymers synthes ized  at  
d i f f e r e n t  t e m p e r a t u r e s  are  given in Table 2. Higher polymerizat ion 
t e m p e r a t u r e s  r e su l t  in smal ler  average sequence lengths  due to  possible  
t r a n s e s t e r i f i c a t i o n s  and a less pronounced d i f f e r ence  in reac t iv i ty  r a t i o s  of 
L- lac t ide  and r  a t  higher  t empera tu res .  The table  indica tes  t h a t  
the monomers  a re  not randomly incorpora ted  in the  polymer chain. Due to the 
d i f f e r ence  in reac t iv i ty  of both monomers,  a broad d i s t r ibu t ion  of monomer 
sequence lengths  can be expected  (16). At low convers ions L- lac t ide  is 
polymerized p re fe ren t i a l ly ,  while a t  longer polymer iza t ion  t imes  
r  will  be buil t  in as L- lac t ide  is depleted.  
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Tab l e  2 
A v e r a g e  s e q u e n c e  l e n g t h s  o f  5 0 / 5 0  P ( L L A - c - C L )  d e t e r m i n e d  by 
t 3C NMR 

s a m p l e  p o l .  t e m p .  
(~  

110 
120 

% c - c a p r o l a c t o n e  
( 1H NMR) 

45.5 
48.5 

Lc 

3.7 
2.5 

EL L c Lc 
T - L L / 2  

8 . 5  4 6 . 5  
6.5 48.5 

This  5 0 / 5 0  copolymer  can be used fo r  the  p r e p a r a t i o n  of a l a rge  number  of 
deg radab le  e l a s tomer i c  implants .  As an  example,  a two-p ly  b iodegradab le  nerve  
guide is shown in F igure  6. The inner  layer  provides  a b a r r i e r  f o r  the  
i ng rowth  of p e r i g r a f t  s ca r  t i s sue  in to  the  lumen. The macroporous  ou te r  layer  
pe r mi t s  cap i l l a ry  and f ib rohys t iocy t i c  t i s sue  ingrowth ,  and gives the  
n e c e s s a r y  mechanica l  s t r e n g t h .  A two-p ly  nerve  guide of which  only the  inner  
layer  was  made of  P(LLA-s-CL} has  a l r eady  been descr ibed  (6). F u r t h e r  de ta i l s  
on the  p r e p a r a t i o n  and the  in vivo p e r f o r m a n c e  of a complete  P(LLA-c-CL) nerve  
guide wil l  be publ ished soon (1V). 

F i g u r e  6: 
Degradable  nerve  guide p r e p a r e d  by a d ipcoat ing  t echn ique  of so lu t ions  of the  
copolymer  in ch lo ro fo rm and DMF/dioxane mix tu res .  

Conclusions 

Very high molecular weight copolymers with intrinsic viscosities [n] up to 9.9 
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d l / g  can be syn thes ized  by r ing  opening po lymer iza t ion  of 5 0 / 5 0  L- l ac t ide  and 
~ -cap ro l ac tone  monomer  mix tu res .  The copolymers  show a non r andom d i s t r i b u t i o n  
of monomer,  r e s u l t i n g  in the  p resence  of long c ry s t a l l i z ab l e  L - l ac t i de  
sequences.  These  c rys t a l l i ne  domains account  f o r  the  good mechanica l  
p r o p e r t i e s  of the  ma te r i a l ,  and make i t  su i t ab le  fo r  use as a s t rong ,  
degradable ,  b iomedical  e las tomer .  
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