
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Biodegradable Polymers for Orthopedic Applications: Synthesis and
Processability of Poly (l-Lactide) and Poly (Lactide-co-€-Caprolactone)
Xichen Zhanga; David Pichorab; Mattheus F. A. Goosenc

a Department of Chemical Engineering URSP. WYSS Department of Mechanical Engineering, b

Department of Surgery, c Department of Chemical Engineering, Queen's University Kingston, Ontario,
Canada

To cite this Article Zhang, Xichen , Pichora, David and Goosen, Mattheus F. A.(1993) 'Biodegradable Polymers for
Orthopedic Applications: Synthesis and Processability of Poly (l-Lactide) and Poly (Lactide-co-€-Caprolactone)', Journal
of Macromolecular Science, Part A, 30: 12, 933 — 947
To link to this Article: DOI: 10.1080/10601329308009437
URL: http://dx.doi.org/10.1080/10601329308009437

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601329308009437
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J.M.S.-PURE APPL. CHEM., A30(12), pp. 933-947 (1993) 
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APPLICATIONS: SYNTHESIS AND 
PROCESSABILITY OF POLY(L-LACTIDE) AND 
POLY (LACTIDE-CU-E-CAPROLACTONE) 

XICHEN ZHANG 

Department of Chemical Engineering 

URS P. WYSS 

Department of Mechanical Engineering 

DAVID PICHORA 

Department of Surgery 

MATTHEUS F. A. GOOSEN* 

Department of Chemical Engineering 

Queen's University 
Kingston, Ontario K7L 3N6, Canada 

ABSTRACT 

The synthesis of poly(L-lactide) (PLLA), poly(L-lactide-co-e-capro- 
lactone), and poly(DL-lactide-co-ecaprolactone) by ring-opening bulk 
polymerization was investigated. Polymerization temperature had a sig- 
nificant effect on the PLLA molecular weight. At 184OC a polymer with 
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934 ZHANG ET AL. 

a molecular weight of only 10 x lo4 resulted. This was lower by a factor 
of 2 than that obtained at 103 and 145OC. The stannous octoate (SnOct) 
concentration, with a monomer/SnOct molar ratio in the range of 1,000 
to lO,OOO, was not found to have a significant effect on the PLLA 
molecular weight. A heterogeneous structure in polymerized PLLA was 
observed. The intrinsic viscosity of poly(1actide-co-e-caprolactone), ob- 
tained at 1 3OoC, monomer/SnOct molar ratio 5,000, and polymerization 
time of 30 hours, decreased with increasing ecaprolactone content 
within the first 9 wt% and then leveled off. Die-drawing of PLLA cylin- 
ders, for the purpose of increasing the polymer’s mechanical strength, 
was unsuccessful due to the brittleness of the polymer. The drawability 
of poly(L-lactide), however, was greatly improved by copolymerization 
with ecaprolactone. With only 3 wt% of ecaprolactone, for example, 
the tensile strength of die-drawn poly(L-lactide-co-ecaprolactone) was 
increased by a factor of more than 3. Polymer processing temperature 
was also investigated. The requirement for low processing temperatures 
in melt manufacture of controlled release matrix devices containing ther- 
mal sensitive drugs was accomplished by three methods: through the 
use of low molecular weight poly(DL-lactide), adding (DL-lactic) acid 
oligomer to high molecular weight PDLLA, and copolymerizing DLLA 
with c-caprolactone. The glass transition temperatures of the modified 
high molecular weight PDLLA decreased significantly. Melt extrusion 
below 100°C could be performed. 

I NT RO D U CT I0 N 

Biodegradable polymers such as poly(L-lactide), poly(DL-lactide), poly(e- 
caprolactone), and their copolymers have been widely used in medicine and surgery 
for the controlled release of drugs [ 1,2], biodegradable surgical sutures, and im- 
plants for fixation of fractures [3], primarily due to their high biocompatibility. 
Polylactide, for example, has been approved by the Food and Drug Administration 
(FDA), Washington, D.C. [ 11. In orthopaedic surgery, biodegradable fixation de- 
vices such as screws, plates, and pegs have the advantage of offering temporary 
fixation for bone prostheses. The device is eventually absorbed by the body after 
bone tissue growth into the porous structure of the prosthesis becomes effective on 
fixation of the implant to the bone [4]. In addition, the requirement for local 
antibiotic administration for prevention and/or treatment of bone infection will 
be better met by employing biodegradable controlled antibiotic release devices rath- 
er than currently used nondegradable poly(methy1 methacrylate) antibiotic beads 
[4, 51. 

Semicrystalline poly(L-lactide) (PLLA) has found application mainly in tem- 
porary tissue fixations where good mechanical strength is required. A widely used 
process for increasing polymer mechanical strength is through reinforcement with 
fibers [6 ] .  PLLA, for example, can be reinforced with biodegradable polymer fibers 
made from polyglycolide (PGA) and even PLLA itself [7]. It is possible, for exam- 
ple, to increase the flexural strength of PLLA from 50 to 300 MPa by fiber rein- 
forcement IS]. Another technique for increasing the mechanical properties of the 
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BIODEGRADABLE POLYMERS FOR ORTHOPEDIC USES 935 

polymer is by solid deformation. In this case the polymer main chain is oriented by 
extruding or drawing a polymer sample at a temperature between its glass transition 
temperature (T,) and its melting point (T,) [9]. In the case of PLLA, these tempera- 
tures are 58 and 184OC, respectively [lo]. 

In contrast to PLLA, poly(DL-lactide) (PDLLA, Tg = 55OC) is an amorphous 
polymer. PDLLA is mainly used for controlled drug release applications rather 
than tissue fixation. A melt procedure should be the preferred technique for manu- 
facturing controlled release systems, primarily because organic solvents are not 
required. High molecular weight PDLLA normally has to be melt processed above 
13OOC due to its high glass transition temperature and high melt viscosity. This 
high temperature is undesirable for thermal sensitive drugs. Therefore, PDLLA 
with a low T, is preferred for device manufacturing by the melt process. 

Both PLLA and PDLLA are brittle. Poly(ecapro1actone) (PCL), on the other 
hand, is a semicrystalline elastomer with a Tg of -6OOC and a T, of 6OoC [lo]. 
The flexibility and T, of poly(1actide-co-c-caprolactone) [i.e., P(LLA-co-CL) and 
P(DLLA-co-CL)] fall in between those of the homopolymers and depend to a great 
extent on the composition of the copolymer [l l-141. The synthesis of these biode- 
gradable polymers has been investigated in previous studies [15-201. The best 
method for obtaining high molecular weight polymers may be ring-opening bulk 
polymerization in the presence of stannous octoate, which is a food additive ap- 
proved by the FDA. It is still unclear from the literature whether stannous octoate 
is an initiator or a catalyst. However, there is evidence that stannous octoate reacts 
with water and alcohols to form a much more effective initiator [15]. 

Our interests in PLLA, PDLLA, P(LA-co-CL), and P(DLLA-co-CL) are the 
potential applications of such polymers for fixation of prosthetic shoulder joints as 
well as for the controlled release of antibiotics. Tailoring a biodegradable polymer’s 
properties to meet specific applications, though, requires a thorough understanding 
of its synthesis. For this paper we investigated the synthesis of poly(L-lactide) and 
poly(1actide-co-ecaprolactone), die-drawing of the polymers to increase mechanical 
strength, and methods for decreasing the polymer melt process temperature. 

EXPERIMENTAL 

Materials 

The monomers L-lactide and E-caprolactone were purchased from Aldrich 
Chemical Company (Milwaukee, Wisconsin). L-Lactide was recrystallized from tol- 
uene just before use. eCaprolactone was used as received. Stannous octoate (Sigma 
Chemical Company, St. Louis, Missouri) was used as an initiator without further 
purification. DL-Lactic acid was obtained from BDH Chemical Company (Toronto, 
Ontario). 

Polymer Synthesis 

High molecular weight poly(L-lactide), poly(L-lactide-co-E-caprolactone) and 
poly(DL-lactide-co-c-caprolactone) were synthesized by an established procedure for 
poly(DL-lactide) [20]. Briefly, a mixture of monomer(s) and stannous octoate was 
added to a glass ampule. The ampule was sealed under high vacuum and heated 
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936 ZHANG ET AL. 

above the monomer’s melting point to start the polymerization. After the polymeri- 
zation was complete, the ampule was broken and the polymer was dissolved in 
chloroform (for PLLA) or acetone (for the copolymers). The polymer solution was 
filtered and then the polymer was precipitated from ethanol (for PLLA) or distilled 
water (for the copolymers). The polymerization yield was obtained from the mono- 
mer/polymer ratio. 

Low molecular weight poly(DL-lactic acid) and DL-lactic acid oligomer were 
synthesized by a polycondensation procedure. DL-Lactic acid was added into a flask 
without any catalyst [21]. The reaction occurred under the protection of nitrogen at 
180-200OC. The water generated in the reaction was removed by interval nitrogen 
purge and vacuum. 

Polymer Characterization 
The intrinsic viscosity of a polymer/chloroform solution was measured at 

25 OC with a Cannon-Fenske viscometer . The viscosity average molecular weight of 
PLLA was calculated using Schindler’s [22] Mark-Houwink equation (K = 5.45 
x dL/g, a = 0.73). The glass transition temperature of polymer was mea- 
sured by DSC (Mettler DSC 30, Mettler TC lOA, TA data processor). 

Die-Drawing of Polymer Cylinders 
Solid deformation was performed on a tensile testing machine (Instron, Model 

1122, VACS LTD, Toronto) by drawing a polymer cylinder (diameter, 5.7 mm), 
obtained from directly polymerized samples, through a die with an outlet diameter 
of 4 mm [23]. The drawing temperature was controlled by a thermal couple. The 
polymer cylinders were prepared for die-drawing as follows. After polymerization 
was finished, one end of the glass reaction ampule was cut off. The ampule was 
then connected to a 100-200 mmHg vacuum, heated above the melting point of the 
polymer to remove voids, and then cooled to room temperature. The glass was 
removed from the polymer cylinder by putting the ampule into liquid nitrogen and 
then carefully hammering the glass away. One end of the cylinder was then ma- 
chined (for PLLA) or hand drawn at a temperature of llO°C (for P(LLA-co-CL)) 
so that it would fit into the die. The die-drawing speeds were loo0 mm/min at 93 to 
116OC and 200 mm/min at 82OC. 

Melt Extrusion 
Polymers were placed in a plastic syringe and heated in an oven to 100OC. 

The syringe had an extruder of 14 mm in diameter and an exit of 2 mm in diameter, 
10 mm in length. The polymer was extruded through this syringe by hand. 

A mixture of high molecular weight PDLLA and DLLA oligomer for the 
extrusion was made by dissolving the materials in acetone followed by drying. 

RESULTS AND DISCUSSION 

Synthesis of PLLA, P(LLA-co-CL), and P(DLLA-co-CL) 
A high polymerization temperature led to a high reaction rate (Fig. 1). For a 

monomer to stannous octoate molar ratio, [M]/[SnOct], of 5000, PLLA yields 
increased rapidly during the first 55 and 25 hours at temperatures of 103 and 145OC, 
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BIODEGRADABLE POLYMERS FOR ORTHOPEDIC USES 937 

[M]/[Snoct] = 5 , 0 0 0  

symbol Tp, "C 
103 

0 145 
V 184 

50 100 150 200 

Polymerization Time, Hour 

FIG. 1. The relationship between PLLA yield, polymerization time at [M]/[SnOct] 
= 5000, and reaction temperature. 

respectively. After this, the yields slowly leveled off. At 184OC the yield increased 
sharply in the first few hours but then decreased with time. The decrease in yield is 
presumably due to the side reactions (transesterfication, back-biting, and depoly- 
merization) which are more significant at high temperatures [24, 251. A high stan- 
nous octoate concentration also resulted in a high reaction rate (Fig. 2). For [MI/ 

1 

Q) 

F 
.- 
I 
Q) 

)r 

0 

E 
- 
a 

: I T -  I ,v I 

symbol [M]/[Snoct] 

0 1.000 
0 5.000 
V 10,000 

IV  7 
I 

I I I 
0 100 200 300 

Polymerization Time, Hour 

FIG. 2. The relationship between PLLA yield and polymerization time at various 
IM]/[SnOct] ratios and 103OC. 
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938 ZHANG ET AL. 

t 25 I I 

(a) 

- 

\o-,, - 

Polyrnn. Temp. 103°C-  

bol [M]/[Snoct] 
1.000 

0 5,000 - 
V 10,000 

I 

[SnOct] = lo00 and 5000, at 103OC, the reaction times required for reaching 100% 
yield were 40 and 200 hours, respectively. 

The molecular weight of precipitated PLLA passed through a maximum with 
increasing polymerization time (Fig. 3). The optimum polymerization time for high 
molecular weight PLLA was in the 55 to 155 hours range at 103OC, 25 to 90 hours 
at 145OC, and less than 5 hours at 184OC. The highest PLLA molecular weights 
obtained were 22 x lo4 at 103OC, 22 x lo4 at 145OC, and only 8.7 x lo4 at 
184OC. The drop in polymer molecular weight at longer reaction times, as well as 

'0 

0 
I 

25 I I 

0) 1 
I 

2 0  

10 
symbol Tp, 'C [M]/Snoct] 
0 145 5.000 

5 0 145 10.000 
V 184 5,000 
v 184 10.000 

'I 0 

0 50 100 150 

Polymer izat ion Time,  Hour 

FIG. 3.  The relationship between PLLA molecular weight and polymerization time. 
(a) At T, of 103OC and [Ml/[SnOct] of 1,000, 5 ,000 ,  10,000. (b) At T, of 145 and 184OC and 
[M]/[SnOct] of 5,000 and 10,000. 
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the more significant drop at 184OC, can also be explained by side reactions. While 
the relationship between PLLA molecular weight and reaction time at 103 and 
145OC was almost the same, at 184OC it was significantly different (Figs. 3a and 
3b). The stannous octoate concentration was found to have an effect, though not 
significant, on PLLA molecular weight (Fig. 3a). A low stannous octoate concentra- 
tion, for example, led to a low reaction rate and therefore slow polymer chain 
growth. These results are in contrast to the case of DL-lactide polymerization at 
126OC, where the PDLLA molecular weights and optimum polymerization times 
for [M]/[SnOct] of 1,000, 5,000, and 10,000 were 16 x lo4, 50 x lo4, and 33 x 
lo4, respectively [20]. 

An interesting phenomenon was observed in our experiments. Direct polymer- 
ized PLLA billets (or cylinders) had a heterogeneous structure when the polymeriza- 
tion temperatures were 103 and 145OC, while the billet had a homogeneous structure 
at 184OC (Fig. 4, Table 1). This phenomena was also mentioned by Leenslag et al. 
[15]. The reason may be due to the fact that PLLA chains tend to crystallize instead 
of adopting a very extended coil conformation in the polymer/monomer mixture at 
the lower temperatures. The appearance of these heterogeneous structures started 
at polymer yields of 60 to 81% for [M]/[SnOct] = 1,000 at T, = 103OC (Figs. 4a 
and 4b), and somewhere between polymer yields of 56 to 70% for [M]/[SnOct] = 
10,000 at T, = 103OC (Figs. 4d and 4e). The degree of heterogeneity increased with 
polymer yields (Figs. 4a-c, 4d-f). Our experiments showed that the heterogeneous 
structure was greatly affected by stannous octoate concentration. A low stannous 
octoate concentration gave a larger sphere size (comparing Figs. 4f, 4h, and 4c). 
Low polymerization temperatures also gave a more heterogeneous structure (com- 
paring Fig. 4f to 4i, Fig. 4h to 4g). The largest sphere size was obtained at the 
lowest stannous octoate concentration [M]/[SnOct] = 10,000 and the lowest po- 
lymerization temperature Tp = 103OC (Fig. 4f). 

FIG. 4. The heterogeneous structures of PLLA were developed during polymeriza- 
tion. This figure is continued on the following 3 pages. See Table 1 for explanations. 
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942 ZHANG ET AL. 

The copolymers P(LLA-co-CL) and P(DLLA-co-CL) with caprolactone, CL, 
contents of 3 to 16 wt% and 0 to 55 wt%, respectively, were synthesized at Tp = 
13OoC, [M]/[SnOct] = 5000,  and a polymerization time of 30 hours. A heteroge- 
nous structure was also observed for these polymerized billets. The intrinsic viscos- 
ity decreased with increasing CL content (Fig. 5) .  For example, the intrinsic viscosity 
decreased from 5 dL/g for PDLLA to about 2 dL/g for P(DLLA-co-CL) with a 9 
wt% CL content. It then leveled off to around 2 dL/g for a CL content in the 9 to 
55 wt% range. This intrinsic viscosity change for the copolymer might be due to a 
change in its conformation in dilute chloroform. 
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TABLE 1. 
in Figure 4 

Polymerization Conditions and Results of PLLA Samples 

Time, Yield, 
Figure T,, OC [M]/[SnOct] hours VO MW x 1 0 - ~  

103 
103 
103 
103 
103 
103 
145 
103 
145 

1 ,OOo 
1,000 
1,000 

10,000 
10,000 
10,000 
5,000 
5,000 

10,000 

5 
10 
30 
30 
50 
88 
96 
54 
75 

60.4 
81.3 
95.4 
56.0 
70.4 
77.7 
93.1 
92.3 
98.6 

7.52 
10.9 
14.5 
15.8 
19.4 
17.4 
14.8 
22.0 
16.1 

Enhancing Polymer Tensile Strength by Die-Drawing 

It was found in our experiments that enhancing the mechanical strength of 
PLLA cylinders by die-drawing [26] was difficult, even at a temperature as high as 
140OC. The PLLA cylinders broke before a significant degree of drawing could 
take place. This was apparently due to the brittle nature of PLLA. Since poly(e 
caprolactone) is an elastomer, we speculated that by adding c-caprolactone to the 
PLLA main chain, the brittleness of PLLA should decrease. In the die-drawing 
studies, we found that a copolymer containing only 3 wt% E-caprolactone signifi- 

I I 

Polymn. Temp.. 1 O3.C 
[M]/[Snoct] = 5,000 
React ion Time 30 hours 

\ 
OV 

o : P(CL-CO-LLA) 
v : P(CL-CO-DLLA) 

0 20 40 60 

Ca pro I a c t o n e (C L) Co n t e n t , w t %  

FIG. 5 .  The intrinsic viscosities of poly(~-caprolactone-co-~~-lactide) and poly(e 
caprolactone-co-~-lactide) decrease with increasing e-caprolactone content. 
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cantly increased the flexibility of the polymer at a temperature between Tg and T,,,, 
without apparent loss in PLLA stiffness at room temperature. Unlike pure PLLA 
cylinders, the die-drawing was easily performed on this copolymer (Table 2). The 
tensile strength increased greatly by die-drawing. For example, the tensile strength 
increased from 52.8 MPa for an undrawn cylinder to 190 MPa for a drawn cylinder 
at a drawing temperature of 82OC and a drawing speed of 500 mm/min. These 
results are comparable to those obtained for fiber reinforcing PLLA, PGA, and 
their copolymers [7]. The material appears to be promising for use in orthopedics 
due to its good mechanical strength, biocompatibility, biodegradability, and pro- 
cessability. 

Decreasing the Melt Processing Temperature of PDLLA 

Three methods were employed to investigate the PDLLA melt process temper- 
ature: decreasing the molecular weight of PDLLA, adding DL-lactic acid oligomer 
to high molecular weight PDLLA, and copolymerizing DLLA with ecaprolactone. 

Since PDLLA is an amorphous polymer, no melting point can be detected. 
However, the glass transition temperature can be employed to indicate the melt 
process temperature required. The lower the Tg, the lower the melt process tempera- 
ture required. The glass transition temperature of PDLLA increased dramatically 
between MW = 4,800 and 46,900, going from 38 to 5loC, respectively. Beyond 
MW = 100,000 it leveled off at 56OC (Fig. 6) .  

The DL-lactic acid oligomer, a viscous liquid at room temperature, was synthe- 
sized by polycondensation at 200OC for 5 hours. Adding it to PDLLA significantly 
decreased the Tg (Fig. 7). The Tg decreased from 47OC for pure PDLLA with a MW 
of 32,300 to 22OC for this PDLLA with 12.5 wt% oligomer in it. Further addition 
of oligomer, to 50 wt%, did not bring down the Tg as much as for the first 12.5 
wtvo. 

It was observed that with an increase in the caprolactone content of the copol- 
ymer, the material changed from a brittle polymer to a rubberlike elastomer. Actu- 
ally, Schindler et al. [lo] found that the T' of P(LA-co-CL) was between that of 
PLA and PCL. Furthermore, they showed that the relationship between Tg of 

TABLE 2. 
3 wtvo eCaprolactoneb 

Die-Drawing for Poly(L-lactide-co-eCaprolactone)a with 

~ 

Tensile 
Draw speed, Draw Draw strength, 

Temperature, OC mm/min force, kg ratio' MPa 

116 1000 22 4.5 157 
1 04 1000 22 6.1 175 
93 1000 30 6.1 185 
82 200 32 5 .6  190 

~ 

"PLLA cylinders could not be die-drawn. 
bTensile strength of undrawn sample was 52.8 f 9.0 MPa. 
'Ratio of cylinder cross-section area before drawing to that after drawing. 
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0 6o 
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0 
c 

.- 
CI .- 
0 40 
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I- 
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m 
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0 20 40 60 

PDLLA Molecular Weight, xl 0-' 

FIG. 6 .  Increasing the glass transition temperature of PDLLA with the increasing 
polymer molecular weight. The PDLLA with the lowest molecular weight was obtained 
from the polycondensation of DL-lactic acid. The other polymers were synthesized by the 
ring-opening polymerization of DL-lactide. 

0.0 0.1 0.2 0.3 0.4 0.5 

Oligomer Content,  Weight Fraction 

FIG. 7. Decreasing glass transition temperature with increasing oligomer content in 
PDLLA. 
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P(LA-co-CL) and its composition followed the Fox equation [27], l /T l ,2  = (w l /  
T,) + (w2/T2), where is the T, of a copolymer, and wI and w2 are weight 
fractions of the components in the copolymer. 

Low molecular weight PDLLA, high molecular weight PDLLA containing 
DL-lactic acid oligomer, and P(DLLA-co-CL) with e-caprolactone contents above 
30 wt% were found to be melt extrudable below 100OC. We can speculate that 
controlled drug release devices may be melt processed much easier by employing 
these polymers rather than using high molecular weight PDLLA. 

CONCLUSIONS 

The polymerization temperature was found to be a critical factor affecting 
PLLA molecular weight. A high temperature of 184OC resulted in a polymer molec- 
ular weight of only 10 x lo4, lower by a factor of 2 than that obtained at tempera- 
tures of 103 and 145OC. Stannous octoate concentration in the range of [MI/ 
[SnOct] 1,000 to 10,000 was not found to have a significant effect on PLLA molecu- 
lar weight. A heterogeneous structure of polymerized PLLA cylinders was observed. 
This structure was affected by polymer yield, polymerization temperature, and 
initiator concentration. Drawability of poly(L-lactide) at a temperature between its 
T, and T, was greatly improved by copolymerizing L-lactide with a small amount 
of ecaprolactone. Poly(L-lactide-co-ecaprolactone), due to its good mechanical 
strength, biocompatibility, biodegradability, and processability, is a promising ma- 
terial for orthopedic applications such as fixation of prosthetic devices. The glass 
transition temperature of PDLLA was significantly decreased by reducing the 
PDLLA molecular weight, adding DL-lactic acid oligomer and copolymerizing 
DLLA with e-caprolactone. 
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