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The Preparation and Biodegradable Properties
of Poly(L-lactic acid)-Poly(1-caprolactone)

Multiblock Copolymers

CUIQING TENG, HONG XU, KAI YANG, AND MUHUO YU

College of Materials Science and Engineering, State Key Laboratory for

Modification of Chemical Fibers and Polymer Materials, Donghua University,

Shanghai 200051, P. R. China

Multi-block copolymers of PLLA and PCL were prepared by a coupling reaction
between PLLA and PCL prepolymers with –NCO end groups. FTIR proved that the
products were PLLA-PCL copolymers. The weight-average molecular weight of
the copolymers was up to 180,000 at a composition of 60% PLLA and 40% PCL.
The degradation properties of PLLA and PLLA-PCL copolymers were studied by
a soil burial test and a hydrolysis test in a phosphate-buffer solution. The degradation
rate was estimated by the mass loss, molecular weight reduction, pH value changes and
swelling index; the degradation rates of the copolymers were a function of the compo-
sition of PLLA and PCL. Increasing PCL content in the copolymers resulted in lower
degradation rate.

Keywords poly(lactic acid), poly(1-caprolactone), multiblock copolymers, degra-
dation, soil buried test, hydrolysis test

Introduction

Poly(L-lactic acid) (PLLA) and PLLA-based copolymers are well established semi-crys-

talline, biodegradable materials used not only for a variety of applications in the pharma-

ceutical and biomedical field, but also as biodegradable plastics for disposable consumer

products (1–4). Although high molecular weight PLLA is a relatively stiff polymer with

good mechanical strength, it is too brittle for application as packaging films and coating

materials. To improve the properties of PLLA and expand its applications, copolymeriza-

tion or blending techniques have been applied (5–7). Polymer blends or copolymers of

PLLA and poly(1-caprolactone) (PCL) have been the subject of great interest in recent

years (8–10). PCL is also one of the most widely investigated aliphatic polyesters

because of its unique properties such as biodegradability, biocompatibility, and high

flexibility. The syntheses of 1-CL/LA copolymers have been widely studied, but most

effort has focused on random, diblock, and triblock copolymers by the ring opening

polymerization of lactide (9); however, these synthetic methods affected the properties
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of copolymer due to phase separation and led to a high cost of production for the lactide

as a monomer.

We have developed a new process to synthesize PLLA-PCL multiblock copolymers

with high molecular weight and low cost using melt polycondensation of lactic acid. The

multiblock copolymers are prepared by coupling reactions between PCL telechelic

oligomers (OCN-PCL-NCO) and the PLLA oligomers. The advantage of this new

process is that the high molecular weight of lactic acid-based polymers can be prepared

directly by melt polycondensation of lactic acid, rather than ring opening polymerization

using the lactide as monomer. This new synthetic method reduces the cost of production,

and the PLLA is toughened by the copolymerization, which results in a compatible system

compared with the blending system.

As a widely used biodegradable polymer, the biodegradation behavior of PLLA and

PLLA-based copolymers is an important property determining its final application. The in

vitro degradation and in vivo degradation of PLLA has been widely investigated (11–16);

for PLLA-PCL copolymer, the degradation properties have also been studied by several

research groups (9, 17). PCL is also a biodegradable material, but its long degradation

time (3–5 years) is usually a disadvantage for application. PLA behaves in the opposite

way. Their random copolymer always degrade faster than either homopolymers, but the

block copolymers of PLLA-PCL have the advantages over the random copolymers that

both the permeation rate of steroids and the degradation rate are between their homopoly-

mers, and can be controlled by adjusting composition of the copolymer. However, the degra-

dation properties of the PLLA-PCL multiblock copolymers have not been reported so far. In

this paper, the degradation properties of PLLA-PCLmultiblock copolymers were studied by

a soil burial test and a hydrolysis test in a phosphate-buffer solution. The degradation rate

was estimated by the mass loss, molecular weight reduction, pH value and swelling index.

Experimental

Materials

Poly(1-caprolactone)diols with Mn of 1000 was supplied by Daicel Chemical Co. Ltd

(Japan). L-Lactic acid as a 90 wt% aqueous solution was purchased from JiangXi

Musashino Bio-chem. Co. Ltd (China). 1,6-Hexamethylene diisocyanate (HDI) was

supplied by Nippon Polyurethane Industry Co., Ltd. Tin II chloride dihydrate

(SnCl2 . 2H2O), tethahydrofuran, citric acid (C6H8O7
. H2O) and disodium hydrogen

phosphate (Na2HPO4
. 2H2O) were purchased from Shanghai Chemical Reagent

Company, China Medicine (Group). All materials above were analytical-grade and

were used without further purification.

Synthesis of PLLA-PCL Multi-Block Copolymers

PLLA homopolymer (HO-PLLA-COOH) was synthesized by the melt condensation

polymerization of L-lactic acid, Tin II chloride dihydrate (SnCl2 . 2H2O) (0.5% based

the mass of L-Lactic acid) was used as a catalyst. L-Lactic acid was first dehydrolyzed

at 1308C for 3 hr under vacuum and then polycondensation was carried out at 1608C
for 6 h under vacuo. Poly(1-caprolactone)diols and HDI (molar ratio of HDI/
PCL ¼ 2:1) were put into a three-necked round-bottomed flask, and the reaction was

performed at 808C for 3 h. The prepolymer of NCO-terminated PCL was obtained after

deaeration. The PLLA and PCL telechelic with –NCO end groups (NCO-PCL-NCO)
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were put into a flask. The mass feed ratio of PLLA and NCO-PCL-NCO was 90:10, 80:20,

70:30, 60:40, and 50:50. The reaction was carried out at 1808C for 10 min under a nitrogen

atmosphere. The product was poured out and solidified naturally. Consequently, PLLA-

PCL multiblock copolymers were obtained by the reaction of –NCO groups at the end

of PCL with the –OH (or –COOH) groups at the end of PLLA. The multiblock

copolymer codes are listed in Table 1.

Characterization of PLLA-PCL Structure

The molecular weight and the distribution of the polymers were measured by GPC (Waters

208). Terahydrofuran (THF) was used as the mobile phase at a flow rate of 1.0 mL/min.

Calibration was performed using polystyrene standards to determine absolute weight-

average and number-average molecular weights (Mw and Mn). The multi-block

polymers were ground to powder for use as FTIR specimens. FTIR spectra in the range

of 4000–400 cm21 were recorded on KBr pellet samples, using a Nicolet NEXUS-670

Spectrometer with a resolution of 2 cm21. The viscosity measurements were conducted

on an Ubblohde viscometer with an internal diameter of 0.35 mm, the solvent was THF

and the measurement temperature was 30+ 0.18C. The viscosity-average molecular

weight of polymers was calculated by the following formula (18):

½h� ¼ 1:25� 10�4M0:717
h

Soil Burial Test

The molded samples were cut into a rectangular shape with dimensions of

50 � 50 � 3 mm3 for in vitro degradation studies. The cut specimens of PLLA and

PLLA-PCL copolymers were buried in soil. After various time periods the sample was

removed, gently wiped to clean the surface water, dried at 508C for 24 h in a vacuum,

and reweighed. The molecular weights of the polymers were determined by viscosity

measurements. The degradation rates were estimated by the mass loss (%) and

molecular weight reduction (%) calculated with the following equations:

Mass lossV ¼
W0 �Wt

W0

� 100% ð1Þ

Where W0 is initial weight and Wt is weight after degradation.

Molecular weight reduction L ¼
M0

h �Mt
h

M0
h

� 100% ð2Þ

Where Mh
0 is initial molecular weight and Mh

t is molecular weight after degradation.

Table 1

The codes of PLLA-PCL multi-block copolymers

Sample codes PLLA PLLA90 PLLA80 PLLA70 PLLA60 PLLA50

Composition

PLLA/PCL
(w/w)

100/0 90/10 80/20 70/30 60/40 50/50

Preparation and Biodegradation of PLLA-PCL Copolymers 1879
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The morphology of PLLA and PLLA-PCL multi-block copolymers was observed

under an OLYMPUS BH-UMA optical microscope.

Hydrolysis Test

Buffer solutions of citric acid (C6H8O7
. H2O) and disodium hydrogen phosphate

(Na2HPO4
. 2H2O) were prepared according to the composition shown in Table 2. The

specimens of PLLA and PLLA-PCL copolymers were placed in closed bottles containing

50 mL of phosphate buffer solution at ambient temperature for up to 84 days. At various

intervals, the specimens were removed, washed with distilled water, the surface dried and

reweighed. The swelling index (SI) was calculated using the following equation:

SI ¼
Wt �W0

W0

� 100% ð3Þ

Where W0 is the initial weight of the specimen and Wt is the weight at time t.

Results and Discussion

Synthesis and Structure Characterization

Figure 1 shows the FTIR spectra of homopolymer and multiblock copolymer. The

spectrum of PLLA homopolymer (Curve b) exhibits characteristic absorption peaks of

ester at 1759 cm21 for the stretching vibration of –COO– and at 1090 cm21,

1131 cm21, and 1185 cm21 for the stretching vibration of C–O–C. The other characte-

ristic absorption peaks of PLLA correspond to C–H, CH3, and –OH at 2997 cm21,

1145 cm21 and 3440 cm21, respectively. As shown in Figure 1 (curve a), the spectrum

of PCL prepolymer exhibits a characteristic absorption peak of the end group of –NCO

at 2270 cm21. However, the peak at 2270 cm21 disappears for the PLLA-PCL multi-

block copolymer, as shown in Figure 1 (curve c). This indicates that the groups –NCO

at the end of PCL have reacted with the –OH (or –COOH) groups at the end of PLLA.

Molecular Weight of PLLA-PCL Copolymers

The data in Table 3 show the molecular weight of the copolymers. As expected, the

molecular weight of copolymer increases after coupling reaction of PLLA and PCL.

The molecular weight of copolymer with 40 wt% PCL is more than 14 times than that

of the PLLA homopolymer. This is further evidence to prove the products of PLLA-

PCL multi-block copolymers. The active functional groups –NCO at the end of PCL pre-

polymers are easy to react with –OH or –COOH functional groups of PLLA, which

Table 2

The composition of phosphate-buffered solution

Buffer solution C6H8O7
. H2O Na2HPO4

. 2H2O Deionized water

pH ¼ 7.4 1.9 g 32.3 g to 1 L
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results in an increase of the molecular weight. The molecular weight is maximum at the

composition of PLLA/PCL ¼ 60/40 (w/w).

Soil Burial Test

The photographs of films obtained from the PLLA before and after the degradation test are

illustrated in Figure 2. Before degradation, the surface of PLLA is smooth without pores

and cracks. After 7 days of burial, the polymer film shows a rough and porous surface,

indicative of the ongoing erosion. After 28 days of burial, the pores and cracks at the

surface are seen growing into the film, and the surface shows channel-like structures.

With the prolongation of the degradation time, the channel-structure becomes larger

and larger, and after about 4 months of burial the PLLA polymer had cracked into pieces.

Figure 1. FTIR spectra of (a) OCN-PCL-NCO, (b) PLLA, and (c) PLLA-PCL multi-block

copolymer.

Table 3

Molecular weight of PLLA and PLLA-PCL multi-block copolymers

Samples Mh
a Mn

b Mw
b Mw/Mn

b

PLLA 12700 6900 14100 2.04

PLLA90 18000 — — —

PLLA80 32800 15100 37500 2.48

PLLA70 96300 47500 100100 2.11

PLLA60 166800 99000 179900 1.82

PLLA50 115200 — — —

aMeasured in THF at 30+ 0.18C using an Ubbelohde viscometer.
bMeasured by GPC.

Preparation and Biodegradation of PLLA-PCL Copolymers 1881

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 3 shows the morphology of PLLA-PCL multiblock copolymers before and

after degradation. Even though the degradation trends of PLLA-PCL were similar to

those of PLLA homopolymer, the change of structure is relatively slower, which

indicates the degradation rate of PLLA-PCL copolymers is slower than that of PLLA.

PCL is also a degradable material, but its degradation rate is slower than that of PLLA.

The difference of degradation rates between the PLLA and PLLA-PCL copolymer are

attributed to the introduction of PCL segments in the copolymer and the high molecular

weight of PLLA-PCL.

Figure 4 shows the weight changes of the PLLA homopolymer and PLLA-PCL multi-

block copolymers during the soil burial test. At the beginning of degradation, all of the

polymers show a slight weight loss. After 28 days of degradation, the changes in

weight become significant. Compared with the PLLA homopolymer, the degradation

rate of PLLA-PCL multi-block copolymers is slower than that of PLLA, and with the

increasing of PCL content in the copolymers, the degradation rate becomes slower.

Figure 5 displays the time course of molecular weight changes of the polymers during

the degradation test. It is evident that the degradation rate in the molecular weight of

PLLA is also faster than those of the multi-block copolymers.

Hydrolysis Test

The PLLA and PLLA-PCL multi-block copolymers samples were immersed in the

phosphate-buffer solution, and the effect of time on the hydrolysis rate were examined

by pH value changes of the solution and degree of swelling of the samples. Figure 6

shows the pH value changes of the buffer solution with degradation time. There are no

Figure 2. Surface photographs of PLLA at various time in soil buried test.
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significant changes in pH value at the beginning of degradation, and a slight decrease of

pH value can be observed after 14 days of degradation. However, with the prolongation of

the degradation time, especially after 28 days of degradation, the decrease rate of pH value

becomes faster. At 84 days of degradation, the pH of the solution decreases to 5.6.

Figure 4. Weight loss of PLLA and PLLA-PCL copolymers in soil buried test.

Figure 3. Surface photographs of PLLA70 at various time in soil buried test.
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PLLA is a hydrolytically biodegradable polymer that followed a bulk degradation

mechanism when it is immersed in a neutral aqueous medium, such as phosphate-buffer

solution (pH 7.4) (19). The ester bonds in the backbone chain of the polymer break

randomly to generate carboxyl groups, which autocatalytically accelerates the degradation

reaction and results in a decrease of the pH value of the solution with degradation time.

But the bulk degradation of the PLLA is a slow process and the changes in the associated

properties can rarely be detected in a short time of several days at ambient temperature, so

at the beginning of degradation, there were no significant changes in pH value.

For the PLLA-PCL multi-block copolymer, the trend of pH value changes with the

degradation time is similar to that of PLLA homopolymer, but the rate of pH values

changes of PLLA-PCL is relatively slower. The fact further indicates the hydrolysis

Figure 5. Molecular weight changes of PLLA and PLLA-PCL copolymers in soil buried test.

Figure 6. Changes of pH value in buffer solution with immerging time.
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rate in the phosphate-buffer solution of the copolymer is slower than that of PLLA homo-

polymer, which is consistent with the results got from the soil buried test.

The swelling index of PLLA and PLLA-PCL copolymers immersed into the buffer

solution is shown in Figure 7. From the curve, it is clear that sorption reaches a

maximum and then a weight decrease can be recorded. When the PLLA polymers are

immersed into the buffer solution, there is a balance between sorption and hydrolysis.

In the early days of immersion, sorption is the main interaction, so the weight of

samples increased greatly. After about 14 days, when the hydrolysis becomes obvious,

the rate of increased samples weight becomes slower. When the immersion time was 84

days, the hydrolysis predominates the interaction, and consequently the degree of

swelling of samples decreased.

Conclusions

Multi-block copolymers of PLLA and PCL can be prepared by the following process: the

PLLA homopolymer was first prepared by melt polymerization and then the copolymer

was synthesized by a coupling reaction between PLLA and PCL prepolymers with –

NCO end groups. FTIR proved that the products were PLLA-PCL copolymers, and the

weight-average molecular weight of the copolymers was up to 180,000 at a composition

of 60% PLLA and 40% PCL. The degradation properties of PLLA and PLLA-PCL copo-

lymers were studied by a soil burial test and a hydrolysis test in a phosphate-buffer

solution (pH ¼ 7.4). The degradation rate was estimated by the mass loss, molecular

weight reduction, pH value changes and swelling index. As a result, the degradation

rates of the copolymers were a function of the composition of PLLA and PCL. Increasing

PCL content in the copolymers resulted in lower degradation rate.
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Figure 7. The swelling index of PLLA and PLLA-PCL copolymers with emerging time.
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