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Abstract
The purpose of this study is to examine the hydrolytic degradation of electron beam irradiated ring-opening polymerized (ROP)
poly(L-lactide) (PLLA-ir) and non-irradiated melt polycondensation polymerized poly(L-lactic acid) (PLLA-pc). It was observed that
irradiation increases the hydrolytic degradation rate constant for ROP PLLA. This was due to a more hydrophilic PLLA-ir, as a result
of irradiation. The degradation rate constants (k) of PLLA-ir samples were also found to be similar, regardless of the radiation dose, and
an empirically formulated equation relating hydrolytic degradation time span to radiation dose was derived. The k value for PLLA-pc
was observed to be lower than that for PLLA-ir, though the latter had a higher molecular weight. This was due to the diﬀerence in degradation mechanism, in which PLLA-ir undergoes end group scission, through a backbiting mechanism, during hydrolysis and thus a
faster hydrolysis rate. Electron beam irradiation, though accelerates the degradation of PLLA, has been shown to be useful in accurately
controlling the hydrolytic time span of PLLA. This method of controlling the hydrolytic degradation time was by far an easier task than
through melt polycondensation polymerization. This would allow PLLA to be used for drug delivery purposes or as a temporary implant
that requires a moderate time span (3–6 months).
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Poly(L-lactide) and poly(L-lactic acid) (both termed
PLLA) are biodegradable aliphatic polyesters synthesized
from ring-opening polymerization (ROP) of L-lactide or
polycondensation of L-lactic acid, respectively, producing
high molecular weight PLLA and low molecular weight
PLLA from the respective synthesis technique [1]. Because
of the excellent biodegradability, biocompatibility and
non-toxicity properties of PLLA, it has generated immense
interest and its applications for biomedical and pharmaceutical purposes have been well documented [1,2]. Some
examples of its biomedical applications are as drug carriers
for controlled drug release and stents [3,4].
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High molecular weight PLLA is usually synthesized by
ring-opening polymerization of the cyclic diester of lactide
[5]. There are many advantages of this polymerization
method, one of which includes the elimination of dehydration of the polymerization system [1], thereby giving high
molecular weight PLLA. Low molecular weight PLLA,
on the other hand, is usually synthesized through melt
polycondensation of L-lactic acid [1], which is a more cost
eﬀective technique than ROP. However, low molecular
weight PLLA usually has low mechanical strength and very
fast rates of hydrolytic degradation, thus limiting its usage
in many applications. In recent years, there has been a
breakthrough in producing moderately high molecular
weight PLLA through direct melt polycondensation
(PLLA-pc) using binary catalysts system of stannous(II)
chloride dihydrate and p-toluene sulphonic acid monohydrate (SnCl2/TSA), in a relatively short reaction time. It
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has been reported that Mw > 100,000 g/mol and
Mw  40,000 g/mol of PLLA were obtained by Moon
et al. [6] and Gao et al. [7], respectively, through this synthesis technique. The synthesis of moderately high molecular weight PLLA may therefore help overcome some of the
disadvantages of low molecular weight PLLA, by improving on their hydrolysis rate and thus allowing for applications where a moderate hydrolytic degradation time span
(3–6 months) is required.
PLLA synthesized by ROP has a long hydrolytic
degradation time [1], which may be unsuitable for usage
in applications where a moderate degradation time span
is required. In our previous work, we have studied and
reported the decrease in molecular weight of ROP PLLA
by electron beam irradiation, through chain scission in
the polymer [8]. The reduction of molecular weight through
irradiation could therefore be another possible alternative
for obtaining PLLA of moderate hydrolytic degradation
time span; since it is well established that hydrolytic degradation rate is dependent on parameters such as degree of
crystallinity and molecular weight [1,9]. However, with
the dearth of work conducted on the hydrolytic degradation of irradiated ROP PLLA, little is known of the eﬀects
of irradiation on its hydrolytic degradation, and how
molecular structural modiﬁcations, such as the decrease
in molecular weight through irradiation, can aﬀect its rate
of hydrolysis and subsequently, its hydrolytic degradation
time.
Besides obtaining PLLA polymers with moderate
hydrolytic time span, the use of radiation could also provide a way of controlling the hydrolytic degradation time
of PLLA, through its accurate decrease of its molecular
weight [8]. It is generally accepted in recent papers [10–
13] that the hydrolysis of most polyesters proceeds according to the reaction:
COOH

–Cð@OÞO– þ H2 O 
! –COOH þ HO–
And the hydrolytic degradation of polyesters therefore observes this equation:

melt polycondensation synthesized PLLA (PLLA-pc) of
relatively similar molecular weights. This paper therefore
seeks to discuss the hydrolytic degradation rate and time
of these PLLA polymers and at the same time, establish
a plausible relationship between the hydrolytic degradation
time and radiation dose for PLLA-ir.

2. Materials and methods
2.1. Synthesis of PLLA through melt polycondensation
The material used for the synthesis of PLLA-pc is
80 wt.% L-lactic acid in aqueous solution, and the catalysts
used were stannous(II) chloride dihydrate (SnCl2) and ptoluene sulphonic acid monohydrate (TSA), all of which
were purchased from Sigma–Aldrich. Chloroform solution
and diethyl ether were purchased from Sigma–Aldrich and
Merck, respectively. All reagents were used as received.
In the apparatus setup, a 250 ml three-neck ﬂask was
placed on a round-based mechanical stirrer and connected
to a vacuum system through a cold trap. During the ﬁrst
synthesis step (oligomerization), the L-lactic acid solution
was ﬁrst heated to 150 C at atmospheric pressure in the
ﬂask for 2 h to remove any free water. The pressure of
the reaction system was then reduced to and maintained
at 100 Torr for the next 2 h. This was followed by another
pressure reduction to 30 Torr for a further 4 h. The reaction temperature was kept at 150 C throughout the entire
oligomerization process, and the product obtained was a
transparent viscous oligomer gel.
Next, the catalysts were added to the oligomer, and the
resulting mixture was mechanically stirred. The pressure
was then reduced to 10 Torr and the temperature increased
to 180 C, with the polymerization process kept at this condition for 12 h. The ﬁnal product was then dissolved in
chloroform and precipitated in diethyl ether. The polymer
was then ﬁltered from diethyl ether and dried under vacuum to yield the puriﬁed PLLA-pc.
2.2. ROP PLLA and PLLA-pc ﬁlms

ln M n ¼ ln M n;0  kt

ð1Þ

where Mn,0 is the initial number average molecular weight
of the polymer before hydrolytic degradation, k is the
hydrolytic degradation rate constant and t is the hydrolytic
degradation time. The ability to control the hydrolytic degradation time of PLLA with radiation would be extremely
useful for applications such as controlled drug release or
temporary implants, such as stents, where a speciﬁc hydrolytic degradation life span is desired. Though there is a possibility that toxic components, such as free radicals, could
be released from irradiated PLLA during hydrolytic degradation, such an eﬀect was not studied in this paper.
To our knowledge, there have also been no studies that
compare the hydrolytic degradation rate and time of irradiated high molecular weight ROP PLLA (PLLA-ir) and

The high molecular weight (i.v. = 4.37) ROP PLLA
(residual monomer less than 0.1%) used in this study was
purchased from Purac Far East, and was used as received.
Films of ROP PLLA and PLLA-pc were prepared by a
simple solvent casting method, which ﬁrst involves dissolving the polymer in dichloromethane (DCM), purchased
from E. Merck, at a weight ratio of 1:12. The polymer solution was then poured into a mould and the solvent was
evaporated slowly in air at room temperature for 48 h to
prevent the formation of air bubbles. Any remaining
solvent was further removed in an oven at 40 C for a
week. The dry thicknesses of the ﬁlms (8 cm · 3 cm) were
then measured, using a ﬁlm thickness measurement device
(Elcometer, model 456) that employs the ultrasound technique, to be about 55 ± 3 lm.
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