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ABSTRACT: Biodegradable polyester blends were pre-
pared from poly(L-lactic acid) (PLLA) and poly(e-caprolac-
tone) (PCL) (50/50) by melt-blending, and the effects of
processing conditions (shear rate, time, and strain) of melt-
blending on proteinase-K- and lipase-catalyzed enzymatic
degradability were investigated using gravimetry, differen-
tial scanning calorimetry, and scanning electron microscopy.
The proteinase-K-catalyzed degradation rate of the blend
films increased and leveled off with increasing the shear
rate, time, or strain for melt-blending, except for the shortest
shear time of 60 s. The optimal processing conditions of
melt-blending giving the maximum rate of lipase-catalyzed
degradation were 9.6 � 102 s�1 and 180 s, whereas a devia-
tion from these conditions caused a reduction in lipase-cata-
lyzed enzymatic degradation rate. At the highest shear rate

of 2.2 � 103 s�1, PCL-rich phase was continuous in the blend
films, irrespective of the shear time (or shear strain),
whereas PLLA-rich phase changed from dispersed to con-
tinuous by increasing the shear time (or shear strain). This
study revealed that the biodegradability of PLLA/PCL
blend materials can be manipulated by altering the process-
ing conditions of melt-blending (shear rate, time, or strain)
or the sizes and morphology of PLLA-rich and PCL-rich
domains. The method reported in the present study can be
utilized for controlling the biodegradability of other biode-
gradable polyester blends. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 104: 831–841, 2007
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INTRODUCTION

The polymer blending of aliphatic polyesters is com-
mercially advantageous for producing biodegradable
materials with different physical properties and biode-
gradability. Among biodegradable polyester blends,
those from glassy poly(L-lactic acid) (PLLA) or poly
(DL-lactic acid) (PDLLA) with relatively low environ-
mental degradability and rubbery poly(e-caprolac-
tone) (PCL) with relatively high environmental
degradability have attracted much attention because
of their wide variety of physical properties and biode-
gradability.1–12 The effects of polymer blending ratio,
molecular characteristics, compatibilizers, coupling
agents, and preparation method and conditions of the
blends on their morphology (phase structure), crystal-

lization, thermal, mechanical, and drug release prop-
erties, and enzymatic and nonenzymatic degradation
have been studied for PLLA (or PDLLA)/PCL blends.

With respect to the enzymatic degradation of PLLA
(or PDLLA)/PCL blends, the effects of blending ra-
tio,13–16 compatibilizer,17 and coupling agents18 have
been investigated. The following results have been
disclosed: (1) Proteinase-K-catalyzed enzymatic deg-
radation was enhanced in the presence of PCL for so-
lution-cast blends,15,16 whereas disturbed for melt-
processed blends;18 (2) The addition of poly(L-lactide-
co-e-caprolactone) as a compatibilizer between PLLA
and PCL reduced lipase- or proteinase-K-catalyzed
enzymatic degradation rate of solution-cast blends;17

and (3) The coupling agents enhanced proteinase-K-
catalyzed enzymatic degradation of the melt-pro-
cessed blends.18

The purpose of this study was to develop an indus-
trially versatile method for preparing biodegradable
polyester blends having different biodegradability at
a fixed polymer blending ratio. For this purpose, we
prepared PLLA/PCL blends as model biodegradable
polyester blends under various processing conditions
of melt-blending, such as shear rate, time, and strain,
at a fixed blending ratio of 50/50 (w/w), and investi-
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gated the effects of processing conditions on protein-
ase-K- or lipase-catalyzed enzymatic degradation.

EXPERIMENTAL

Materials

PLLA pellets (radius of about 18 6 3 mm) were kindly
supplied by Unitika (Kyoto, Japan), while PCL pellets
(Mw ¼ 6.5 � 104 g mol�1, radius of about 19 6 2 mm)
were purchased from Sigma-Aldrich. The PLLA and
PCL were purified by extraction with methanol, fol-
lowed by drying in vacuo for at least 1 week. The
blend films with thickness of about 2.5 mm were pre-
pared by melt-blending of PLLA and PCL [PLLA/
PCL (w/w) ¼ 50/50] with a kneading extruder (Type
1172, Imoto Machinary, Kyoto, Japan). The melt-
blending was carried out at 2008C and different shear
rates (3.2 � 102, 9.6 � 102, and 2.2 � 103 s�1) for vari-
ous times (60, 180, and 600 s). After the melt-blending
process, the blends were extruded and then com-
pressed between two Teflon sheets to a thickness of
2.5 mm using Teflon spacers of the same thickness.

Enzymatic degradation

Proteinase-K-catalyzed enzymatic degradation of the
films (10 � 10 � 2.5 mm3, � 400 mg) was performed
according to the procedure reported by Reeve et al.,19

and modified by us.16 In brief, each of the films was
placed in a vial filled with 5 mL of 0.05M Tris-HCl-
buffered solution (pH 8.6) containing 1.0 mg of so-
dium azide (Nacalai Tesque, Kyoto, Japan). Air on the
surfaces of the films and in the gaps between PLLA
and PCL-rich domains was removed under a reduced
pressure for 3 min. Then each of the films was moved
to a vial filled with 5 mL of Tris-HCl-buffered solution
containing 1.0 mg of proteinase K (lyophilized pow-
der, 80% protein; Sigma–Aldrich) and 1.0 mg of so-
dium azide. Proteinse K-catalyzed degradation of the
films was performed at 378C for periods up to 9 days
in a rotary shaker.

The Rhizopus arrhizus lipase-catalyzed enzymatic
degradation of the films (10 � 10 � 2.5 mm3, � 400 mg)

was performed according to the aforementioned pro-
cedure under the conditions reported by Pranamuda
et al.,20 and modified by us.15 In brief, each of the films
was placed in a vial filled with 20 mL of 0.02M phos-
phate-buffered solution (pH 7.0) containing 0.005 wt
% of Plysurf A210G (Dai-Ichi Kogyo Seiyaku, Kyoto
Japan). Air on the surfaces of the films and in the gaps
between PLLA-rich and PCL-rich domains was
removed under a reduced pressure for 3 min. Then
each of the films was moved to a vial filled with
20 mL of 0.02M phosphate-buffered solution (pH 7.0)
containing 2000 units of lipase [Type XI, R. arrhizus,
suspension in 3.2M (NH4)2SO4 and 10 mM potassium
phosphate solution; Sigma–Aldrich] and 0.005 wt %
of Plysurf A210G, which stabilizes the suspended
state of the lipase. Lipase-catalyed degradation of the
films was performed at 308C for periods up to 9 days
in a rotary shaker.

The enzymatically degraded films were rinsed thor-
oughly with distilled water at 48C to stop further
enzymatic degradation, followed by drying under a
reduced pressure for at least 2 weeks. The distilled
water used for preparing the Tris-HCl and phosphate-
buffered solutions and rinsing the film was of HPLC
grade (Nacalai Tesque).

Measurements and observation

The weight– and number–average molecular weights
(Mw and Mn, respectively) of the purified polymers
were evaluated in chloroform at 408C by a Tosoh GPC
system (refractive index monitor: RI-8020) with two
TSK Gel columns (GMHXL) using polystyrene stand-
ards. The molecular characteristics of the purified
polymers are listed in Table I. The molecular struc-
tural changes of PLLA and PCL by melt-blending
were determined from the 300 MHz 1H NMR the and
the 75.5 MHz 13C NMR spectra obtained in deuterated
chloroform (50 mg mL�1) by a Varian Mercury 300
Spectrometer using tetramethylsilane as an internal
standard.

The glass transition, cold crystallization, and melt-
ing temperatures (Tg, Tcc, and Tm, respectively), and

TABLE I
Molecular Characteristics of Polymers Used in This Study

Polymer
Mw

(g mol�1) Mw/Mn

[a]25589
a

(deg dm�1 g�1 cm3)
Reported db

(MPa1/2)

PLLA 2.4 � 105 1.6 �153 19.2–21.3c

19.0–20.5d

PCL 6.6 � 104 1.5 – 20.8e

a The specific optical rotation ([a]25589) value was measured in chloroform in Ref. 21.
b Solubility parameter.
c The values reported for poly(DL-lactic acid) in Ref. 22.
d The values for PLLA reported in Ref. 23.
e The value reported in Ref. 24.
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enthalpies of cold crystallization and melting (DHcc

and DHm, respectively) of the films were determined
by a Shimadzu DSC-50 differential scanning calorime-
ter (DSC) equipped with a cooling cover (LTC-50).
The films (sample weight of � 3 mg) were heated
from 10 to 1808C at a rate of 108C min�1 under a nitro-
gen gas flow at the rate of 50 mL min�1. DSC results
were calibrated using benzophenone, indium, and
tin as standards. The crystallinity values of PLLA
[Xc(PLLA)] and PCL [Xc(PCL)] in a film [PLLA/PCL

(w/w) ¼ 50/50] were calculated using the following
equations under the assumption that the endothermic
peak observed around 608C was ascribed to the melt-
ing of PCL:

XcðPLLAÞð%Þ ¼ 100½DHmðPLLAÞ
þ DHccðPLLAÞ�=ð0:5� 135Þ ð1Þ

XcðPCLÞð%Þ ¼ 100DHmðPCLÞ=ð0:5� 142Þ (2)

Figure 1 Weight loss of blend films prepared at shear rates of 3.2 � 102 s�1 (a), 9.6 � 102 s�1 (b), and 2.2 � 103 s�1 (c) in
the presence of proteinse K as a function of degradation time.
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where DHcc(PLLA), DHm(PLLA), and DHm(PCL)
(joule per gram of polymer) are DHcc of PLLA at
around 1008C, DHm of PLLA at around 1708C, and
DHm of PCL at around 608C, respectively; 135 (J g�1

of PLLA) and 142 (J g�1 of PCL) are the DHm of
PLLA and PCL crystals having infinite crystal thick-
ness, respectively;25,26 and 0.5 is the weight fraction
of PLLA or PCL in the films. The morphology of the
films was studied with a Hitachi (Tokyo, Japan)
S-2300 scanning electron microscope (SEM). The
films for SEM observation were coated with carbon
to a thickness of about 20 nm.

In the presence of enzymes such as proteinase K
and R. arrhizus lipase, it is known that PLLA and PCL
specimens are degraded via a surface erosion mecha-
nism.15,16,17,19 Therefore, the weight loss per unit sur-
face area was calculated by the following equation:

Weight loss ðmg mm�2Þ ¼ ðWbefore �WafterÞ=Sbefore
(3)

where Wbefore and Wafter are the film weights before
and after degradation, respectively, and Sbefore is the
surface area of the film before degradation.

RESULTS AND DISCUSSION

Effects of melt-blending process on molecular
characteristics and thermal properties

Table II summarizes the molecular characteristics and
thermal properties of the blend films before and after
proteinase-K-catalyzed enzymatic degradation. Here,

the shear strain was the product of shear rate multi-
plied by shear time. Before degradation (i.e., after
thermal treatment), the Mn values of films are in the
range of (1.1–1.3) � 105 g mol�1 and did not explicitly
depend on the shear rate and time for melt-blending.
Moreover, all the 1H NMR and 13C NMR peaks
showed no significant change after the melt-blending
process (data not shown here). These findings
revealed that the melt-blending process had insignifi-
cant effects on molecular characteristics and struc-
tures. Furthermore, the Xc(PLLA) values of films were
very close to 0, meaning that most of the PLLA-rich
phase in films was composed of amorphous regions.
Therefore, proteinase-K-catalyzed degradation was
affected by the difference in morphology and sizes of
the PLLA-rich and PCL-rich domains caused by alter-
ing the melt-blending conditions. In contrast, the
Xc(PCL) values of films ranged from 37 to 58%. There-
fore, in the lipase-catalyzed degradation depends on
the Xc(PCL) as well as the morphology and sizes of
the PLLA-rich and PCL-rich domains.

Proteinase-K-catalyzed enzymatic degradation

Figure 1 shows the weight loss of blend films in the
presence of proteinase K as a function of degradation
time. Here, only PLLA chains are enzymatically
degraded in the presence of proteinase K.16 Also, the
weight loss values at 9 days are tabulated in Table III.
The weight loss of films took place without any induc-
tion periods, irrespective of the shear rate and time
for melt-blending. To investigate the effects of proc-
essing conditions of melt-blending, the weight loss

TABLE III
Weight Loss Values of Blend Films after Proteinase-K- and Rhizopus arrhizus Lipase-Catalyzed

Enzymatic Degradation for 9 Days

Enzyme

Conditions for film preparation Weight loss

Shear
rate (s�1)

Shear
time (s) Shear straina

Percentage
weight loss (%)

Weight loss per unit
surface area (mg mm�2)

Proteinase K 3.2 � 102 60 1.9 � 104 10.3 92.9
180 5.8 � 104 9.7 97.2
600 1.9 � 105 11.3 107.3

9.6 � 102 60 5.8 � 104 8.7 82.7
180 1.7 � 105 12.3 111.4
600 5.8 � 105 12.4 119.9

2.2 � 103 60 1.3 � 105 9.7 91.0
180 4.0 � 105 12.7 117.7

Rhizopus arrhizus lipase 3.2 � 102 60 1.9 � 104 0.82 8.9
180 5.8 � 104 1.15 11.1
600 1.9 � 105 0.69 6.1

9.6 � 102 60 5.8 � 104 1.12 10.5
180 1.7 � 105 1.46 15.0
600 5.8 � 105 0.79 7.4

2.2 � 103 60 1.3 � 105 1.06 7.6
180 4.0 � 105 1.12 9.9

a The shear strain is the product of shear rate multiplied by shear time.
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rate was estimated from the averaged slope of the
weight loss values in Figure 1, and was plotted in Fig-
ure 2 as a function of shear rate and time, and strain.
In this figure, the effects of Xc(PLLA) are shown for
reference. As seen, the weight loss rate increased
monotonically and leveled off around 12.5 mg mm�2

day�1 with the shear rate, time, or strain, except for 60
s in Figure 2(a). This trend indicates that the shear
time and strain rather than the shear rate are crucial
parameters to determine protainase K-catalyzed enzy-

matic degradation rate. However, the degradation
rate has no explicit dependence on Xc(PLLA).

Figure 3 shows the DSC thermograms of blend
films prepared at a shear rate of 9.6 � 102 s�1 for dif-
ferent shear times before enzymatic degradation and
after enzymatic degradation for 9 days. As can be
seen, the melting peak area and temperature of PCL
at around 608C were increased by enzymatic degrada-
tion. These caused significant increment in Xc(PCL)
and Tm(PCL) after degradation (Table II). The increase

Figure 2 Weight loss rate of the blend films in the presence of proteinase K as a function of shear rate (a), time (b), strain
(c), and crystallinity of PLLA [Xc(PLLA)] (d).
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in Xc(PCL) should have been caused by the enzymatic
removal of PLLA chains or the crystallization of PCL.
The increase in Tm(PCL) means an increase in crystal-
line thickness or a decrease in lattice disorder. Such
crystalline growth can be caused by the increased
chain mobility of PCL at an elevated temperature
(378C) in the presence of water as a plasticizer. This
also agrees with the increase in Xc(PCL) by enzymatic

degradation. In contrast, no significant change was
noticed for PLLA crystallization and melting peaks af-
ter degradation, excluding a slight shift of crystalliza-
tion peak to a lower temperature. Such shift can be
explained by the nuclei formation of PLLA crystallites
due to the elevated temperature and the presence of
water during enzymatic degradation.

Figures 4(a) and 4(b) are SEM photomicrographs of
the blend films prepared at a shear rate of 2.2 � 103 s�1

for 60 and 180 s before enzymatic degradation. The
surface of the films was smooth before enzymatic
degadradation. Figures 5(a) and 5(b) are SEM photo-
micrographs of the blend films enzymatically
degraded in the presence of proteinase K for 9 days.
As can be seen, the area eroded by enzymatic degra-
dation was larger for the film melt-blended for 60 s
than for that melt-blended for 180 s. This confirms
that the proteinase-K-catalyzed enzymatic degrada-
tion rate increases with shear time and strain. In our
previous study, a solution-casting method was used
for the preparation of a blend film [PLLA/PCL (w/w)
¼ 50/50].16 In the reported case, the formation of
pores with maximum size of 70 mm due to the re-
moval of PLLA-rich phase was observed on the sur-
face of the films after proteinase-K-catalyzed degrada-
tion for 5 days. The domain size of the PLLA-rich
phase in the blend films before enzymatic degradation
was larger for the solution-blended film than for the
melt-blended film (domain size >5 mm). The higher
mobility of PLLA and PCL chains in the presence of
solvent molecules and the absence of shear force may
have enhanced the formation of large-sized PLLA-
rich phase during the solution-casting process.

In our previous study, we revealed that the protein-
ase-K-catalyzed degradation rate of PLLA was ele-
vated by solution-blending with PCL.16,17 This result
strongly suggests that proteinase K can diffuse into
the gaps between PLLA-rich and PCL-rich domains
and the enzymatic degradation takes place not only
on the film surface but also on the surface of the

Figure 3 DSC thermograms of the blend films prepared
at a shear rate of 9.6 � 102 s�1 for different shear times
before degradation and after proteinase-K-catalyzed enzy-
matic degradation for 9 days.

Figure 4 SEM photomicrographs of the blend films prepared at a shear rate of 2.2 � 103 s�1 for 60 s (a) and 180 s (b)
before enzymatic degradation.
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PLLA-rich domains contacting PCL-rich domains
inside the film. We have ascribed the rapid degrada-
tion of PLLA in the solution-cast blends rather than in
a pure state to the larger degradable surface area per
unit mass in the blends than that in the pure PLLA
film. Therefore, Figures 1–4 show that the degradable
surface area increases with the increasing the shear
rate, time, or strain. In other words, the domain size
of PLLA-rich phase decreases with increasing the
shear rate, time, or strain. The results in this section
strongly suggest that the proteinase-K-catalyzed deg-
radation rate of PLLA/PCL blend films can be manip-
ulated by the processing conditions for melt-blending.

Lipase-catalyzed enzymatic degradation

Figure 6 shows the weight loss of blend films in the
presence of R. arrhizus lipase as a function of degrada-
tion time. Also, the weight loss values at 9 days are
summarized in Table III. Here, only PCL chains are
enzymatically degraded in the presence of R. arrhizus
lipase.16 Similar to the proteinase-K-catalyzed degra-
dation, the weight loss rate was estimated from the
averaged slope of the weight loss values in Figure 6,
and was plotted in Figure 7 as a function of the shear
rate, time, and strain. In this figure, the effects of
Xc(PCL) are shown for reference. It is interesting to
note that in marked contrast to the results for protein-
ase-K-catalyzed degradation, the lipase-catalyzed
degradation rate reaches a maximum at 9.6 � 102 s�1

[Fig. 7(a)] and 180 s [Fig. 7(b)]. A deviation from these
conditions reduces the lipase-catalyzed degradation
rate. It should be noted that the shear strain for melt-
blending has no explicit dependence on the lipase-cat-
alyzed degradation rate [Fig. 7(c)]. This is also in
marked contrast with the result for proteinase-K-cata-
lyzed degradation, wherein the rate increased monot-
onically with the shear strain. The degradation rate is
significantly decreased by increasing the Xc(PCL).

Therefore, it is difficult to specify which parameter
among shear rate, time, or Xc(PCL) is dominant to
determine the degradation rate. For the blend films af-
ter lipase-catalyzed degradation, we did not carry out
the DSC measurements, because the actual percentage
weight loss values were below 2% (Table III), which
should have caused very small changes in thermal
properties.

Figures 8(a) and (b) are the SEM photomicrographs
of the blend films prepared at a shear rate of 2.2 � 103

s�1 for 60 s and 180 s, respectively, and enzymatically
degraded in the presence of R. arrhizus lipase. Numer-
ous particles with diameters of 0.5–10 mm were
observed on the surface of the film prepared with the
shear time of 60 s. These particles are attributable to
PLLA-rich phase. Therefore, the presence of such par-
ticles indicates that the PLLA-rich phase of the films
was dispersed in the continuous PCL-rich phase
before enzymatic degradation. On the other hand, no
such particle was noticed for the blend films prepared
with the shear time of 180 s. This reveals that the
PLLA-rich phase as well as PCL-rich phase were con-
tinuous in the film. The disturbance effect of the
formation of continuous PLLA-rich phase at the
increased shear time may have overcome the enhance-
ment effect of decreased domain size of PCL-rich
phase. The latter enhancement effect is caused by an
increase in degradable surface area of PCL-rich phase.
The morphological change of PLLA from dispersed to
continuous as well as the reduction in PLLA domain
size, which were caused by the increase in shear time
(or shear strain), must have enhanced the proteinase-
K-catalyzed degradation of PLLA-rich phase. The
PCL-rich and PLLA-rich domains in PLLA/PCL
blends have been reported to be continuous and dis-
persed, respectively, at the blending ratio of 50/50
(w/w) when the blends were prepared by solution-
casting.14–16 The results in this section also indicate
that the lipase-catalyzed degradation rate of PLLA/

Figure 5 SEM photomicrographs of the blend films prepared at a shear rate of 2.2 � 103 s�1 for 60 s (a) and 180 s (b)
and enzymatically degraded in the presence of proteinase K for 9 days.
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PCL blend films is controllable by altering the proc-
essing conditions for melt-blending. However, in the
case of lipase-catalyzed enzymatic degradation the
processing conditions must be accurately adjusted to
control the biodegradability.

CONCLUSIONS

The following conclusions can be derived from the
aforementioned experimental results in regard to the

effects of processing conditions of melt-blending on
enzymatic degradation of the PLLA/PCL (50/50)
blend films:

1. The proteinase-K-catalyzed degradation rate of
the blend films increased and leveled off by
increasing the shear rate, time, or strain for
melt-blending, except for the shortest shear time
of 60 s.

Figure 6 Weight loss of blend films prepared at shear rates of 3.2 � 102 s�1 (a), 9.6 � 102 s�1 (b), and 2.2 � 103 s�1 (c) in
the presence of Rhizopus arrhizus lipase as a function of degradation time.
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2. The optimal processing conditions of melt-
blending giving the maximum rate of lipase-cat-
alyzed degradation were 9.6 � 102 s�1 and 180 s,
and a deviation from these conditions caused
a reduction in lipase-catalyzed degradation
rate.

3. At the highest shear rate of 2.2 � 103 s�1, PCL-
rich phase was continuous in the blend films,
irrespective of the shear time (or shear strain),
whereas PLLA-rich phase changed from dis-

persed to continuous by increasing the shear
time (or the shear strain).

4. The biodegradability of PLLA/PCL blend materi-
als can be manipulated by altering the processing
conditions of melt-blending (shear rate, time, or
strain) or the sizes and morphology (dispersed or
continuous) of PLLA-rich and PCL-rich domains.
The method discussed in the present study can
be utilized for controlling the biodegradability of
other biodegradable polyester blends.

Figure 7 Weight loss rate of the blend films in the presence of Rhizopus arrhizus lipase as a function of shear rate (a),
time (b), strain (c), and crystallinity of PCL [Xc(PCL)] (d).
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Figure 8 SEM photomicrographs of the blend films prepared at shear rate of 2.2 � 103 s�1 for 60 s (a) and 180 s (b) and
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