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ABSTRACT: It is difficult to control the decomposition
rate and the mechanical property of scaffolds after forming
the poly(i-lactide) (PLLA) scaffolds. The purpose of this
study is to control the decomposition rate and mechanical
properties of the PLLA plate after forming. We carried out
accelerated decomposition experiments using the enzyme on
the (PLLA) with various crystallinity, which were prepared
by changing the heat treatment condition, and elucidated
the relationship between the crystallinity and the decomposi-
tion rate. A high positive correlation was observed between
the heat treatment temperature and the crystallinity. A high

negative correlation was observed between the crystallinity
and the decomposition rate. Using the obtained empirical
formula, it became possible to calculate the required period
to decompose a certain amount of the PLLA if the heat treat-
ment temperature was known. Changing the crystallinity of
the PLLA plate could arbitrarily control the decomposition
rate of the PLLA plate after forming. © 2010 Wiley Periodicals,
Inc. ] Appl Polym Sci 119: 2031-2038, 2011
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INTRODUCTION

When a body tissue is slightly damaged, the tissue
is naturally self-regenerated. However, when the
tissue is severely damaged or removed that exceeds
a critical value, it is difficult to completely self-
regenerate the tissue. In such a case, one must stim-
ulate the tissue to regenerate by putting an artificial
scaffold on the defective part.' That is, the scaffold
plays a significant role in the tissue engineering.*'°
Ideally, the scaffold should be gradually absorbed as
the tissue is regenerated in the scaffold and should
be completely absorbed and replaced with the tissue
when the tissue is completely regenerated.
Concerning the biodegradable polymer, though
there are many reports on the control of the decom-
position rate by blending''™* or by using a copoly-
mer,l“':’_18 there is only a few reports on the control of
the decomposition rate after forming the scaffold. It
is expected that the scaffold will have a much
broader range of application in clinical treatments
if the decomposition rate of the scaffold can be con-
trolled after forming. As for the studies concerning
the decomposition of the biodegradable polymer,
though there were many reports on hydroly-
sis,'>!7120 examinations of the decomposition using
the enzyme have been recently reported.”>* The
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purpose of our study is to control the decomposition
rate of the biodegradation polymer plate after form-
ing. In this study, we carried out an accelerated
decomposition examination using the enzyme for
the injection-molded poly(r-lactide) (PLLA) plates,
which had various crystallinities by applying heat
treatment, and elucidated the relationship between
the crystallinity, the decomposition rate, and the
mechanical properties.

MATERIALS AND METHODS
Preparation of specimen

Poly(r-lactide)(PLLA) with an average molecular
weight (M) of 220,000 g/mol and the polydispersity
(My/M,) of 2.3 was obtained from a commercial
source (Lacty 5000, Shimazu, Kyoto, Japan) in pellet
form. Specimens having a size of 60 mm x 10 mm
x 2.5 mm were prepared by melting the pellets in a
metal cylinder at 215°C for 30 min and then injecting
(Sulfon-Jet 3000, High-Dental-Japan, Osaka, Japan) it
into a metal mold cooled to 4°C. The injection
molding was carried out at an injection pressure of
15 MPa. The molded specimens were preserved in a
desiccator at 23°C until used. These specimens were
labeled PLLA-4.

The PLLA-4 injection-molded specimens were
heat-treated for one hour at 75, 80, 100, and 140°C.
These specimens were labeled PLLA-75, PLLA-80,
PLLA-100, and PLLA-140, respectively. Table I
shows the preparation condition and abbreviations
of five different samples.
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TABLE I
Preparation Condition and Abbreviations of Five Different Samples

Heat treatment

Melting condition Injection condition condition
Mold
Temperature  Time  temperature  Pressure = Temperature  Time
({®) (min) O (MPa) ({®) (h) Abbreviation
215 30 4 15 Non Non PLLA-4
215 30 4 15 75 1 PLLA-75
215 30 4 15 80 1 PLLA-80
215 30 4 15 100 1 PLLA-100
215 30 4 15 140 1 PLLA-140

Decomposition experiment of PLLA

The enzyme solution was prepared by mixing 10 mL
of Tris-HCl (Sigma, MO), 2 mg of proteinase K
(Sigma, MO), and 2 mg of sodium azide (Nacalai
Tesque, Kyoto, Japan), and by adjusting the pH to
8.6. The decomposition experiment was carried out
by placing the specimen in the enzyme solution and
keeping the mixture for 1, 2, 3, 7, and 14 days while
rotating with a bio-shaker (BR-15LF, Taitec, Saitama,
Japan) at the rate of 130 rpm at 37°C. The weight
loss after the decomposition was obtained using the
following equation. The weight after the immersion
was measured after it had dried for 24 h.

Weight loss (%) = (Wo/W;) x 100

where W, and W, are the weight before and after
immersion, respectively. Five specimens were
prepared for each specimen before and after the heat
treatment and for each immersion period with a
total number of 125 specimens.

X-ray diffraction analysis

The X-ray diffraction patterns of the specimen before
and after the heat treatment were obtained using an
X-ray diffractometer (Rint 2000, Rigaku, Tokyo,
Japan) at an acceleration voltage of 20 kV, tube
current of 10 mA.

Difference scanning calorimetry (DSC)

The thermal analysis of each specimen was carried
out using thermal analysis equipment (DSC-60,
Shimadzu, Kyoto, Japan) at the rate of temperature
rise of 10°C/min. The crystallinity of each specimen
was obtained using the following equation.*

X. =100 - (AH,, + AH,)/93

where X, AH. and AH,, indicate the crystallinity,
crystallization enthalpy, and fusion enthalpy, respec-
tively. Five specimens were prepared for each speci-
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men before and after the heat treatment and for
each immersion period with a total number of 150
specimens.

Flexural test

The flexural test of each sample before and after the
heat-treatment and immersion in the enzyme solu-
tion was carried out using a testing machine (EZ-
Test, Shimadzu, Kyoto, Japan). The shape of the
specimen was 60 mm x 10 mm x 2.5 mm, and the
three-point flexural test was done for a distance
between the supporting points of 50 mm and the
crosshead speed of 5 mm/min. Five specimens were
prepared for each specimen before and after the heat
treatment and for each immersion period with a
total number of 150 specimens. Additionally, five
compression-specimens were prepared for compari-
son. The compression-specimens having a size of
60 mm x 10 mm x 2.5 mm were prepared by melt-
ing the pellets in a metal mold at 215°C for 35 min
and then pressing (Bench press 100, Imoto, Kyoto,
Japan) it at a compression load of 1 kIN.

Surface observations

The surface of the specimen before and after immer-
sion in the enzyme solution was observed in the
dynamic mode using an atomic force microscope
(SPM-9500, Shimadzu, Kyoto, Japan).

Statistical analysis

The data obtained from each test were statistically
treated. The mean value and the standard deviation
were calculated. Fisher’s multiple comparison tests
were carried out after the significance test by the
analysis of variance (ANOVA). They were statisti-
cally processed at the significance level of 5%. The
percentage of risk (P < 0.05) for the correlation
coefficient and the P-value was obtained by
Spearman’s rank correlation.
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Figure 1 X-ray diffraction patterns before and after the
heat treatment. No peak was observed in the X-ray diffrac-
tion pattern of PLLA-4. However, a peak around 26 =
16.5° became sharper as the heat-treatment temperature
increased.

RESULTS
Crystallization and crystallinity

Though no peak was observed in the X-ray diffrac-
tion pattern for PLLA-4, a peak near 20 = 16.5°
appeared for the heat-treated samples, and the peak
became sharper as the heat treatment temperature
increased (Fig. 1). The DSC curves of PLLA before
and after the heat treatment are shown in Figure 2.
PLLA-4 had a glass transition point (Tg) at about
55°C, and an exothermic peak due to recrystalliza-
tion and a melting peak were observed. The T,
became unclear as the heat treatment temperature
increased, and the recrystallization peak also
decreased. As for PLLA-140, the T, and the recrys-
tallization peak disappeared, and only the melting
peak was observed. The crystallinity of PLLA-4,
PLLA-75, PLLA-80, PLLA-100, and PLLA-140 were
0£0, 143 = 20,217 = 22,41.7 £ 3.6, and 62.9 =
3.2%, respectively, and a high positive correlation
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Figure 2 DSC curves before and after the heat treatment.
An exothermic peak and a melting peak due to the glass
transition point (T,) and recrystallization were observed
for PLLA-4, PLLA-75, PLLA-80, and PLLA-100, only the
melting peak was observed for PLLA-140.

was observed between the heat treatment tempera-
ture and the crystallinity (Fig. 3). No significant
change in the crystallinity was observed for PLLA-4,
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Figure 3 Relationship between heat-treatment tempera-
ture and crystallinity (n—5). A high positive correlation
was observed between the heat treatment temperature and
the crystallinity. X, = 0.60T-22.79 (r = 0.97).
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Figure 4 Changes in the crystallinity for the specimen
immersed in enzyme solution (7—5). No significant change
in the crystallinity was observed in the specimens other
than PLLA-140 even though they had been immersed in
the enzyme solution.

PLLA-75, PLLA-80, and PLLA-100 even if they had
been immersed in the enzyme solution (Fig. 4).
However, as for PLLA-140 immersed for one day,
the crystallinity significantly decreased compared to
the specimen before immersion and gradually
decreased thereafter (Fig. 4). Moreover, the X-ray
diffraction peak of PLLA-140 became smaller as the
immersion period in the enzyme solution became
longer (Fig. 5) and also the T, appeared (Fig. 6).

Weight change

The weight of each specimen decreased almost line-
arly as the immersion period in the enzyme solution
became longer (Fig. 7). The weight losses of PLLA-4,
PLLA-75, PLLA-80, PLLA-100, and PLLA-140 after
immersion for 14 days were 18.86 * 0.58, 1589 =
2.09, 13.54 = 0.87, 4.05 = 1.46, and 2.40 = 1.58 wt %,
respectively, and a significant difference was
observed. Moreover, the decomposition rates of
PLLA-4, PLLA-75, PLLA-80, PLLA-100, and PLLA-140
obtained from the inclination of the line were 1.35,
1.11, 0.93, 0.30, and 0.18 wt %/day, respectively, and
a high negative correlation was observed between the
crystallinity and the decomposition rate (Fig. 8).

Flexural strength

The flexural strengths of PLLA-4, PLLA-75, PLLA-
80, PLLA-100, and PLLA-140 were 112.3 + 8.2, 123.8
+ 8.4,134.0 = 5.7, 141.2 £ 114, and 95.8 £ 8.4 MPa,
respectively (Fig. 9). No significant difference was
observed in the flexural strength of PLLA-4 before
and after immersion. The flexural strength of PLLA-
75, immersed for two days or more, significantly
decreased compared to the specimen before immer-
sion. On the other hand, the flexural strength of the
PLLA-80, PLLA-100, and PLLA-140, immersed for
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one day or more, significantly decreased compared
to the specimens before immersion.

Surface condition

Figure 4 shows the AFM images of the specimens
before and after immersion in the enzyme solution
for 14 days. A grinding mark from the metal mold
was observed on the surface of the injection-molded
specimen, and almost no change was observed
after the heat treatment [Fig. 10(a,c,e)]. As for the
surface of PLLA-4 immersed in the enzyme solution,
crater-shaped pits were observed, and their depths
were 200-300 nm [Fig. 10(b)]. On the other hand, a
partly eroded Grand Canyon-shaped structure was
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Figure 5 X-ray diffraction patterns of PLLA-140 immersed
in enzyme solution. The X-ray diffraction peak of PLLA-140
decreased as the immersion period in the enzyme solution
increased.
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Figure 6 DSC curves of PLLA-140 immersed in enzyme
solution. The T, appeared in the DSC curve of PLLA-140,
which was immersed in the enzyme solution.
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Figure 7 Weight losses of the specimen immersed in enzyme
solution (n—>5). The weight of each specimen immersed in the
enzyme solution almost linearly decreased along with the
increase in the immersion period.
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Figure 8 Relationship between crystallinity and decom-
position rate. A high negative correlation was observed
between the crystallinity and the decomposition rate. W/d
= —-0.02 X, + 1.35 (r = 0.98).

observed for PLLA-80 and PLLA-140, and the largest
depth of the eroded part was about 1.5 and 2.5 pm,
respectively [Fig. 10(d,f)].

DISCUSSION

The heat treatment time is a factor that also influen-
ces the crystallization as well as the heat treatment
temperature.26 We carried out an experiment using
the constant heat treatment time of 1 h based on a
preliminary experiment. Though PLLA-4 was almost
in an amorphous state, the crystallinity linearly
increased along with the increase in the heat treat-
ment temperature. Because the T, and the recrystalli-
zation peak were hardly detected in the DCS-curve
of PLLA-140, it can be regarded that the crystalliza-
tion was almost completed under the heat treatment
condition of 140°C for 1 h. A high correlation was
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Figure 9 Flexural strength of the specimen immersed in
enzyme solution (n—5). Though no significant difference
was observed in flexural strength for the PLLA-4 speci-
mens before and after immersion, the flexural strength of
the heat-treated specimen, which was immersed for one or
two days or more, significantly decreased compared to the
specimen before immersion.
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Figure 10 AFM images of specimen before immersion in the enzyme solution (a, ¢, and e) and AFM images of specimen
after immersion in the enzyme solution for 14 days (b, d, and f). Changes in the surface of the specimen before and after the
heat treatment were hardly observed (a, ¢, and e). Crater-shaped pits were observed on the surface of PLLA-4 (b), which
had been immersed in the enzyme solution, and a partly eroded Grand Canyon-shaped surface was observed for PLLA-80
(d) and PLLA-140 (f). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

observed between the heat treatment temperature
and the crystallinity, and the following empirical
formula was obtained.
X.=045T -734 (r=0.95) (1)
where X, T, and r are the crystallinity, the heat treat-
ment temperature, and the correlation coefficient,
respectively.
The amount of decomposition almost linearly
increased along with the increase in the immersion
period. The higher the crystallinity of the specimen,

Journal of Applied Polymer Science DOI 10.1002/app

the lower the decomposition rate. A high negative
correlation was observed between the crystallinity
and the decomposition rate, and the following
empirical formula was obtained.

W/d =-0.02X, +1.35 (r=0.98) ()
where W, d, and W/d are the amount of decomposi-
tion (wt %), the decomposition period (day), and the
decomposition rate (wt%/day), respectively. Equa-
tions (3) and (4) are obtained by substituting eq. (1)
into equation eq. (2).
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T = —111.11(W/d) + 166.31 3)
d=—111.11W/(T — 166.31) (4)

When the desired amount of decomposition and
decomposition period are substituted into eq. (3),
the required heat treatment temperature is obtained.
For instance, the heat treatment temperatures for
preparing the specimens, which decompose by 20%
after 30 days, 40% after 100 days, and 50% after
200 days, were determined to be 92.2, 121.9, and
138.5°C, respectively. Conversely, if the heat treat-
ment temperature is known, the decomposition
period required for achieving the specified amount
of decomposition is obtained using eq. (4). For
instance, the periods when the amount of decompo-
sition becomes 50% for each PLLA-4, PLLA-75,
PLLA-80, PLLA-100, and PLLA-140 are 33.4, 60.8,
64.4, 83.8, and 211.2 days, respectively. Because the
crystallization by the heat treatment hardly proceeds
below the T,, the minimum heat treatment tempera-
ture is about 55°C. Moreover, because the deforma-
tion of the specimen takes place near its melting
point, the maximum heat treatment temperature is
about 140°C. Based on the above results, the condi-
tion for eq. (3) to be true is 55 < T < 140.

The flexural strength of the specimen increased
along with an increase in the heat treatment temper-
ature in the range below 100°C. It was found that
the crystallinity contributed to the improvement of
the flexural strength. However, the flexural strength
of PLLA-140 significantly decreased compared with
the other specimens. In the case of PLLA-140, the
amount of shrinkage in the long axis direction was
greater than that of the other heat-treated specimens.
The flexural strength of the specimen, which had
been compression-molded in a metal mold, was
94.5 MPa. It was significantly low compared to the
value of 141.1 MPa for PLLA-4, which had been
injection-molded. From this, it is understood that the
flexural strength was also influenced by the molecu-
lar orientation as well as the crystallinity. However,
no structural and appearance changes were observed
in all of the samples except for the PLLA-140.

We carried out the accelerated decomposition
experiment using the enzyme in this experiment.
PLLA-4 consisted mostly of an amorphous region,
and its decomposed surface had crater-shaped pits
with depths of 200-300 nm. It means that an almost
uniform decomposition occurred. However, as for
the partially crystallized specimen, a nonuniform
decomposition occurred, and a Grand Canyon-
shaped surface was observed. These decomposed
parts are amorphous and these results coincided
with the report that proteinase K used in this experi-
ment decomposed the amorphous region of
PLLA.?"*® However, because the T, was observed in
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the DSC for the decomposed PLLA-140, which had
the maximum crystallinity, it is understood that the
amorphous region increased due to the immersion
in the enzyme solution. From this, it is presumed
that though the decomposition by the enzyme
occurred in the amorphous region, the crystalline
region was not directly decomposed, but decom-
posed after it became an amorphous region. Duek
et al.®® reported that the crystallization along with
the decomposition proceeded during the hydrolysis
of the amorphous PLLA. However, no increase in
the crystallinity was observed in the decomposition
process during this experiment using the enzyme. It
is presumed that it depends on the difference in the
decomposition mechanism between the hydrolysis
and the decomposition with the enzyme.

We found that the arbitrary amount of decomposi-
tion and decomposition period could be obtained
by a prior calculation. Furthermore, the amount of
decomposition in separate areas can be individually
controlled if the heat treatment temperature is
changed corresponding to the area of the PLLA
plate, therefore, the application range of this study
will be extended. Moreover, a scaffold, which has a
gradient in its decomposition rate, can be prepared
if the heat treatment is applied with a temperature
gradient from the upper part to the lower part of the
scaffold. Therefore, our method is expected to have
a wide range of applications.

CONCLUSIONS

The purpose of this study is to control the decompo-
sition rate and mechanical properties of the PLLA
plate after forming. The crystallinity of the specimen
increased with the heat treatment temperature, and
a high positive correlation was observed between
the heat treatment temperature and the crystallinity.
No significant change in the crystallinity was
observed for the specimens except for the PLLA-140
even if they had been immersed in the enzyme solu-
tion. The weight of each specimen decreased almost
linearly as the immersion period in the enzyme solu-
tion became longer. A high negative correlation was
observed between the crystallinity and the decompo-
sition rate. The flexural strength of the specimens
expect for the PLLA-4, immersed for two days or
more, significantly decreased compared to the speci-
mens before immersion. Using the obtained empiri-
cal formula, it became possible to calculate the
required period to decompose a certain amount of
the PLLA if the heat treatment temperature was
known. Changing the crystallinity of the PLLA plate
could arbitrarily control the decomposition rate of
the PLLA plate after forming.

Journal of Applied Polymer Science DOI 10.1002/app
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