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Abstract Outstanding controlled release materials were
developed using statistically random copolymers of L-lac-
tide (L-LA) with e-caprolactone (CL) using Sn(oct), as a
catalyst at 150 °C for 24 h without solvent. Preparation of
novel controlled release materials was carried out using
useful organic compounds with low boiling points and
synthetic random copolymers composed of L-LA and CL as
base materials under supercritical carbon dioxide (scCO,).
Low-boiling-point compounds such as d-limonene, hino-
kitiol, and trans-2-hexenal were used. In impregnation
experiments using scCO,, the amounts of low-boiling-point
compounds increased with an increase in L-LA content.
When enzymatic degradation of poly(L-LA-ran-CL) was
performed using lipase PS, copolymers with higher CL
contents degraded more rapidly than did copolymers with
higher L-LA content. In contrast, enzymatic degradation of
copolymers occurred to a higher degree with increased
L-LA content in enzymatic degradation by proteinase K. In
a controlled release experiment with poly(L-LA-ran-CL)
(=73/27), after 400 h of degradation by proteinase K, the
remaining weight of the copolymer pellet was 6% and the
amount of d-limonene remaining in the pellet was 15%.
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Introduction

The purpose of this study was to develop a material that
allows controlled release of an insect repellent or anti-
bacterial agent via hydrolysis of a biodegradable polymer.
In recent years, increasing damage has been caused by
insect pests and animals on farms and in other areas. This
has become a serious problem resulting in the need for
time-consuming labor, such as the spraying of agricultural
chemicals or insect-repellents. Although there has been a
great deal of research on various methods of extermination
[1, 2], materials whose effects can be maintained over a
long period have not yet been reported. In the field of
medicine, biodegradable polymers that can maintain ther-
apeutic effects in humans over long periods have been
investigated; there have been many reports of the con-
trolled release of substances by biodegradable polymers as
drug delivery systems (DDS) [3-7].

For the production of a DDS, solutions of a polymer and
a drug are emulsified for joint distribution. The resulting
material can be prepared in microcapsule form. However,
since most insect repellents and antibacterial agents are
highly volatile organic compounds, this method usually
cannot be used for such substances. The methods generally
used to impregnate a polymer with a target organic com-
pound are mulling and solvent dissolution. However, sev-
eral problems are associated with these methods. Although
high-boiling-point compounds can be incorporated into a
polymer using the mulling method, compounds with low
boiling points, which volatilize at the processing temper-
ature, cannot be treated in this way. At the same time, the
solvent dissolution method is subject to problems such as
volatilization of agents with low boiling points at the time
of solvent removal and the presence of residual organic
solvents. Rather than using these general methods, we
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decided to investigate a method of impregnation using
supercritical carbon dioxide (scCO,) as a solvent. Super-
critical fluids, as well as a large number of organic sol-
vents, are generally utilized as hydrophobic solvents. In
particular, scCO, does not damage treated compounds, is
non-toxic, and is more environmentally friendly than are
other solvents [8, 9]. Furthermore, the advantage of using
scCO, is the ability to impregnate polymers with targeted
compounds without changes of form (film, net, nonwoven
fabric, etc.). As a medium that dissolves and softens
polymers, scCO, is used for the foaming of polymers [10—
13] and the preparation of microcapsules [14—18].

In this work, poly(L-LA), in the form of a pellet or
films, was initially used as a base material. The impreg-
nation experiment was conducted under scCO, using
d-limonene, which is a terpene hydrocarbon with a highly
repellent effect on undesirable insects, and hinokitiol and
trans-2-hexenal as antibacterial agents. However, after
3 h, only 2.2% of d-limonene was incorporated in poly
(L-LA) film, a biocompatible biodegradable semicrystal-
line polymer, under scCO, (40 °C, 20 MPa). To improve
the characteristics such as hardness and brittleness, L-LA
copolymers have been synthesized using various lactones
[19-23]. In this work, a copolymer of L-LA with e-cap-
rolactone (CL) was used as a base material to improve the
impregnation content and controlled release of volatile
compounds. The impregnation experiment was conducted
under scCO, using d-limonene, hinokitiol, and trans-2-
hexenal. The degradability and the controlled release of
the impregnated polymers were evaluated by enzymatic
degradation.

Experimental
Materials

L-Lactide (L-LA) [(35)-cis-3,6-dimethyl-1,4-dioxane-2,5-
dione] (Aldrich) was purified by recrystallization from THF
followed by sublimation at 80 °C. e-Caprolactone (CL)
(Wako Pure Chem. Ind., Ltd.) was purified by distillation
under reduced pressure. Tin 2-ethyl-hexanoate [Sn(oct);]
(Sigma) was used as a catalyst without purification. Ethanol
and chloroform were purchased from Katayama Chem. Ind.
Co., Ltd. Films of synthetic copolymers were prepared by
the solvent casting method. d-Limonene, hinokitiol, and
trans-2-hexenal were purchased from Wako Pure Chem.

Scheme 1 Copolymerization of
L-LA and CL by Sn(oct),

@ Springer

CH3I g
"”CH 150°C, 24 h

Ind., Ltd. and used as received. Lipase PS from Burk-
holderia cepacia (Wako Pure Chem. Ind., Ltd.) in phos-
phate buffer, disodium hydrogen phosphate, and sodium
dihydrogen phosphate dihydrate at pH 7.0, and proteinase K
from Tritirachium album (Wako Pure Chem. Ind., Ltd.) in
tricine buffer, N-[tris(hydroxymethyl)methyl]-glycine, at
pH 8.0, were used at 37 °C without further purification.
Disodium hydrogen phosphate and sodium dihydrogen
phosphate dihydrate were purchased from Wako Pure
Chem. Ind., Ltd. Tricine was purchased from Nacalai
Tesque, Inc. Ion-exchange water was used for degradation
tests.

Synthesis of poly(L-lactide-ran-¢-caprolactone)

All polymerizations were carried out under an argon
atmosphere using standard Schlenk techniques. Polymeri-
zation was performed at 150 °C. Tin 2-ethyl-hexanoate
[Sn(oct),] was used as a catalyst. Sn(oct), (0.1 mol% of
monomer) was added to a mixture of L-LA and CL in a
20 mL Schlenk tube at room temperature. Polymerization
was carried out for 24 h (Scheme 1). The resulting mixture
was dissolved in chloroform and then poured into excess
methanol in order to precipitate the resulting polymers. The
polymer was dried in vacuo.

Incorporation of useful compounds into poly(L-LA-ran-
CL) using supercritical carbon dioxide

Poly(L-LA-ran-CL) was used in the form of a film (thick-
ness, 100 pm). The polymer films were prepared by the
solvent casting method at room temperature. Impregnation
of poly(L-LA-ran-CL) with d-limonene and other com-
pounds was carried out inside a pressure-resistant container
made of stainless steel (0.5 L) with agitation (100 rpm)
under scCO, (40-75 °C, 20 MPa), using supercritical car-
bon dioxide fluid equipment (AKICO). The impregnation
experiments were conducted under different conditions,
varying the concentration of the compound to be incorpo-
rated, the temperature, and time. After a predetermined
processing time, decompression was gradually carried out
over 3 h and the sample was then removed from the con-
tainer and weighed. Since the sample contained large
amounts of CO, after impregnation, the contents of
d-limonene and other compounds were determined by 'H
NMR spectroscopy. The amount present was calculated,
and the calculated value was used to evaluate the

Sn(oct),
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experimental value. The impregnation experiment was
conducted three times.

Characterization of polymers

The number- and weight-average molecular weights of the
synthetic copolymers were determined by gel permeation
chromatography (GPC) using a Hitachi D-2520 chro-
matograph equipped with Shodex GPC K-802.5 and K-804
columns, using chloroform as an eluent, at 40 °C. The flow
rate was 1.0 mL/min. The copolymer was detected with a
refractive index detector (RI). The molecular weights were
determined with reference to a polystyrene standard.

The thermal characteristics (melting point T;,, glass
transition point 7T, and heat of fusion —AH,) were
obtained using a Rigaku Thermo Plus 2/DSC8230 differ-
ential scanning calorimeter. Samples (5 mg) were heated at
a rate of 10 °C/min from —100 to 200 °C in a nitrogen
stream. T,, and —AH,,, were determined in the first heating
and T, in the second heating.

The compositions of L-LA with CL were determined by
'"H NMR spectroscopy using a JEOL JNM-ECP 400 MHz
spectrometer. The contents of the organic compounds
incorporated into the polymers were also determined by 'H
NMR spectroscopy. Chemical shifts were determined rel-
ative to residual chloroform at 7.27 ppm.

Degradation and controlled release of poly(L-LA-ran-
CL)

Lipase PS from Burkholderia cepacia (activity, 30 IU/mg)
and proteinase K from Tritirachium album (activity, 25 TU/
mg) were used as enzymes for degradation of poly(L-LA-
ran-CL). In a 50-mL sample tube, the enzyme was dis-
solved in phosphate buffer at pH 7.0 (for lipase PS) and
tricine buffer at pH 8.0 (for proteinase K), at 1 IU/mg
polymer. The bottle was then placed in a shaking water
bath for about 15 min until it reached the degradation
temperature of 37 °C. The polymer film (ca. 30 mg)

prepared by the solvent casting method at room tempera-
ture was sealed in a net bag made from polyethylene
sheeting (1 mm x 1 mm mesh), which was placed in the
sample tube containing the enzyme and buffer. The enzy-
matic degradation test was carried out at 37 °C with
shaking (100 rpm). The enzyme was replaced every 40 h to
ensure that enzymatic activity was maintained at the
desired level. After the set incubation time, the samples
were washed thoroughly with deionized water and dried in
vacuo for 3 h. Evaluation of the degradability was based on
the remaining weight of the samples.

The controlled release test was carried out using the
same method as the enzyme degradation test. Poly(L-LA-
ran-CL) (73/27) impregnated with a compound such as
d-limonene was used as the sample. The quantity of the
compound remaining in the poly(L-LA-ran-CL) sample
was measured by 'H NMR spectroscopy during the test to
evaluate the controlled release properties of the material.

Results and discussion
Synthesis of poly(L-lactide-ran-¢-caprolactone)

Copolymerization of L-LA with CL was carried out using
Sn(oct), as a catalyst (0.1 mol% of monomer) in order to
improve upon the content of useful compounds and the
controlled release properties of poly(L-LA). Table 1 shows
the results of copolymerization at various temperatures. At
150 °C, copolymers were obtained in over 80% yield and
over 3.00 x 10* in molecular weight. Composition of the
copolymer was almost the same as the feed ratio of L-LA
with CL. When the polymerization temperature was low-
ered to 120 °C, the yield was almost the same, but the
molecular weight was cut in half. The L-LA content of
the obtained copolymer increased slightly compared to the
L-LA feed ratio. At 90 °C, both the yield and the molecular
weight decreased remarkably. Furthermore, the rL-LA
content increased considerably: with a feed ratio of

Table 1 Copolymerization of

. . Temperature Feed ratio Yield M J10% 2 M, /M, Composition”
L-LA with CL at various ©C) LLA/CL (%) L-LA/CL
temperatures
150 90/10 86.8 3.33 1.69 92/8
150 70/30 86.4 3.05 1.60 72128
150 60/40 79.6 2.98 1.61 60/40
120 90/10 86.5 1.35 1.86 94/6
Copolymerization was carried 120 70/30 80.6 1.30 1.74 75025
out at an M/C ratio of 1000 mol/ 120 60/40 79.1 1.21 1.76 64/36
mol for 24 h 90 90/10 34.8 0.81 1.28 97/3
Determined by GPC 90 70/30 19.2 0.78 1.28 93/7
b . 1
Determined by "H NMR 90 60/40 2.5 0.69 1.35 92/8
spectroscopy
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Table 2 Copolymerization of L-LA with CL

Feed ratio Yield (%) MJ10* MM Composition”
L-LA/CL L-LA/CL
10/90 83.7 3.23 1.80 12/88
25175 78.2 3.10 1.70 24/76
35/65 76.4 2.89 1.77 34/66
50/50 74.5 2.52 1.71 50/50
65/35 82.1 3.01 1.62 66/34
75125 83.3 3.09 1.51 76/24
85/15 86.7 3.15 1.61 85/15
90/10 86.8 3.33 1.69 92/8
95/5 86.6 3.73 1.59 95/5
100/0 89.7 3.90 1.64 100/0

Copolymerization was carried out at an M/C ratio of 1000 mol/mol at
150 °C for 24 h

? Determined by GPC
® Determined by "H NMR spectroscopy

60 mol% L-LA, a copolymer with 92 mol% of L-LA con-
tent was obtained. From these results, it was determined
that bulk copolymerization of L-LA with CL using Sn(oct),
gave good results in terms of yield, molecular weight, and
composition at higher temperatures. Subsequent copoly-
merizations were conducted at 150 °C.

The results of the copolymerization of L-LA with CL at
150 °C are shown in Table 2. At a feed ratio of 10/90,
poly(L-LA-ran-CL) (=12/88) was produced in 83.7% yield
with a molecular weight of 3.23 x 10*. Although copoly-
merization of L-LA with CL at a 50/50 feed ratio gave the
lowest yield (74.5%), the yields improved with an increase
in either L-LA or CL. Similarly, the molecular weight was
the lowest at a 50/50 feed ratio; almost all other copoly-
mers had molecular weights of 3.00 x 10*. The composi-
tion ratio of the obtained copolymers was almost the same
as the feed ratio. These synthetic copolymers were used as
base materials in impregnation experiments of useful
organic compounds with low boiling points using scCO,.

Impregnation of poly(L-LA) with useful compounds
under supercritical carbon dioxide

The impregnation of poly(L-LA) film (100 pm, 0.3 g) with
antibacterial agents frans-2-hexenal and hinokitiol, along
with d-limonene, was investigated using 2.0 g for each
compound. The results are shown in Fig. 1. The contents of
d-limonene, trans-2-hexenal, and hinokitiol in the resulting
materials were 1.20, 1.25, and 2.41%, respectively. The
value obtained for trans-2-hexenal was almost same as that
for d-limonene; it is thought that both compounds show
comparable solubility in scCO,. In contrast, the content of
hinokitiol was twice that of the other compounds. Since the
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Fig. 1 Impregnation of poly(L-LA) film (100 um) with various
compounds

properties of scCO, are comparable to those of hydro-
phobic organic solvents [24-26], it is thought that a highly
hydrophobic compound such as hinokitiol should easily
dissolve in scCO, and therefore be more easily incorpo-
rated into plasticized poly(L-LA).

Impregnation of poly(L-LA-ran-CL) with d-limonene
using supercritical carbon dioxide

As described above, after the process was carried out using
a poly(L-LA) film (0.3 g) and 2.0 g of d-limonene under
scCO, (40 °C, 20 MPa) for 3 h, the resulting d-limonene
content was 1.20%. In order to impregnate with a higher
content of d-limonene, we studied the polymer construc-
tion, d-limonene amount, and temperature.

In this experiment, impregnation under scCO, was
carried out using poly(L-LA-ran-CL), so as to increase the
d-limonene content. It is known that the melting points
(T}n) and glass transition points () of poly(L-LA) decrease
by copolymerization with CL, causing softening of the
polymer (Table 3) [20, 23]. T,, and T, exist only as one

Table 3 Thermal properties of poly (L-LA-ran-CL)

Composition® L-LA/CL T.> (°C) —AH,.* (J/g) T (°C)
12/88 522 56.8 —43.4
24/76 415 319 —352
34/66 n.d. n.d. —29.1
50/50 n.d. n.d. —13.2
66/34 131.2 14.9 7.0
76/24 147.1 27.7 25.2
85/15 157.0 36.0 39.7
92/8 162.3 42.6 48.0
95/5 163.3 44.0 493
100/0 167.1 49.0 55.9

n.d. not detected
2 Determined by '"H NMR spectroscopy
° Determined by DSC
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Fig. 2 DSC thermograms of synthetic poly(L-LA-ran-CL). a First
heating, b second heating

value, each, suggesting a random structure for this polymer
(Fig. 2). This softening should enable increased levels of
impregnation. The impregnation of poly(L-LA-ran-CL)
with d-limonene was investigated using 2.0 g under scCO,
(40 °C, 20 MPa) for 3 h. The results of the experiment are
shown in Fig. 3. Since the melting point was as low as
50 °C or even lower (as shown in Table 3), copolymers
with 34 mol% or less of L-LA were dissolved under scCO,
at 40 °C and 20 MPa, yielding a lower d-limonene content
(<1%) than that of poly(L-LA) (1.2%). Copolymers with
66 mol% or more of L-LA did not dissolve under the scCO,
and the d-limonene contents were remarkably higher than
were those of poly(L-LA), reaching a maximum with
poly(L-LA-ran-CL) (=85/15) of 3.19%. Based on the above
results, the d-limonene contents of the copolymers with
L-LA ranging from 66 to 95 mol% increased 2-2.7 times
compared to that of poly(L-LA).

In order to increase the content of d-limonene further,
the d-limonene concentration and temperature were varied
in the impregnation experiment. The results of the exper-
iment using poly(L-LA-ran-CL) (=76/24) are shown in
Table 4. When 2.0 g of d-limonene (40 °C, 20 MPa, 3 h)
was used, the resulting d-limonene content was 2.80%.
However, when the amount of d-limonene was increased to
10.0 g, the d-limonene content (6.19%) increased by a

L-LA content / %

Fig. 3 Impregnation of poly(L-LA-ran-CL) film (100 um) with
d-limonene

factor of 2.2. Increasing the temperature to 75 °C resulted
in a d-limonene content of 5.81%. Therefore, increasing the
amount of d-limonene and/or the process temperature
results in improved levels of d-limonene content in the
copolymer.

Impregnation of poly(L-LA-ran-CL) with antibacterial
agents using supercritical carbon dioxide

Hinokitiol, trans-2-hexenal, trans-3-hexenal, and cis-3-
hexenal are antibacterial agents contained in Japanese
cypress, tea leaves, etc. Impregnation experiments were
carried out next using trans-2-hexenal and hinokitiol under
scCO,.

In this work, poly(L-LA-ran-CL) in the form of a film
(100 pm) was used as the base material. Impregnation of
poly(L-LA-ran-CL) with trans-2-hexenal or hinokitiol was
carried out inside a pressure-resistant container made of
stainless steel (0.5 L) with agitation (100 rpm) under
scCO, (40 °C, 20 MPa). After the predetermined process-
ing time, decompression was gradually carried out over 3 h
and the sample was then removed from the container and
weighed. Since large amounts of CO, were contained in the
sample after impregnation, the contents of trans-2-hexenal
or hinokitiol were determined by "H NMR spectroscopy.

The results of the impregnation of poly(L-LA-ran-CL)
with trans-2-hexenal are shown in Table 5. The frans-2-
hexenal content of poly(L-LA-ran-CL) (=50/50) was only
0.86%. However, the content of trans-2-hexenal increased
as the L-LA content increased, reaching a maximum with
poly(L-LA-ran-CL) (=92/8) of 2.56%. Nevertheless, this is
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Table 4 Impregnation of d-limonene to poly(L-LA-ran-CL) (L-LA/CL = 76/24) film by scCO,

Composition® L.-LA/CL d-Limonene (g) scCO, Time (h) Content® (%)
Temperature (°C) Pressure (MPa)

76/24 2.0 40 20 3 2.80
76/24 10.0 40 20 3 6.19
76/24 10.0 75 20 3 5.81
Impregnation was carried out using poly(L-LA) film (100 um) for 3 h
2 Determined by "H NMR spectroscopy
Table 5 Impregnation of trans- Composition® trans-2- scCO, Time Content”
2-hexenal to poly(L-LA-ran-

L-LA/CL hexenal (h) (%)
CL) film by scCO, (© Temperature Pressure

(§(®)] (MPa)

50/50 2.0 40 20 3 0.86
Impregnation was carried out 66/34 2.0 40 20 3 1.28
using poly(L-LA) film (100 pm) 85/15 2.0 40 20 3 1.51
for 3 h 92/8 2.0 40 20 3 2.56
* Determined by 'H NMR 100/0 2.0 40 20 3 1.25
spectroscopy

low in comparison to d-limonene (3.11% as shown in
Fig. 3). trans-2-Hexenal has a lower solubility under
scCO, than does d-limonene, which could be the reason for
this result.

The results of the impregnation of poly(L-LA-ran-CL)
with hinokitiol are shown in Table 6. In the impregnation
of poly(L-LA) with hinokitiol under scCO, (40 °C,
20 MPa) for 3 h, the hinokitiol content of 2.41% was
2 times greater than that of d-limonene (1.20%), suggest-
ing that the solubility of hinokitiol in scCO, is higher. The
hinokitiol contents of the copolymers increased with an
increase in CL content, reaching a maximum with poly
(L-LA-ran-CL) (=76/24) of 7.23%. These results demon-
strate that incorporation of useful compounds into a
copolymer using scCO, is affected by their solubility under
scCO, and their compatibility with the copolymers.

Degradation of poly(L-LA-ran-CL)

Enzymatic degradation testing of poly(L-LA-ran-CL) was
carried out in order to evaluate its capacity for controlled
release. Lipase PS and proteinase K were used as enzymes
for the enzymatic degradation test. Polymer films (ca.
30 mg) prepared by the solvent casting method were used.
The enzyme was dissolved in phosphate buffer at pH 7.0
(for lipase PS) and tricine buffer at pH 8.0 (for proteinase
K) at 1 IU/mg polymer.

Figure 4 shows the results of the enzymatic degradation
test of poly(L-LA-ran-CL) with lipase PS. It was previously
reported that a polyester having a relatively long methylene
chain such as poly(butylene succinate adipate) (PBSA) is
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highly degradable by lipase PS [27]. In this work, the
poly(CL), which contains longer methylene chains than
does PBSA, was completely degraded after 20 h. The
degradation rate decreased with an increase in L-LA con-
tent. Consequently, poly(L-LA) was only slightly degraded
even after 240 h.

The results of the enzymatic degradation test by pro-
teinase K for poly(L-LA-ran-CL) are shown in Fig. 5. It
was previously reported that poly(L-LA) is highly degrad-
able by proteinase K [28-31]. In this work, poly(L-LA)
degraded to 7% after 240 h. Poly(L-LA-ran-CL) (=85/15)
was easily degraded and disappeared after 60 h. The
enzymatic degradability of poly(L-LA-ran-CL) with pro-
teinase K was lowered with an increase in CL content, the
opposite of that with lipase PS. The degradation rate of
poly(L-LA-ran-CL) (=92/8) was lower than that of random
copolymers containing 85 mol% or 76 mol% of L-LA due
to the higher crystallinity of the copolymer (=92/8), which
is similar to that of poly(L-LA).

Controlled release from poly(L-LA-ran-CL)

Next, enzymatic degradation of a pellet of poly(L-LA)
impregnated with d-limonene was carried out, and the
quantity of d-limonene remaining in the pellet was mea-
sured by "H NMR. The result of this controlled release test
is shown in Fig. 6, with the amount of d-limonene repre-
sented by the broken line. After 400 h of degradation by
proteinase K, the remaining weight of the poly(L-LA) pellet
was 42%, and the amount of d-limonene remaining in the
pellet was 40%. This result confirmed that degradation of
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Table 6 Impregnation of o a o ] . a
hinokitiol to poly(L-LA-ran-CL) Composition” L-LA/CL  Hinokitiol (g) scCO, Time (h) Content” (%)
film by scCO, Temperature (°C) Pressure (MPa)
76/24 2.0 40 20 3 7.23

Impregnation was carried out 85/15 2.0 40 20 3 6.31
using poly(L-LA) film (100 pm) 92/8 2.0 40 20 3 5.04
for3h 95/5 2.0 40 20 3 3.85
* Determined by 'H NMR 100/0 2.0 40 20 3 241
spectroscopy

10013
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Fig. 4 Enzymatic degradation of poly(L-LA-ran-CL) by lipase PS in
phosphate buffer (pH 7.0)

poly(L-LA) is accompanied by a decrease in the incorpo-
rated d-limonene, demonstrating that controlled release of
d-limonene had occurred.

Incorporating an insect repellent or antibacterial agent
for gradual release via degradation of a biodegradable
poly(L-LA-ran-CL) is our ultimate goal. The d-limonene
remaining in the copolymer pellet after enzymatic degra-
dation was measured by '"H NMR spectroscopy. The
sample (4 mm> cube) used for the controlled release test
was poly(L-LA-ran-CL) (=73/27) containing 3.07% of
d-limonene. The results of the enzymatic degradation test
using proteinase K and the controlled release test are
shown in Fig. 7. The solid line indicates the degradation
curve of the copolymer and the broken line indicates the
release curve of d-limonene. The degradation rate of the
copolymer pellet was slower than that of the poly(L-LA-
ran-CL) (=76/24) film (disappearance after 80 h), and the
remaining weight was 6% after 400 h. Compared to the
film, the copolymer pellet degraded more slowly due to
the smaller surface area of the pellet. Furthermore, the

—{1-PCL
—&— LLA/CL:34/66
—h— LLA/CL:66/34
—l-LLA/CL:76/24
LLA/CL:85/15}—
—@—LLA/CL:92/8
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Weight remaining / %

0 40 80 120 160 - 200 240
Time/h

Fig. 5 Enzymatic degradation of poly(L-LA-ran-CL) by proteinase K
in tricine buffer (pH 8.0)

relationship between the weight remaining and degradation
time gave linear plots for degradation of the copolymer
pellet. On the other hand, the degradation line of the
copolymer film in Fig. 5 was a smooth curve, indicating
that degradation of the pellet proceeded gradually from the
surface of the pellet.

The controlled release was evaluated by the remaining
d-limonene content measured by 'H NMR spectroscopy
after a predetermined degradation time. After 40 h, the
weight of the remaining copolymer was 88%, but the con-
tent of the remaining d-limonene was 68% (Fig. 7). The
weight of the remaining copolymer decreased linearly with
degradation time. However, the amount of remaining
d-limonene decreased dramatically for the first 80 h and
then decreased smoothly thereafter. This is because the
d-limonene was released more readily at the surface of
the copolymer. In this work, the remaining weight of the
poly(L-LA) pellet and d-limonene were 47% and 40%,
respectively, after 400 h of enzymatic degradation with
proteinase K. Additionally, the remaining weight of the
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Fig. 6 Enzymatic degradation and controlled release of poly(L-LA)
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Fig. 7 Enzymatic degradation and controlled release of poly(L-LA-
ran-CL) (=73/27) by proteinase K in tricine buffer (pH 8.0)

poly(L-LA-ran-CL) (=73/27) pellet and d-limonene were
6% and 15% after 400 h, respectively. From these results,
we can conclude that the degradability and the controlled
release of poly(L-LA-ran-CL) are superior to that of
poly(L-LA).

Conclusions

In the present study, impregnation of poly(L-LA-ran-CL)
with d-limonene and other compounds, which are low-

@ Springer

boiling-point organic compounds, was carried out inside a
pressure-resistant container made of stainless steel under
scCO, (40-75 °C, 20 MPa). Although it was difficult to
incorporate organic compounds with low boiling points
into the polymer, these compounds could be included in
poly(L-LA-ran-CL) using scCO,. This resulted in the pro-
duction of a novel controlled release material.

The copolymerization of L-LA with CL was carried out
at 150 °C using Sn(oct), as a catalyst. The molecular
weight was the lowest at a 50/50 feed ratio; almost all other
copolymers had molecular weights over 3.00 x 10*. The
composition ratio of the obtained copolymers was almost
the same as the feed ratio.

The process was carried out using a poly(L-LA) film
(0.3 g) and 2.0 g of d-limonene under scCO, (40 °C,
20 MPa) for 3 h; the resulting d-limonene content was
1.20%. In order to impregnate with a higher content of
d-limonene, impregnation under scCO, was carried out
using poly(L-LA-ran-CL). The d-limonene contents were
remarkably higher than with that of poly(L-LA), reach-
ing a maximum with poly(L-LA-ran-CL) (=85/15) of
3.19%.

In order to increase the content of d-limonene further,
the d-limonene concentration and temperature were varied
in the impregnation experiment. When 2.0 g of d-limo-
nene(40 °C, 20 MPa, 3 h) was used, the resulting d-limo-
nene content was 2.80% for poly(L-LA-ran-CL) (=76/24).
However, when the amount of d-limonene was increased to
10.0 g, the d-limonene content (6.19%) increased by a
factor of 2.2. Increasing the temperature to 75 °C resulted
in a d-limonene content of 5.81%.

In the impregnation of poly(L-LA-ran-CL) with trans-2-
hexenal or hinokitiol, the trans-2-hexenal content of
poly(L-LA-ran-CL) (=50/50) was only 0.86%. However,
the content of trans-2-hexenal increased with an increase in
L-LA content, reaching a maximum with poly(L-LA-ran-
CL) (=92/8) of 2.56%. In the impregnation of poly(L-LA)
with hinokitiol, the hinokitiol content of 2.41% was 2 times
greater than that of d-limonene (1.20%), suggesting that the
solubility of hinokitiol in scCO, is higher. The hinokitiol
contents of the copolymers increased with an increase in
CL content, reaching a maximum with poly(L-LA-ran-CL)
(=76/24) of 7.23%.

When enzymatic degradation of poly(L-LA-ran-CL) was
performed using lipase PS, the poly(CL) was completely
degraded after 20 h. The degradation rate decreased with
an increase in L-LA content. Consequently, poly(L-LA) was
only slightly degraded even after 240 h. In enzymatic
degradation using proteinase K, poly(L-LA-ran-CL) (=85/
15) was easily degraded and disappeared after 60 h. The
enzymatic degradability of poly(L-LA-ran-CL) with pro-
teinase K was lowered with an increase in CL content, the
opposite effect of that with lipase PS.
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In a controlled release experiment with poly(L-LA), after
400 h of degradation by proteinase K, the remaining
weight of the poly(L-LA) pellet was 42%, and the amount
of d-limonene remaining in the pellet was 40%. After 40 h,
the remaining weight of poly(L-LA-ran-CL) (=73/27) was
88%, but the remaining content of d-limonene was 68%.
The remaining weight of the copolymer decreased linearly
with degradation time. However, the amount of remaining
d-limonene decreased dramatically for the first 80 h and
then decreased smoothly thereafter.
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