
International Journal of Pharmaceutics 384 (2010) 53–59

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

Three-layered microcapsules as a long-term sustained release
injection preparation

Yukako Ito ∗, Yuya Ochii, Keizo Fukushima, Nobuyuki Sugioka, Kanji Takada ∗∗

Department of Pharmacokinetics, Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 607-8412, Japan

a r t i c l e i n f o

Article history:
Received 26 May 2009
Received in revised form
17 September 2009
Accepted 19 September 2009
Available online 25 September 2009

Keywords:
Three-layered milli-capsules
Long-term sustained release
Leuprolide acetate
Release experiment
Absorption experiment
Rats

a b s t r a c t

Three-layered milli-capsules (3LMC), diameter of 1.85 ± 0.07 and 0.15 ± 0.09 mm thickness, were
designed for the long-term subcutaneous (sc) administration of drugs. 3LMCs composed of (1) surface
membrane (release rate control membrane), (2) drug-carrying layer and (3) base membrane were pre-
pared by dispensing each solution in series. As surface membrane, poly-(�-caprolactone) having MW of
70 kDa (PCL70) was used in combination with plasticizer, polysorbate 60 (Tween60). Base membrane
was prepared with PCL70. Fluorescein isothiocyanate labeled dextrans (FD-4, MW = 4 kDa and FD-20,
MW = 20 kDa) were used as model drug and in vitro release experiment was performed with PCL70 sur-
face membrane containing Tween60 with 0.3, 1.0 and 3.0% (w/w). As the amount of Tween60 increased,
release rate of FD-4 was increased. PCL70 + 0.3% Tween60 membrane showed a good sustained release
property for 5 weeks; 50.3 ± 6.0% of FD-4 was released during 5 weeks. When FD-20 was encapsulated,
long-term sustained release was not obtained, 10.7 ± 3.6% was released during 5 weeks. However, when
lower MW drug, leuprolide acetate, was encapsulated, 3LMC composed of PCL70 + 0.3% Tween60 showed
a good sustained release property, 63.0 ± 5.9% released for 5 weeks. Leuprolide acetate encapsulated 3LMC
was evaluated in rat experiment. After sc administration to rats, 0.5 and 1.0 mg, plasma leuprolide con-
centration showed its maximum concentration at day 1, thereafter gradually decreased and maintained
the effective concentration for 14 weeks. Plasma leuprolide concentration vs. time curve showed a good
dose-dependency. When surface membrane prepared by blending PCL70 and poly(lactic acid) (PLA) in
the molar ratio of 5:1 was used, long-term sustained release property was not obtained. Instead, lower

MW PCL, PCL40, was blended with PLA (5:1) to prepare surface membrane, sustained release of leupro-
lide was observed for 5 weeks. Through those studies, 3LMC has been shown to be a long-term sustained
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. Introduction

For the preparation of microcapsules as sustained release
harmaceutical preparation, batch system is used and the con-
entional preparing methods are classified into two categories,
ispersion of the preformed polymers and polymerization of
onomers (Mathiowitz and Kreitz, 1999; Arshady, 1999). Disper-

ion method is classified into three groups: (1) emulsion solvent
xtraction/evaporation method, (2) phase separation (coacerva-

ion) method and (3) spray-drying method (Freitas et al., 2005). In
ddition, many modified methods have been developed to improve
he disadvantages of the three methods, i.e. low drug-loading effi-
iency and wide variation of the particle size (Li et al., 1988).
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∗∗ Co-corresponding author.
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y selecting the surface membrane.
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With the advance of microfabrication technology, microparti-
cles including microcapsules and/or microspheres can be prepared
individually (Yeo et al., 2003; Glangchai et al., 2008; George, 2007).
Although drug molecules are universally distributed in the con-
ventional microspheres, initial burst release cannot be avoided
due to the drug molecules distributed on the surface of micro-
spheres (Mathiowitz and Kreitz, 1999; Arshady, 1999; Freitas et
al., 2005). To overcome this phenomenon, many scientists are
struggling with the burst release problem (Hasan et al., 2007; Yeo
and Park, 2004; Allison, 2008). Matsumoto et al. (2005) devel-
oped multi-reservoir type microsphere where drug molecules were
localized at the center of microspheres. However, initial burst
release was not completely overcome. We introduced ink-jet dis-
pensing system to prepare three-layered microcapsules (3LMC)

and developed a machine to produce 3LMC in large scale, where
drug layer was sealed between two membranes (Takada, 2006).
When microparticles are produced one by one, high drug-loading
efficiency, theoretically 100%, is attained and each microparticle
has the same shape and size. In addition, there is a possibility that

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yukako@mb.kyotophu.ac.jp
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nitial burst release phenomena can be escaped, because drug layer
s completely closed with two membranes, surface and base mem-
ranes.

Our equipment was designed to produce three-layered
icroparticles as an oral delivery system of peptide/protein drugs,
here enteric polymer membrane, drug-carrying layer and barrier
embrane were formed. Those oral three-layered microcapsules
ere designated as a gastrointestinal mucoadhesive patch sys-

em (GI-MAPS) that was composed of three membranes, i.e. (1)
ater-insoluble basement membrane, (2) drug-carrying mem-

rane and (3) pH sensitive bioadhesive surface membrane (Takada,
006; Venkatesan et al., 2006a). These three membranes were
onsecutively produced by means of three jet nozzles to which
hree solutions, enteric polymer solution, drug solution and
ater-insoluble polymer solution were connected through tanks.

he diameter of the obtained microparticles was approximately
00–900 �m. As pharmaceutical preparation, GI-MAPS is provided
y filling into conventional capsules. After oral administration of
he capsule, GI-MAPS is released in the stomach and thereafter
nters into the small intestine where the enteric surface membrane
issolves at their targeted intestinal site based on its pH sensitive-
ess and adheres to the small intestinal wall (Takada, 2008). By
dhering to the intestinal wall, closed space is created and as a
esult high drug concentration gradient is formed between inside
he system and the enterocytes, which contributes to the enhanced
bsorption of a drug. The concept of GI-MAPS was ascertained by
he feasibility studies with G-CSF, erythropoietin (EPO) and inter-
eron (Venkatesan et al., 2006b; Ito et al., 2005; Eiamtrakarn et al.,
002).

3LMC is also applicable to injection preparation such as sub-
utaneous (sc) and intramuscular (im) injection preparations. In
his case, three layers are (1) release rate controlling surface

embrane, (2) drug-carrying layer and (3) base membrane. Dif-
erent from GI-MAPS, two membranes, surface membrane and
ase membrane, must be biodegradable, because the preparation

s injected into the subcutaneous tissue or muscle. The number
f biodegradable polymer available for pharmaceutical purpose is
imited because of the safety problem. In pharmaceutical prepa-
ations, polyesters such as polylactide (PLA), polyglycolide (PLG),
oly(�-caprolactone) (PCL) and their copolymer are a popular
hoice as carriers as they have good historical evidence as being
pproved for clinical use, because of relatively small range of avail-
ble polymers and copolymers. In this feasibility study, PCL was
sed by itself or blended with PLA to prepare release rate control
embrane of 3LMC and the obtained 3LMC was evaluated as a long-

erm sustained release preparation through both in vitro and in vivo
xperiments.

. Materials and methods

.1. Materials

Fluorescein isothiocyanate labeled dextran (FD) having the
ean molecular weight (MW) of 4 kDa (FD-4) and 20 kDa (FD-

0) were obtained from Sigma–Aldrich, Inc. (St. Louis, MO, USA).
euprolide acetate (LA) was purchased from Technoscience Co. Ltd.
Chiba, Japan). d-Mannitol, ethyl acetate, poly(�-caprolactone) of

W 70–100 and 40 kDa (PCL70 and PCL40) and polyvinyl alco-
ol (PVA) were obtained from Wako Pure Chemical Industries, Co.
td. (Osaka, Japan). Poly(lactic acid) (PLA) was obtained from Poly-

ciences Inc. (Warrington, PA, USA). Polysorbate 60 (Tween60) was
btained from MP Biomedicals Inc. (Kayserberg, France). Male Wis-
ar Hanover rats were obtained from Japan SLC Inc. (Hamamatsu,
apan). All other materials used were of reagent grade and were
sed as received.
armaceutics 384 (2010) 53–59

2.2. Preparation of 3LMC containing FD-4 and/or FD-20

Three kinds of surface membrane, release rate controlling mem-
brane, were prepared. For PCL70 membrane containing Tween60
as 0.3% (w/w) (designated as PCL70 + 0.3% Tween60), 249.25 mg of
PCL70 and 0.75 mg of Tween60 were dissolved with 2.5 ml of ethyl
acetate. Similarly, 247.50 mg of PCL70 and 2.50 mg of Tween60
were dissolved with 2.5 ml of ethyl acetate to make PCL70 mem-
brane containing 1.0% (w/w) Tween60 (PCL70 + 1.0% Tween60). For
PCL70 + 3.0% Tween60 membrane, 242.50 mg of PCL and 7.50 mg of
Tween60 were dissolved with 2.5 ml of ethyl acetate. Thin PCL70
membranes were made by spreading the PCL70 solution on a
Teflon® plate (30 cm × 40 cm) previously coated with 10% (w/v)
PVA solution using Baker applicator (Imoto Seisakusho, Kyoto,
Japan) having a clearance of 100 �m. The PCL70 membrane was
allowed to dry at 30% humidity for 60 min at room temperature. The
thickness of the dried membrane was measured to be 14.0 ± 0.9 �m
by a digital micrometer, SONY �-mate (Tokyo, Japan). Next, 8 mg
of FD-4 or FD-20 was dissolved with 100 �l of phosphate buffered
saline (PBS), pH 7.4, and 0.5 �l of the obtained solution was dis-
pensed on the PCL70 film as a dot. After dry for 10 min at room
temperature, 250 mg of PCL70 was dissolved with 2.5 ml of ethyl
acetate and the obtained solution was used to make base mem-
brane. Then, 20 �l of the PCL70 solution was dispensed three times
onto the FD layer. After dried for 1 h at room temperature, 3LMCs
were obtained by removing form the plate.

2.3. Preparation of 3LMC containing leuprolide acetate

To 249.25 mg of PCL70 and 2.5, 0.75 or 0.25 mg of Tween60 (1,
0.3 or 0.1%), 2.5 ml of ethyl acetate was added and dissolved well.
Spreading this solution on a plate made the PCL membrane. The
PCL membrane was allowed to dry for 60 min at room tempera-
ture. The each thickness of the dried membrane was 14.6 ± 0.9 �m
(PCL70 + 1.0% Tween60), 14.5 ± 0.7 �m (PCL70 + 0.3% Tween60)
and 14.5 ± 0.6 �m (PCL70 + 0.1% Tween60), measured by a digital
micrometer. Another biodegradable membrane was prepared by
blending PLA and PCL70 or PCL40. For PCL40/PLA membrane (molar
ratio of 5:1), 28.60 mg of PCL40 and 100 mg of PLA were dissolved
in 2.5 ml of methylene chloride. For PCL70/PLA membrane (molar
ratio of 5:1), 60.70 mg of PCL70 and 100 mg of PLA were dissolved
in 2.5 ml of methylene chloride. Thin membrane was prepared by
spreading each solution on a Teflon® plate (30 cm × 40 cm). The
thickness of the dried membrane was measured to be 8.33 ± 0.5 �m
(PCL40/PLA) and 10.4 ± 0.6 �m (PCL70/PLA). Leuprolide acetate,
1.5 mg, and mannitol, 1.5 mg, were dissolved with 7.5 �l of PBS (pH
7.4) and 0.5 �l of the obtained solution was dispensed on the PCL
film as a dot. After dried for 10 min at room temperature, 250 mg
of PCL was dissolved with 2.5 ml of ethyl acetate and the obtained
solution was used to make base membrane. PCL solution, 20 �l,
was dispensed three times onto the drug layer. After dried for 1 h
at room temperature, 3LMCs were obtained by removing form the
plate. The obtained particles were dried for 2 h at room temper-
ature. The mean diameter of the particles was 1.85 ± 0.07 mm as
shown in Fig. 1.

2.4. Drug content in 3LMC

One 3LMC was cut and dissolved with 1.0 ml of PBS (pH 7.4).
After centrifuging at 13,000 rpm for 10 min with high speed Kubota
refrigerated microcentrifuge 3700 (Tokyo, Japan), the supernatant

was obtained to measure drug content. FD concentration was
measured spectrofluoromerically with Shimazdu RF-1500 (Kyoto,
Japan) with an excitation wavelength of 494 nm and an emission
wavelength of 512 nm. In the case of leuprolide, LC/MS/MS method
was used. The LC/MS/MS system consisted of an API 3200 triple
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investigate the effect of blending PCL and Tween60 or PLA. Fig. 2
ig. 1. Photograph of 3LMC containing leuprolide acetate, where surface membrane
as made of PCL70.

uadrupole mass spectrometer equipped with turbo ion spray sam-
le inlet as an interface for electrospray ionization (ESI), Analyst
orkstation (Applied Biosystems, CA, USA), LC-10AD micropump

Shimadzu, Kyoto, Japan) and AS8020 automatic sample injec-
or (Tohso, Tokyo, Japan) by modifying the mass spectrometric

ethod of Sofianos et al. (2008). The mobile phase, 1.0% formic
cid:acetonitrile (70:30, v/v) was degassed and pumped through a
uicksorb ODS column (2.1 mm i.d. × 100 mm, 3 �m size, Chemco,
saka, Japan) at a flow rate of 0.2 ml/min. Column temperature was
aintained at 25 ◦C. For the detection of leuprolide (MW: 1209),

he transitions of m/z 605.5 → 249.1 was optimized for the follow-
ng conditions. The ionization was via the turbo ion spray inlet in
he positive ion mode. The flow rates of nebulizer gas, curtain gas
nd collision gas were set at 8.0, 8.0 and 2.0 l/min, respectively. The
on spray voltage and temperature were set at 5000 V and 500 ◦C,
espectively. The declustering potential, the entrance potential, the
ollision energy and the collision cell exit potential were set at 40.0,
.0, 90.0 and 2.5 V, respectively.

.5. Differential scanning calorimetry (DSC) analysis

A differential scanning calorimeter, PerkinElmer DSC7
PerkinElmer Inc., USA) was used to obtain DSC thermal profiles
f each polymer membrane. Samples were sealed into aluminum
ans, and empty pans were used as references. Investigations were
un at a scanning rate of 10 ◦C/min under nitrogen atmosphere.
he temperature for the scan ranged from 30 to 200 ◦C.

.6. In vitro release experiment

In vitro release experiments were carried out under perfect sink
ondition in a reduced scale with polypropylene tube. The 1.5 ml of
egassed PBS (pH 7.4) was used as the dissolution medium. The
ube was rotated with 13 rpm at room temperature by a Taitec
otator RT-50 (Tokyo, Japan). To determine the amount of FD or
euprolide released from 3LMC, the entire medium was removed
nd replaced with a fresh medium at each sampling time. Sampling

ime was at days 1, 2, 4, 7, 10, 14, 21, 28 and 35. All the obtained
amples were stored at −80 ◦C till the assay. FDs or leuprolide con-
ents were measured as described above. The cumulative released
mount of FD or leuprolide from 3LMC was defined by the following
armaceutics 384 (2010) 53–59 55

equation:

Cumulative amount released =
(

t∑
t=0

Mt

Mtheoretical

)
× 100%

where Mt is the amount of FD or leuprolide released at time t, and
Mtheoretical is the theoretical amount of encapsulated drug.

2.7. Stability experiment

3LMCs containing leuprolide acetate were kept under three
different conditions, i.e. 4, 23 and 37 ◦C for 1, 2 and 3 months.
Thereafter, 3LMC were dissolved with 1.5 ml of PBS (pH 7.4),
and leuprolide contents were measured by LC/MS/MS method
described above.

2.8. In vivo absorption experiment in rats

Male Wistar Hannover rats, 320–342 g, were anesthetized with
an intraperitoneal (ip) injection of sodium pentobarbital, 50 mg/kg.
After the hair of the dorsal skin was carefully removed, 3LMCs were
implanted into the subcutaneous (sc) pocket. After administration,
surgery was performed and each rat was kept in each cage. Water
and food were given ad libitum. Blood samples, 300 �l, was obtained
from the left jugular vein into a heparinized syringe at 0, 6, 12 and
18 h and at 1, 2, 3, 4, 5, 6, 7, 10, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84,
91 and 98 day. After centrifuging at 12,000 rpm for 10 min, plasma
samples were obtained. All the plasma samples were immediately
frozen in a deep freezer at −80 ◦C until analysis. For iv injection
study, leuprolide solution, 50 �g/ml, was injected into the right
jugular vein, 50 �g/kg. After blank blood samples were obtained
from the jugular vein, blood samples, 250 �l, were obtained at 5, 10
and 30 min and at 1, 1.5, 2, 3, and 4 h with heparinized syringe. By
centrifuging at 12,000 rpm for 10 min, 100 �l of the plasma sam-
ples were obtained. All animal experiments were carried out in
accordance with the Guidelines for Animal Experimentation, Kyoto
Pharmaceutical University.

2.9. Pharmacokinetic analysis

The maximum drug concentration (Cmax) and the time to reach
maximum concentration (Tmax) were determined from the authen-
tic plasma drug concentration vs. time data. The area under the
plasma drug concentration vs. time curve (AUC) after sc adminis-
tration or iv injection was calculated using the linear trapezoidal
rule up to the last measured drug concentration and the bioavail-
ability (BA) of drug from 3LMC was calculated by the following
equation.

%BA =
(

AUCsc

AUCiv

)
×
(

Doseiv

Dosesc

)
× 100

2.10. Statistics

All values are expressed as their mean ± S.D. Statistical differ-
ences were assumed to be reproducible when p < 0.05 (Student’s
unpaired t-test).

3. Results

The thermal analysis of each membrane was carried out to
shows the results of the DSC scans of each polymer membrane. The
endothermal peaks appeared around 60 ◦C. In the case of PCL40/PLA
membrane, the melting point was slightly shifted to lower tem-
perature than the other membrane. Moreover, the shape of the
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ig. 2. DSC thermograms of surface membrane. (A) PCL70 + 0.1% Tween60, (B)
CL70 + 0.3% Tween60, (C) PCL70 + 1% Tween60, (D) PCL70 + 3% Tween60, (E)
CL70/PLA (5:1) and (F) PCL40/PLA (5:1).

elting peak was changed to broader. These results suggested that
oth of PCL40/PLA membrane and PCL70/PLA membrane existed

n an amorphous or disordered crystalline phase compared with
CL70 + Tween60 membrane.

Two types of 3LMC made of PCL70 and FD-4 or FD-20 as a
odel drug was prepared. The mean diameter of 3LMC of FD-4
as 1.79 ± 0.05 mm and that of FD-20 was 1.80 ± 0.05 mm, respec-

ively. There was not significant difference on the size between the
wo kinds of 3LMC. The FD contents were 25.1 ± 3.5 �g for FD-4 and
4.5 ± 1.7 �g for FD-20, respectively. With these 3LMCs, the release
roperty of FD was studied in the in vitro release experiment and
he results are shown in Fig. 3. When the surface membrane was

ade of 100% PCL70, FD-4 was not released from 3LMC. However,
y formulating Tween60 as a plasticizer into PCL70 membrane, the
elease rate of FD-4 was increased. In the cases of PCL70 + 3.0%
ween60 and PCL70 + 1.0% Tween60 membranes, 91.3 ± 3.9% and
1.0 ± 3.3% of FD-4 were released during 5 weeks, respectively.
hen PCL70 + 0.3% Tween60 membrane was used, pseudo-zero-
rder release rate of FD-4 was observed and 50.3 ± 6.0% of FD-4
as released during 5 weeks after the start of release experiment.

hus, as the formulated amount of Tween60 to PCL70 membrane
as increased from 0.3 to 1.0% and 3.0%, the release rate of FD-4 was

ig. 3. In vitro release profiles of FD-4 (MW = 4.0 kDa) from 3LMC, where surface
embranes were as follows: (♦) PCL70 + Tween60 (3.0%), (�) PCL70 + Tween60

1.0%), (�) PCL70 + Tween60 (0.3%), and (�) PCL70. Each point represents the
ean ± S.E. (n = 4–7).
Fig. 4. In vitro release profiles of FD-20 (MW = 20 kDa) from 3LMC, where sur-
face membranes were as follows: (♦) PCL70 + Tween60 (3.0%), (�) PCL70 + Tween60
(1.0%), (�) PCL70 + Tween60 (0.3%), and (�) PCL70. Each point represents the
mean ± S.E. (n = 4–7).

considerably increased. To study the effect of MW of the encapsu-
lated drug on the release rate from 3LMC, higher MW of FD, FD-20,
was encapsulated and release experiment was also performed. The
results are shown in Fig. 4. As the MW of FD increased, release rate
of FD from 3LMC was decreased. Even in the case of PCL70 + 3.0%
Tween60 membrane, less than 60% of FD-20, 58.6 ± 3.6%, was
released from 3LMC during 5 weeks. As the Tween60 content in
PCL70 membrane was decreased from 3.0% to 1.0%, release rate
of FD-20 from 3LMC during 5 weeks was more decreased, i.e.
41.6 ± 5.2% for PCL70 + 1.0% Tween60 membrane and 10.7 ± 3.6%
for PCL70 + 0.3% Tween60 membrane, respectively. When Tween60
was not formulated to PCL70, FD-20 was not released from 3LMC as
in the case of FD-4. From these results, we may state that the release
rate of drug from 3LMC was dependent on the MW of the encap-
sulated drug. In addition, it was revealed that 3LMC made of PCL70
was not useful for a long-term sustained release preparation of FD-
20. However, with respect to the lower MW of FD, FD-4, 3LMC was

found out to be a useful device. To ascertain the usefulness of 3LMC
for lower MW drugs, leuprolide acetate (MW = 1269) was used as a
model peptide drug and feasibility study was performed.

Fig. 5 shows the results of in vitro release experiment of
leuprolide from 3LMCs. As the formulating amount of Tween60

Fig. 5. Effect of Tween60 content on in vitro release profiles of leuprolide from
3LMC, where surface membranes were as follows: (♦) PCL70 + Tween60 (1.0%), (�)
PCL70 + Tween60 (0.3%), (�) PCL70 + Tween60 (0.1%), and (�) PCL70.
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Table 2
Leuprolide acelate content in 3LMC.

Content of leuprolide (�g/capsule) Encapsulation efficiency (%)

52.0 ± 2.9 99.4 ± 4.3

Each value shows the mean ± S.D. (n = 7).

Table 3
Long-term stability of leuprolide in 3LMC.

Period (months) Drug contents (%)

4 ◦C 23 ◦C 37 ◦C

1 100.2 ± 1.3 100.0 ± 5.6 98.4 ± 10.1

blending poly(lactic acid) (PLA) to PCL70. In the case of the blend
surface membrane of PCL70/PLA (5:1), 74.5 ± 3.5% of leuprolide was
released in the in vitro release experiment within 2 days as shown
in Fig. 7. Therefore, PCL40 was used instead of PCL70 and the in
ig. 6. Plasma leuprolide concentration vs. time curves after subcutaneous adminis-
ration of 3LMC to rats, where release rate control membrane was PCL70 + Tween60
0.3%). (♦) 1.0 mg/rat and (�) 0.5 mg/rat. Each point represents the mean ± S.E.
n = 4–6).

nto the PCL70 surface membrane was increased, release rate of
euprolide from 3LMC was increased as in the case of FDs. When
CL70 + 1.0% Tween60 membrane was used, 73.3 ± 8.9% of leupro-
ide was released within 1 week. When the content of Tween60 in
CL70 membrane was decreased to 0.3%, 43.9 ± 5.5% of leuprolide
as released during first week and thereafter slowly released till

he end of 5 weeks, i.e. total released % was 63.0 ± 6.0%. On the other
and, when PCL70 + 0.1% Tween60 membrane was used, release
ate of leuprolide was decreased, 35.2 ± 3.6% was released during
weeks. When 100% PCL membrane was used, the release rate of

euprolide was slow, i.e. 14.8 ± 1.8% of leuprolide during 5 weeks.
owever, as compared to the release rate of FDs, higher release rate
as obtained.

Based on the results of the in vitro release experiments, 3LMC
aving PCL70 + 0.3% Tween60 surface membrane was evaluated in
ivo rat experiment at two leuprolide dose levels, 0.5 and 1.0 mg.
he results are shown in Fig. 6. After sc implantation of leupro-
ide 3LMC to rats, plasma leuprolide concentration reached to its
eak level at 24 h after administration in both cases and Cmax

as 7.6 ± 2.1 ng/ml for 0.5 mg/rat study and 16.2 ± 3.5 ng/ml for
.0 mg/rat study, respectively. To determine the bioavailability (BA)
f leuprolide from 3LMCs, leuprolide solution was intravenously
njected to another group of rats at 50 �g/kg. After iv injection,
euprolide disappeared from the systemic circulation within 3 h

ith an elimination half-life of 0.57 ± 0.02 h. The AUC was calcu-
ated to be 76.2 ± 6.4 ng h/ml. By comparing the AUCs obtained after

v injection of leuprolide solution and sc administration of 3LMC, BA
f leuprolide from 3LMC was determined and the resulting pharma-
okinetic parameter values are shown in Table 1. BA of leuprolide
rom 3LMCs were 63.3 ± 6.9% for 0.5 mg study and 57.0 ± 4.3% for

able 1
harmacokinetic parameters of leuprolide after administration of 3LMC to rats.

Dose
(mg)

Cmax

(ng/ml)
Tmax

(day)
AUC0–98 (ng day/ml) BA (%)

1.0 16.2 ± 3.5 1.0 120.4 ± 9.0 57.0 ± 4.3
0.5 7.6 ± 2.1* 1.0 66.9 ± 7.3* 63.3 ± 6.9

max: the maximum plasma leuprolide concentration; Tmax: the time when plasma
euprolide concentration reaches to its maximum value; AUC0–98: area under the
lasma leuprolide concentration vs. time curve from day 0 to 98; BA: bioavailability.
ach point shows the mean ± S.E. (n = 4–6).

* p < 0.05 compared to 1.0 mg study.
2 99.3 ± 6.7 100.4 ± 6.6 98.6 ± 2.2
3 99.4 ± 5.3 100.4 ± 6.2 100.5 ± 3.5

Each value shows the mean ± S.D. (n = 5–7).

1.0 mg study, respectively. From those results, the concept of 3LMC
as a long-term sustained release sc preparation has been confirmed.

To make 3LMC as pharmaceutical preparation, we must con-
firm both the uniformity of leuprolide content and the stability of
leuprolide in 3LMC. Therefore, in vitro studies on leuprolide con-
tent and stability were performed and the results are shown in
Tables 2 and 3. Table 2 shows that the mean leuprolide content in
3LMC was 52.0 ± 2.9 �g. As the RSD was 5.6%, 3LMC will satisfy the
standard of pharmaceutical preparation by preparing them with a
sophisticated producing machine. In addition, a high encapsulation
efficiency of leuprolide, 99.4 ± 4.3%, was obtained. Also, good sta-
bility of leuprolide in 3LMC was obtained. Namely, approximately
100% of leuprolide was recovered at 3 months after the start of
the stability experiment at 4 and 23 ◦C. Even at 37 ◦C, 100.5 ± 3.5%
of leuprolide was recovered from 3LMC at 3 months. From those
studies, the concept of 3LMC as a long-term sustained release sc
preparation has been ascertained.

In the above experiments, PCL70 membrane was used as the
rate control surface membrane. Though PCL is classified to the
category of biodegradable polymer, its biodegradation rate was
reported to be very slow (Sinha et al., 2004; Sun et al., 2006). From
the standpoint of safety, we must make the surface membrane
more degradable. Therefore, surface membrane was prepared by
Fig. 7. Effect of PLA blend into PCL70 or PCL40 membrane on in vitro release profiles
of leuprolide from 3LMC. (♦) PCL40/PLA (5:1) and (�) PCL70/PLA (5:1). Each point
represents the mean ± S.E. (n = 4–7).
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Table 4
Pharmacokinetic parameters of leuprolide after administration of 3LMC to rats, 1.0 mg.

Formulation Cmax (ng/ml) Tmax (day) AUC (ng day/ml) BA (%)

PCL70/PLA (5:1a) 88.9 ± 18.7 0.25 164.2 ± 4.5b 77.3 ± 4.5
PCL40/PLA (5:1a) 61.8 ± 3.0* 1.0 194.0 ± 2.4*,c 95.8 ± 1.5*

Each point shows the mean ± S.E. (n = 4–6).
* p < 0.05 compared to PCL70/PLA = 5:1.
a Molar ratio.
b From 0 to day 35.
c From 0 to day 42.
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burst release and leuprolide was released almost the same pattern
ig. 8. Plasma leuprolide concentration vs. time curves after subcutaneous admin-
stration of 3LMC to rats, 1.0 mg. (♦) PCL40/PLA (5:1) and (�) PCL70/PLA (5:1). Each
oint represents the mean ± S.E. (n = 4–6).

itro release experiment was also performed. In the case of PCL40,
4.1 ± 3.7% of leuprolide was released within 5 weeks (Fig. 7),
nd sustained release characteristics was obtained. To confirm the
ong-term sustained release characteristics of leuprolide, in vivo
harmacokinetic experiment was performed with 3LMC having
wo kinds of blend surface membrane, PCL70/PLA (5:1) membrane
nd PCL40/PLA (5:1) membrane, and the results are shown in Fig. 8.
fter the administration of 3LMC to rats, plasma leuprolide concen-

ration reached Cmax at 6 h for 3LMC having PCL70/PLA membrane
nd at 24 h for 3LMC having PCL40/PLA membrane, respectively.
harmacokinetic parameter values are shown in Table 4. Cmax of
CL40/PLA system was lower than that of PCL70/PLA system and
UC of PCL40/PLA system was higher than that of PCL70/PLA sys-

em. Therefore, PCL40/PLA system showed higher BA, 95.8 ± 1.5%,
han PCL70/PLA system, 77.3 ± 4.5%. By comparing to the plasma
euprolide concentration vs. time curves obtained after sc injection
f leuprolide acetate microspheres (Okada et al., 1991), 3LMC was
evealed to have the same long-term sustained release property.

. Discussion

The 3LMC was designed as a reserver type drug delivery system
o diminish the burst release. At first, 3LMCs having different sur-
ace membrane were prepared where FDs were encapsulated and
n vitro release profile was studied. As PCL membrane prevented the
ermeation of FDs, release rates of FD-4 and FD-20 were increased
y formulating Tween60 into PCL membranes. In this case, by the
ddition of Tween60 to PCL membrane of hydrophobic polymer,

he hydrophilicity of the obtained membrane was increased and
he membrane permeability and water uptake were also increased
Ginty et al., 2008). However, the release rate of FD was depen-
ent on its molecular weight by comparing FD-4 with FD-20 in
the same blend membrane of PCL + Tween60. The release rate of
higher molecular weight was found to be slower. Several models
have been reported to explain the mechanism of drug release from
biodegradable (erodible) system. However, they can be classified
into two categories, i.e. surface-eroding system and bulk-eroding
degradable system (Lao et al., 2008). On the other hand, drug release
from 3LMC was thought to obey the subsequent three phases: (1)
by absorbing water from the outside, drug layer swells and the
pressure difference between the inside and outside the system
accelerated the initial drug release, (2) drug was released with zero-
order manner due to the concentration gradient between inside and
outside of the system and (3) finally drug was released due to the
degradation of the surface membrane. Initial burst release occurred
at the initial release phase as shown above (1) and was affected with
two factors. One was the hydrophilicity of the surface membrane
which was controlled by properly selecting the formulated amount
of Tween60. Second factor was the viscosity of the drug layer. As
the main purpose of this study was to find out the optimum formu-
lation of the surface layer, formulation of drug layer will be studied
in the next step.

When leuprolide acetate was encapsulated into 3LMC, release
rate was increased by increasing the amount of Tween60 to PCL70,
though the initial burst release was not completely excluded in the
in vitro experiment. To ascertain the efficiency of 3LMC system,
leuprolide acetate encapsulated 3LMC was subcutaneously admin-
istered to rats where PCL70 + 0.3% Tween60 surface membrane
was used. After administration, plasma leuprolide concentration
transiently increased and thereafter decreased gradually. Finally,
plasma concentration reached to the steady state at 2–13 weeks
where the plasma leuprolide level was maintained over its min-
imum effective concentration, 0.4–1.0 ng/ml (Okada et al., 1991).
These in vivo pharmacokinetic profile well corresponded to the
result obtained in the in vitro release experiment. In addition,
damages like irritation and/or inflammation were not observed
at the administered site of the rat skin and 3LMC system was
suggested to have a good biocompatibility. At 3 months and 1
year after administration of 3LMC having PCL surface membrane,
3LMCs were recovered from the rat skin and it was confirmed
by a microscopic observation that 3LMCs were not degraded as
reported by Sun et al. (2006) that the degradation rate of PCL
was extremely lower than that of PLA, poly(glycolic)acid and their
copolymer, PLG, poly(lactide-co-glycolide). Therefore, when long-
term sustained release preparation is designed with 3LMC, we must
properly select the biodegradable polymer. For example, in the case
of 1 or 3 month sustained release preparation, the polymer must
degrade within 1–2 months or 3–5 months in the body. There-
fore, PLA was blended to PCL70 and PCL40 with the molar ratio of
1:5 and surface membranes were prepared. In vitro release experi-
ment showed an initial burst release with PCL70 + PLA membrane.
On the other hand, PCL40 + PLA membrane did not show big initial
observed with PCL70 + 0.3% Tween60 membrane. Zhang and Feng
(2006) reported that the in vitro drug release from nanoparticles
was affected by drug diffusion, polymer swelling, polymer erosion
or degradation. The faster drug release may be explained by the
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Yeo, Y., Park, K., 2004. Control of encapsulation efficiency and initial burst in poly-

meric microparticle systems. Arch. Pharm. Res. 27, 1–12.
Zhang, Z., Feng, S.-S., 2006. In vitro investigation on poly(lactide)–Tween 80
Y. Ito et al. / International Journa

igher hydrophilicity of the copolymers, which made the copoly-
er swell and degrade faster (Zhang and Feng, 2006). Indeed, in

his experiment, as the hydrophilicity was increased by adding
ween60 or PLA into PCL70, the amount of drug released was
ncreased. However, PCL40/PLA membrane was founded to have
ower release profile and decreased the initial burst release. This
uggested that the drug release was affected by the degree of the
ydrophilic group rather than the crystallinity of the membrane
easured by the thermal analysis. In other words, release rate was

ffected by these factors: (1) the crystallinity, (2) hydrophilicity of
he surface membrane and (3) the hydrophilicity of the drug inside.

In vivo rat experiment showed high plasma leuprolide concen-
ration due to burst release. Singh and Singh (2007) also studied
he polymer delivery system for long-term sustained release of
euprolide, where dl-PLA was blended with benzyl benzoate and
enzyl alcohol and successful plasma leuprolide concentration was
aintained up to 12 weeks. However, in our experiment, sustained

elease of leuprolide did not continue more than 10 weeks by blend-
ng PLA to PCL. By blending PLA having shorter degradation half-life
o PCL, the obtained surface membrane showed higher degradation
ate than PCL70 + 0.3% Tween60 surface membrane and as a result
nough plasma leuprolide did not continue more than 5 weeks.
his higher degradation rate was ascribed to the biodegradable
olymer, PLA. Therefore, long-term sustained release of leuprolide
ight be controlled by properly selecting the formulation of the

urface membrane.

. Conclusion

Three-layered milli-capsules (3LMC) were designed for the
ong-term sc administration of drugs. 3LMCs composed of (1) sur-
ace membrane (release rate control membrane), (2) drug-carrying
ayer and (3) base membrane were prepared by dispensing each
olution in series. As surface membrane, poly(�-caprolactone),
CL70, was used in combination with Tween60. Base membrane
as prepared with PCL70. FD-4 and FD-20 were used as model
rug. As Tween60 content increased, release rate of FDs was

ncreased. PCL70 + 0.3% Tween60 membrane showed a good sus-
ained release property for FD-4. When FD-20 was encapsulated,
elease rate was decreased. However, lower MW drug, leupro-
ide acetate was encapsulated, 3LMC composed of PCL70 + 0.3%
ween60 showed a good sustained release property, 63.0 ± 5.9%
elease for 5 weeks. After sc administration to rats, plasma leupro-
ide concentration showed its maximum concentration at day
, thereafter gradually decreased and maintained the effective
oncentration, 0.4–1.0 ng/ml, for 14 weeks. Plasma leuprolide con-
entration vs. time curve showed a good dose-dependency. When
urface membrane was made of the blend of PCL70 and PLA in
he ratio of 5:1, long-term sustained release property was not
btained. Instead, PCL40 in combination with PLA (5:1) was used
o prepare surface membrane, sustained release of leuprolide was
bserved for 5 weeks. PCL40/PLA surface membrane also showed
etter long-term sustained release property than PCL70/PLA mem-
rane. Through those experiments, 3LMC has been shown to be a

ong-term sustained release preparation by properly selecting the
urface membrane.
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