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Rational delivery systems for leuprorelin acetate, a potent LHRH agonist, have been achieved by 
developing a microsphere system using biodegradable polymers, poly (lactic/glycolic acid) (PLGA) 
and polylactic acid, which sustainedly release the drug depending on the biodegradation of polymer 
used and persistently suppress steroidogenesis for over one and 3 months, respectively, following a 
single injection. To produce these systems we established a novel microencapsulation technique, the 
in-water drying method, and microspheres with a high trap ratio and small initial burst were obtained. 
A microsphere system of TRH prepared using PLGA could also continuously release the drug for 2 or 
4 weeks. Using these systems effectively reduced the required dose compared with that needed with 
daily injection due to more continuous receptor hits on the target organs and could improve patient 
compliance. Chemoembolization using PLGA microspheres containing an angiogenesis inhibitor, TNP- 
470, resulted in dramatic regression of VX-2 carcinoma in rabbits. The microsphere system using biod- 
egradable polymers is very useful in designing controlled release delivery and targeted delivery to attain 
potent and rational therapy. 
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Introduction 

Drug delivery systems using various kinds of 
biodegradable polymers have been extensively 
studied [ l-41. Successful commercialization can 
be seen in the development of depot-forms of 
LHRH agonists using biodegradable co- 
poly (lactic/glycolic acid) (PLGA) for the treat- 
ment of advanced prostatic cancer and endome- 
triosis. Exacerbation in these diseases is highly 
dependent on the blood levels of testosterone or 
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estradiol, and the suppression of these sex hor- 
mone levels by constant blockage of LHRH re- 
ceptors with an LHRH agonist depot has been 
proved effective. 

One such depot is Lupron Depot, once- 
monthly injectable microspheres containing leu- 
prorelin acetate (leuprolide acetate), the first 
highly potent LHRH agonist which was synthe- 
sized by Dr Fujino and his colleagues in 1973 
[ 5 1. Poly (lactic/glycolic acid) is a biocompati- 
ble and biodegradable polymer which has been 
used for some years as surgical sutures. We syn- 
thesized various kinds of PLGA and polylactic 
acid (PLA) and determined the degradation rate 
in the rat subcutis to select an appropriate poly- 
mer for a l-month depot formulation [ 61. A 
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method for preparation of microspheres of a 
highly water soluble peptide with a high trap ra- 
tio and small initial burst was investigated, and 
we attained a novel preparation method using in- 
water drying through a water/oil/water emul- 
sion [ 7,8 1. A single injection of this depot for- 
mulation satisfactorily inhibits steroidogenesis 
and genital organ growth and causes regression 
of experimental endometriosis in rats as a result 
of sustained serum drug levels [ 9- 141. 

In this paper, formulation studies for the 1 and 
3 months of leuprorelin acetate depots and fur- 
ther applications of the PLGA microsphere tech- 
nology with TRH and TNP-470, a potent antian- 
giogenic substance, are reviewed. 

Experimental methods 

Materials and animals 

Leuprorelin acetate, D-L&- ( des-Gly lo-NH2 ) - 
LHRH ethylamide acetate, TRH and TNP-470, 
6-O-(N-chloroacetylcarbamoyl)-fumagillol, were 
synthesized at Takeda Chemical Ind., Ltd. PLGA 
and PLA were synthesized in our laboratories or 
purchased from Wako Pure Chemical Indus- 
tries, Ltd (Tokyo, Japan). Sprague-Dawley rats 
(8 and 10 weeks of age) were purchased from 
Clea Japan, Inc. (Tokyo, Japan). A female rab- 
bit bearing VX-2 carcinoma and male rabbits 
(Kbl, JW) weighing around 2-2.5 kg were pur- 
chased from Funabashi Farm (Chiba, Japan) 
and Kitayama LABES (Kyoto, Japan), 
respectively. 

Ovulation-inducing activity 

The absorption of leuprorelin through various 
administration routes was estimated by ovula- 
tion-inducing activity in rats [ 15 1. Ova in the 
ampulla of the isolated oviduct were examined 
microscopically in the morning between 9: 30 and 
11:30 the day after drug was administered at 
14:30 on the day of diestrus. A saline solution of 
leuprorelin containing 0.1% bovine serum albu- 
min and 20 U/ml of aprotinin was used for in- 
travenous, subcutaneous, nasal and oral admin- 
istration. For rectal and vaginal administration, 

drug was dispersed in an oleaginous base (WI- 
TEPSOL) without and with 10% citric acid, an 
absorption enhancer. 

Preparation of microspheres 

Leuprorelin and TRH 
Microspheres containing leuprorelin or TRH 

were prepared by the in-water drying method as 
described previously [ 8,13,16,17 1. In brief, an 
aqueous solution of leuprorelin or TRH was 
mixed with a dichloromethane solution of PLGA 
or PLA and agitated vigorously with a homoge- 
nizer. The resulting W/O emulsion was then dis- 
persed in a 0.25% polyvinyl alcohol aqueous so- 
lution to form a W/O/W emulsion. The 
dichloromethane was subsequently evaporated 
off under stirring with a turbine-shaped mixer, 
leading to drug encapsulation. The resulting 
microspheres were sieved to remove large parti- 
cles and lyophilized. 

TNP-4 70 
TNP-470 was dissolved in a 50% dichlorome- 

thane solution of PLGA (lactic/glycolic molar 
ratio, 3/ 1; M, 6800) containing 0.25% dipalmi- 
toy1 phosphatidylcholine [ 18,19 1. The solution 
was poured into a 0.25% aqueous solution of 
polyvinyl alcohol to form a O/W emulsion. The 
subsequent procedures were the same as those for 
leuprorelin and TRH. 

In vitro drug release 

Drug (leuprorelin and TRH) released from 
microspheres was determined by the rotating 
bottle procedure using a RT-5 rotator (Taiyo 
Scientific Industrial Co., Tokyo, Japan) at 
37 ? 1 “C . The microspheres (50 mg) were sus- 
pended in 10 ml of a release medium consisting 
of pH 7.0, l/30 M phosphate buffer containing 
Tween 80 (leuprorelin, 0.05%; TRH, 0.02%). 
The residual drug in the microspheres was pe- 
riodically determined after filtering the micro- 
spheres through a Millipore filter ( 1.2 p m). 
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Leuprorelin content in microspheres 

Microspheres (50 mg or less) were dissolved 
in 10 ml of dichloromethane and extracted with 
20 ml of pH 6.0, l/30 M phosphate buffer. The 
amount of leuprorelin in the buffer layer was as- 
sayed using HPLC (Shimazu LC-3A, Kyoto, Ja- 
pan). HPLC conditions were: column, Lichro- 
sorb RP-18 (250 mm in length, 4 mm i.d.); 
column temperature, 30°C; mobile phase, 0.25 
M ammonium acetate/methanol ( l/ 1.5 ); flow 
rate, 0.8 ml/min; and wavelength, 280 nm. 

TRH content in microspheres 

The extraction procedure was the same as that 
used for leuprorelin. HPLC conditions (Shi- 
mazu LC-5A) were: column, Zolbax ODS (250 
mm in length, 4.6 mm i.d.); column tempera- 
ture, room temperature; mobile phase, a mixture 
of 20 ml of acetonitrile and 300 ml of l/30 M 
phosphate buffer, pH 6.7; flow rate, 0.8 ml; and 
wavelength, 2 15 nm. 

In vivo drug release 

To estimate the in vivo drug release, the 
amount of drug remaining at the injection site 
after microspheres were administered subcuta- 
neously (into the dorsal cervical site) or intra- 
muscularly (into the femoral muscle ) to male 
rats was determined. The excised microspheres, 
surrounded by a thin layer of connective tissue, 
were homogenized in 10 ml of pH 6.0, l/30 M 
phosphate buffered saline (PBS ) containing 
0.02% Tween 80 with a Polytrone (Kinematica 
GmbH, Luzern, Switzerland) and extracted by 
adding an additional 10 ml of the same PBS and 
10 ml of dichloromethane. After the homogenate 
was centrifuged at 3000 rpm for 15 min, the drug 
content in the aqueous layer was analysed by 
HPLC using the same conditions as those for the 
in vitro drug release. 

RIA of serum leuprorelin and testosterone 

Serum levels of leuprorelin were determined 
in duplicate by the double antibody radioimmu- 

noassay (RIA) method as previously described 
[ 91. Serum testosterone was measured in dupli- 
cate using commercially available RIA kits 
(Green Cross Co., Osaka, Japan) utilizing the 
single antibody and dextran-charcoal method 
after ether extraction. The sensitivity limit of the 
assay was 5 pg of leuprorelin acetate and 6.25 pg 
of testosterone. 

Anticancer effects of TNP-470 microspheres 

VX-2 carcinoma cell suspension ( 1 O%, 0.5 ml) 
was injected subcutaneously at a position on the 
inside of the right leg just below the knee of a 
male rabbit (Kbl, JW) [ 18,19 1. Two weeks after 
inoculation, the tumor had grown to lo-20 mm 
in length. To cause the embolization of arteries 
running to the tumor, TNP470 microspheres 
were injected into the femoral artery through 
polyethylene tubing under pentobarbital anes- 
thesia. After administration the blood flow in the 
femoral artery was reopened by inserting the 
tubing upward into the artery. The tumor size, 
length, width and height, was periodically mea- 
sured through the skin with calipers for 14 days. 

Results and discussion 

Leuprorelin microspheres 

Chronic application of a potent LHRH ago- 
nist like leuprorelin acetate (Fig. 1) paradoxi- 
cally down-regulates the pituitary, decreasing the 
secretion of LH and FSH and eventually sup- 
pressing steroidogenesis of sex-hormones like 
testosterone and estradiol, resulting in so called 
‘chemical castration’. This chemical castration 
has been proved effective in treating advanced 
hormone-dependent cancers, prostate and breast 
cancer, and other sex-hormone dependent dis- 
orders, endometriosis and uterine fibroids. 

To develop a convenient dosage form of leu- 
prorelin for patients we started work on new de- 
livery systems. First we checked the relationship 
between the ovulation-inducing activity of leu- 
prorelin in rats and various administration 
routes, namely, oral, nasal, rectal, vaginal, sub- 
cutaneous and intravenous administration [ 15 1. 
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5-oxo-Pro-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 
1 2345678 9 10 

5-oxo-Pro-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NH-C2H5 
1 2345 6789 

Leuprorelin / Leuprolide 
(Leuprorelin acetate: m.w.= 1269.5) 

5oxo-Pro-His-Pro-NH2 
1 2 3 

TRH 
(m.w.= 364.2) 

Fig. 1. Amino acid sequences of LHRH, leuprorelin acetate 
and TRH. 

P .01 .l 1 10 100 

DOSE OF LEUPRORELIN ACETATE (pg/kg) 

Fig. 2. Ovulation-inducing activity of leuprorelin acetate after 
intravenous ( 0 ), subcutaneous ( n ), oral ( A ), rectal ( A ), 
nasal (_k) and vaginal (0, without; 0, with 10% citric acid) 

administration to diestrous female rats. 

The ovulation-inducing activity is a good index 
for bioavailability. As all routes other than intra- 
venous or subcutaneous routes showed poor 
bioavailability (Fig. 2)) we focused on injec- 
tions and decided to develop a microsphere type 
depot that would provide constant release of the 
drug over one month using a biodegradable poly- 
mer, PLGA, as the release controlling material. 
In the body PLGA decomposes slowly to yield 
lactic acid and glycolic acid. 

To obtain microspheres with the desired prop- 
erties, we adopted the in-water drying method. 
Very strict harmonization of the formulation, 
manufacturing devices and manufacturing con- 
ditions was required to avoid obtaining de- 

formed or empty microspheres [ 8 1. After in vi- 
tro and in vivo polymer screening tests, we 
decided to use a PLGA with a molecular weight 
of 14 000 and a lactic/glycolic acid ratio of 3/ 1 
(Fig. 3) [6]. 

Measurement of distribution of leuprorelin in 
the microspheres using a field emission SEM re- 
vealed that tritium-labelled leuprorelin localized 
on the surface of the inner pores which were sup- 
posedly formed by the evaporation of water from 
the inner water phase. NMR spectroscopy 
showed the existence of an ionic interaction be- 
tween carboxylic acids at the end of PLGA and 
arginyl and histidyl residues of leuprorelin. Fur- 
thermore, viscosity of the W/O emulsion and 
glass transition temperature of the microspheres 
were elevated with an increase in peptide load- 
ing [ 201. Judging from these results, we assume 
that leuprorelin drug cores in the microspheres 
should be surrounded by the hydrophobic bar- 
riers of the polymer carbohydrate chains, a mi- 
celle-like conformation as shown in Fig. 4 [ 20 1. 
This structure may explain part of the reason that 

01 I 

” I 

0 2 

TIME(week) 

4 

Fig. 3. In vitro (A) and in viva (B) release of leuprorehn 
from PLA and PLGA microspheres 0, PLA-22000; 0, PLA- 
12000; 0, PLGA(90/10)-21000; n , PLA-6000: A, 

PLGA(75/25)-14500. 
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PLA Drug core 

Hydrophobic barrier 

Fig. 4. Hydrophobic diffusion barrier in the PLGA and PLA 
microspheres of peptide drugs. 

z ‘“1T 

s oc 
0 2 4 6 8 10 12 14 16 

TIME(week) 

Fig. 5. Serum testosterone in dogs after repeated subcuta- 
neous injection of leuprorelin PLGA microspheres (one- 

month depot, 50 g/kg/day) (mean f S.E., n= 5). 

a very water soluble substance like leuprorelin is 
effectively entrapped during the in-water drying 
process and that the release of leuprorelin from 
the microspheres could be controlled domi- 
nantly by degradation of the polymer for long pe- 
riods avoiding a large initial burst. 

When the microspheres were administered to 
beagle dogs at 4-week intervals for a total of three 
injections, serum testosterone levels were com- 
pletely suppressed after a 2-week initial rise and 
no escape was seen (Fig. 5 ) [ 111. A single injec- 
tion of the microspheres ( 100 p g/kg/day) suf- 
ficiently inhibited steroidogenesis and conse- 
quently suppressed genital organ growth in male 
rats for over one month [ lo]. In the female rat 

study, we revealed that an injection of this depot 
suppressed serum levels of LH, FSH and estra- 
diol for more than 4 weeks and caused a dra- 
matic regression of growth of experimental en- 
dometriosis [ 91. These results encouraged our 
belief that this one-month depot formulation 
would be potentially useful in the therapy of 
prostate cancer and endometriosis in human 
beings. Following these satisfactory results in an- 
imal preclinical studies, we proceeded to clinical 
studies. In the studies carried out in the United 
States, sustained serum levels of leuprorelin for 
over one month were obtained after a single in- 
jection (Fig. 6) [ 2 11. The serum testosterone 
suppression pattern with the 1 mg daily injection 
and that with the 7.5 mg depot overlapped al- 
most perfectly. This means using the 7.5 mg de- 
pot can effectively reduce the dose to l/4 of that 
required with daily injection. 

We are now developing a depot preparation 
which will release leuprorelin for a longer dura- 

(A) 

:i 
0 2 4 6 

= 
? 500 

? 400 i 

4.., 

(B) 

~~~_ 

i., 

0 

0 4 8 12 16 20 24 

TIME (week) 

Fig. 6. Plasma leuprorelin acetate (A) and serum testoster- 
one (B) in humans after intramuscular injection of the PLGA 
microspheres (mean? S.E., n= 53) 0, microspheres (7.5 
mg); n , solution (daily subcutaneously, 30 mg/month); A, 

microspheres (every 4 weeks, 7.5 mg). 
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0 

Control 1 2 4 8 13 15 18 
WEEKS AFTER MICROSPHERES INJECTION 

Fig. 7. Increment in the AUC of serum testosterone for 8 h in 
rats following challenge with leuprorelin solution ( 100 ,ug/ 
kg) at different weeks after intramuscular injection of leu- 
prorelin PLA microspheres (3-month depot, 100 @g/kg/day) 

(mean? S.E.,n=5);***P<0.001. 

tion. Figure 7 shows the increment in the AUC 
of serum testosterone for 8 h in rats following 
challenge with leuprorelin aqueous solution at 
different weeks after intramuscular injection of 
the new 3-month depot [ 16 1. Testosterone se- 
cretion following challenge was sufficiently sup- 
pressed for longer than 13 weeks. 

TRH Microspheres 

TRH (Fig. 1) enhances physiological activi- 
ties of the brain besides stimulating the release 
of TSH and daily intravenous injection of TRH 
aqueous solution is used to treat disturbances of 
consciousness caused by head injury and hem- 
orrhage. The efficacy of TRH for the treatment 
of spinocerebellar degeneration, an incurable 
disease, has also been investigated. The response 
to bolus intravenous injection, however, was not 
satisfactory. Therefore, to enhance the activity of 
TRH we investigated the development of a de- 
pot formulation using the PLGA microsphere 
technique. 

First we studied the relationships among the 
loading amount of TRH, the entrapment ratio of 
the drug into the microspheres and the one-day 
release of the drug from the microspheres in the 
in vitro release test [ 17,221. In Fig. 8, the per- 
centage remaining after one day is plotted vs 
TRH loading using PLGA of different molecular 
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--t M.W. 6 
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8000 

11000 

o! . 1 . 1 . 1 . 1 1 . 1 

0 2 4 6 8 10 12 

LOADED TRH (%) 

Fig. 8. Effect of molecular weight of PLGA on initial release 
(in vitro) from TRH PLGA microspheres with different lev- 

els of drug loading. 

weights. At a low level of drug loading ( 1%) a 
large initial burst was observed at all molecular 
weights of the polymer and the loading range of 
57% was found to produce a minimal initial 
burst. When TRH tartrate salt was used, the 
amount remaining after one day was zero re- 
gardless of the loading amount. From these re- 
sults, we assumed that ionic interaction between 
the polymer and the drug, as seen in the leupro- 
relin microspheres (Fig. 4), plays an important 
role both in efficient drug entrapment and de- 
creasing the initial burst and that a certain 
amount of the peptide is necessary for the for- 
mation of the rigid structure of the micro- 
spheres. Tartaric acid possibly competes with the 
carboxylic acid of the polymer as the counter ion 
for the basic moiety of TRH, increasing the 
amount not bound to PLGA. Choosing an ap- 
propriate PLGA, we can control the release pe- 
riod of TRH for 2 and 4 weeks (Fig. 9 ). 

Items where amelioration or enhancement was 
seen in the pharmacological responses in rats and 
mice were ( 1) antagonism of barbitone-induced 
sleeping in rats, (2) amelioration of memory and 
learning impairment and abnormal behavior 
such as low food neophobia and (3) enhance- 
ment of the metabolism of acetylcholine and 
monoamines in the brain and glucose utilization 
in the brain [ 23,241. For these pharmacological 
responses, the efficacy of TRH was increased 1 O- 
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Fig. 9. In vitro and in vivo release profiles of TRH PLGA 
microspheres. 

fold or more compared with that after repeated 
injection of TRH. Clinical studies for the use of 
the TRH depot formulation in the treatment of 
senile dementia are under way. 

Chemoembolization with microspheres 
containing TNP-470 

Chemoembolization is a potential cancer 
treatment that combines chemotherapy and em- 
bolization of the blood vessels that supply nu- 
trients to the tumor. The advantage of this treat- 
ment is high efficacy with less systemic side 
effects due to the regional elevation of drug con- 
centration and the selective blockage of nutrient 
supply to the tumor. For the rapid growth of a 
tumor, angiogenesis, the formation of new cap- 
illaries, is essential. Chemoembolization using 
conventional chemotherapeutic agents cannot 
inhibit the formation of the development of col- 
lateral circulation which could bypass the arter- 
ies occluded by embolization. Theoretically, it is 
obvious that if we can embolize the blood vessels 
of the tumor with microspheres which sus- 
tainedly release an anti-angiogenic substance, the 
formation of bypassing circulation would be in- 
hibited, resulting in strong anti-tumor activity. 

TNP-470, a fumagillin derivative (Fig. lo), 
has strong antiangiogenic activity [ 25 1. We pre- 
pared PLGA microspheres containing TNP-470 

Fumagillin TNP-470 

Fig. 10. Chemical structures of fumagillin and TNP-470 

12 r 
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n 
” 

0 2 4 6 8 10 12 14 

DAYS AFTER ADMINISTRATION 

Fig. 11. Anticancer activity after a single intra-arterial injec- 
tion of TNP-470 microspheres in rabbits bearing VX-2 car- 
cinoma 0, untreated control (n= 16); A, TNP-470 aqueous 
solution (n=3); Cl, placebo microspheres (n=4); l ,0.95 mg 
TNP-470 microspheres (n=5); n , 3.8 mg TNP-470 micro- 

spheres (n=4). 

and determined the efficacy in rabbits bearing 
VX-2 squamous cell carcinoma. Compared with 
the untreated control, placebo microspheres and 
TNP-470 solution caused only slight inhibition 
of the tumor growth, whereas TNP-470 micro- 
spheres caused striking inhibition (Fig. 11) 
[ 18,191. Synergistic effects were obtained when 
an aqueous solution of doxorubicin was co-ad- 
ministratered with TNP-470 microspheres. 

As a preliminary study of the drug distribu- 
tion, the concentration of tritium in the tissues 
was measured in normal rats given an intra-he- 
patic arterial dose of microspheres containing 
tritium-labelled TNP-470 or an aqueous solu- 
tion of tritium-labelled TNP-470. Following in- 



128 

Blood z (A) PLGA microspheres 
Plasma n 2h 

Heart q 24h 

Lung 
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Fig. 12. TNP-470 concentrations in various tissues of rats after 
a single injection into the hepatic artery ( 1 mg/kg, mean? 

S.D., n=4). 

jection of the microspheres, the liver showed high 
radio-activity at 2 and 24 h, suggesting less sys- 
temic side effects (Fig. 12 ) . 

In summary, we can see that drug delivery us- 
ing biodegradable microspheres provides poten- 
tial methods for treating various diseases, and we 
are looking at additional applications of this mi- 
crosphere technique with other peptides, pro- 
teins and chemical drugs. 
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