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Abstract

PLGA nanospheres, biodegradable polymeric carriers for peptide drugs, were prepared by a novel emulsion-phase
separation method. The preparation was carried out in an oil phase system in order to improve the entrapment
efficiency of water-soluble peptide. An LH-RH analogue (nafarelin acetate (NA)) was employed as a model peptide
drug to investigate the encapsulation efficiency. An aqueous solution of the drug was emulsified by addition with
stirring to a dichloromethane-acetone mixture containing dissolved PLGA. The gradual addition of Triester oil
(caprylate and caprate triglyceride) into the resultant w/o emulsion induced phase separation of PLGA at the
interface of aqueous droplets. It was found that the aqueous droplets effectively worked as a coacervation-inducing
agent of the polymer. PLGA coacervates precipitated around the aqueous emulsion droplets containing the peptide
which were hardened by evaporation of the solvent, producing spherical drug carriers. The presence of surfactant
significantly reduced the size of the aqueous droplets, resulting in submicron-sized PLGA spheres (mean diameter,
500-800 nm). The recovery of drug entrapped in the nanospheres was markedly increased compared with our
previous preparation technique in a water system. Further, optimum conditions in the present method for preparing
nanospheres were established to enhance the recovery of nanospheres and the efficiency of drug entrapment.

Keywords: Emulsion; Phase separation; Nanosphere; pi-Lactide /glycolide copolymer (PLGA); Luteinizing hor-
mone-releasing hormone analog; Coacervate; Biodegradation

1. Introduction
In recent years, major advances have been

made in genetic engineering and culturing tech-
nology for producing many physiological potential
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polypeptides as possible therapeutic agents. The
use of these pharmacologically active polypep-
tides in diseases is fraught with problems. Since
these molecules have a very short biological half-
life and low permeability across through a biomu-
cous membrane, frequent injections (i.e., subcuta-
neous, intramuscular or intravenous) of drug over
a long therapeutic period are generally required
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to produce an effective therapy. Therefore, many
prolonged-release devices composed of
biodegradable and biocompatible polymers have
been investigated in an attempt to overcome this
practical disadvantage. Depot formulations such
as injectable microcapsules with pi-lactide /glyco-
lide copolymer (PLGA) (Sanders et al., 1984,
1985; Ogawa et al., 1988; Yamakawa et al., 1992)
and implantable small cylinders with PLGA
(Hutchinson and Furr, 1990) have already been
developed to extend the therapeutic effect of
peptide drugs. However, their sizes were too large
to direct the drug to target tissues across the
mucosal membrane or via systemic circulation.

Therefore, the present authors have investi-
gated the preparation of submicron-sized parti-
cles (i.e., nanospheres), which would be valuable
for application in the non-parenteral administra-
tion of polypeptide drugs, including the oral and
transmucosal (nasal, pulmonary) routes (Niwa et
al., 1993). We developed a novel spontaneous
emulsification solvent diffusion method in the
aqueous phase to prepare biodegradable PLGA
nanospheres with peptide easily and reproducibly
in a previous report (Niwa et al., 1994).

However, a major problem with this technique
is the poor entrapment of water-soluble drugs,
which tend to leak out of the internal organic
phase into the continuous aqueous phase during
preparation. Most bioactive polypeptide drugs are
water-soluble. The aim of this study was to im-
prove the entrapment efficiency of peptide drugs
in PLGA nanospheres. To achieve this purpose,
non-toxic oil was employed as an outer phase to
prevent the leakage of drug out of the
nanospheres. Polylactic acid (PLA) and PLGA
microspheres containing hydrophilic drugs have
already been prepared by the methods of phase
separation (Ruiz et al., 1989), oil-in-oil (0/0)
solvent evaporation (Wada et al., 1990; Sturesson
et al., 1993) and solvent extraction (partition)
(Leelarasamee et al., 1988; Sato et al., 1988).
However, no information is currently available on
the preparation of submicron-sized drug carriers
in an oil phase system due to the aggregation of
the carriers. We investigated a new preparation
method in an oil phase system applicable to hy-
drophilic peptide drugs.

Nafarelin acetate (NA), a luteinizing
hormone-releasing hormone (LH-RH) analogue,
was loaded in the devices as a model peptide
drug. The mechanism of formation of
nanospheres was clarified by observing the prepa-
ration procedure and by characterizing the
physicochemical properties of the resultant
nanospheres, such as particle diameter, surface
topography and drug content. Furthermore, the
optimum preparation conditions were established
by selecting the appropriate types and suitable
amounts of organic solvent and emulsifier.

2. Materials and methods
2.1. Materials

PLGA with an average molecular weight of
54116, whose copolymer ratio of pr-lactide to
glycolide is 85:15 (henceforth referred to as
PLGA(85:15)-54116) (Medisorb, Du Pont Co.,
USA) was used as biodegradable polymer. Na-
farelin acetate (NA) ([p-Nal(2)°JLHRH) was sup-
plied by Syntex Research (USA). Caprylate and
caprate triglyceride (Triester F-810, Nikko Chem-
icals Co., Ltd, Japan) was selected as a non-toxic
oil, which had higher biocompatibility and low
viscosity. Hexaglycerin condensed ricinoleate
(HGCR) (Hexaglyn PR-15, Nikko Chemicals Co.,
Ltd), sorbitan monooleate (Span 80, Kishida
Chemicals Co., Ltd, Japan) and polyoxyethylene
hydrogenated castor oil 10 (HCO 10, Nikko
Chemicals Co., Ltd) were used as an emulsifier,
which were acceptable for oral administration.

2.2. Preparation of PLGA nanospheres

The concept of the preparation method is
based on the ‘polymer phase separation tech-
nique’ (Ruiz et al.,, 1989), in which the drug
crystals, i.e., core material, are generally sus-
pended in the polymer solution. However, it is
practically impossible to comminute the crystals
to nanometer-sized particles for dispersing in the
system. In the present study, the drug was dis-
solved in the aqueous phase emulsified in an
organic solution of the polymer. NA (3 mg) was
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dissolved in 0.2 um filtered water (0.5 mi). This
aqueous solution was emulsified in a
dichloromethane (15 ml)-acetone (0.5 ml) mixture
containing dissolved PLGA(85:15)-54116 (100
mg) and Span 80 (300 mg) under stirring at 15000
rpm using a homogenizer (Physcotron, Nichion
Irikakikai, Japan). The gradual addition (2
ml/min) of Triester oil dissolved 2% w/w of
HGCR (30 ml) into the resultant water-in-oil
(w/0) emulsion, inducing the phase separation of
PLGA under stirring with a magnetic stirrer. The
system was thermally maintained at 10° C for 10
min and then heated to 35° C for 50 min. During
evaporation of dichloromethane under reduced
pressure (for 2 h), the coacervated droplets were
solidified into nanospheres in the oily solution.
The whole dispersed system was filtered through
a 400 mesh sieve (opening, 37 wm) and a poly(te-
trafluoroethylene) membrane filter (pore size, 1.0
um, PTFE; T100A047A, Advantec Toyo, Japan)
to separate the aggregates and oil. The
nanospheres remaining on the membrane filter
were washed with n-hexane and water to remove
the oil and unencapsulated free NA crystals, re-
spectively, and dried. The schematic procedure
for preparation is shown in Fig. 1.

2.3. Construction of phase diagram for preparation
of PLGA nanospheres

0.5 ml of water dissolving dye (amaranth) was
emulsified in the dichloromethane solution (15
ml) of PLGA(85:15)-54116 at concentrations of
6.7, 20, 40, 50, 200, and 250 mg/ml. To test the
preparation of PLGA coacervates, 1 ml of Trie-
ster oil containing HGCR 2% w/w was progres-
sively dropped into the resultant w/o emulsion
under stirring. Then, an aliquot withdrawn from
the system was observed under an optical micro-
scope (BH-2, Olympus, Japan). The phase dia-
gram was constructed in order to determine the
phase separation region vyielding stable coacer-
vates. A similar procedure was run in the absence
of water to ascertain the role of water in phase
separation.

2.4. Determination of optimum conditions for
preparing nanospheres

The experimental parameters were varied as
follows in order to establish the optimum condi-
tions for the preparation of nanospheres to im-
prove recovery and drug content:

(1) Volume of water: 0, 0.03, 0.1, 0.5, 1, 2 and 5

ml.
Homogenization
Drug
Water
PLGA
Acetone o ® o . Formuiation
CH,Cl, > Emuisification Water phase Soivent phase Oil phase
Span 80 ® & ® | (wloemulsion) Drug, amg PLGA, 100mg  Triester F-810, 30m
Water, 0.5m! DCM, 15ml HGCR, 2%w/w
Stirring Acetone, 0.5ml
L Triester F-810 Spang0, 300mg
HGCR 2% Drug, nafarelin acetate
@ @ DCM, dichloromethane
@ Coacervation HGCR, hexaglycerin condensed ricinoleate
@ (water/coacervate/oil emulsion)
Stirring under
reduced pressure
Filtration
LI (37um and 1.0um)
o o ® Washed with n-Hexane and Water 2 e on filter
Solidification Nanospheres

(ditfusion and evaporation)

Fig. 1. Schematic procedure for the preparation of PLGA nanospheres in Triester oil system.
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(2) Volume of acetone: 0, 0.5, 1, 2, 5 ml.

(3) Concentration of Span 80 in dichloromethane:
0, 0.33, 1 and 2% w/v.

(4) Concentration of HGCR in Triester oil: 0, 1,
2, 4 and 5% w/w.

(5) Concentration of PLGA in dichloromethane:
100 mg of PLGA(85:15)-54 116 was dissolved
in 5, 10, 15, 20 and 30 ml of dichloromethane.

(6) Pouring speed of Triester oil into the w/o
emulsion system: 30 ml of Triester oil was

added rapidly into the preparation system or
over periods of 4.5, 10, 15 and 30 min.

2.5. Measurement of physicochemical properties of
nanospheres

The mean diameter of nanospheres recovered
on the membrane filter (1.0 wm) was measured
by means of a dynamic light scattering method
(LPA-300, Otsuka Electronics Co., Ltd, Japan)

Fig. 2. Optical microphotographs following the process of preparation of PLGA nanospheres with addition of Triester oil. Volume
of Triester oil: (a) 0 ml (w/0 emulsion), (b) 2 ml, (¢) 4 ml, (d) 6 ml, (¢) 16 ml, and (f) 30 ml. PLGA: PLGA(85:15)-54116.
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after redispersing in water. The aqueous droplet
size of w/0 emulsion and the size of resultant
nanosphere dispersed in the oily suspension were
analyzed according to a laser-based time of tran-
sition method (cis-1, Galai, Israel). The
nanospheres dried under cooling at 5°C were
observed under a scanning electron microscope
(JSM-T330A, Nihon Denshi Co., Ltd, Japan). The
recovery (%) of nanospheres was represented by
the ratio of the weight of the resultant spheres
passing through a 400 mesh sieve and recovered
on a filter (1.0 wm pore size) to the total weights
of PLGA and NA loaded. The amount of aggre-
gated particles remaining on the sieve (37 um
opening) was excluded from the recovery values.
The weighed nanospheres after drying in a desic-
cator were dissolved in acetonitrile, to which an
aqueous solution of KH,PO, (30 mM) was added
to precipitate preferentially the polymer. The
drug in the clear supernatant after centrifugation
(10000 rpm, 15 min, Kubota 7800, Kubota Co.,
Ltd, Japan) was analyzed spectrophotometrically
at 225 nm by means of an HPLC technique
(pump, 880-PU; detector, 875-UV; Jasco, Japan;
column, Wakosil 5C8; Wako Pure Chemical Ind.,
Japan) according to our report (Niwa et al., 1994).
The drug recovery and content in the nanospheres
are represented by Eq. 1 and 2, respectively.
drugrecovery ( %)
= amount of drug in nanospheres
/amount of drugloaded in the system 1

PLGA

0%

20%

drugcontent (%)
= amount of drug in nanospheres
/amount of nanospheres recovered (2)

The theoretical drug content is 2.9%, as calcu-
lated from the amounts of drug and polymer
loaded.

3. Results and discussion

3.1. Emulsion-phase separation method in an oil
system

Fig. 2 illustrates the sequence of events occur-
ring in the PLGA solution following the progres-
sive addition of Triester oil. Firstly, a w/o0 emul-
sion was formed when the aqueous solution of
dye was poured into the organic phase (Fig. 2a).
When the Triester oil, which does not act as a
solvent for PLGA, was gradually introduced into
this emulsion medium, the phase separation of
polymer started around the fine aqueous droplets
after pouring 2—-4 ml of oil (Fig. 2b,c). Discrete
aqueous droplets covered with coacervates were
clearly observed in the system when 6 ml of oil
added (Fig. 2d). Further addition of Triester oil
caused a further increase in volume of coacer-
vates and hardened their droplets without any
unfavorable aggregation (Fig. 2e,f). After the
evaporation of dichloromethane under heating
and reduced pressure, the PLGA coacervates

o without water

® with water

il
3 coacervation region

40% 0%
Triester Dichloromethane
(+HGCR2% )  gpos 80% 100%
—e

Fig. 3. Triangular phase separation diagram for the formation of PLGA coacervate droplets. PLGA: PLGA(85:15)-54 116.
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preferentially precipitated around the emulsion
droplets containing the dye and were transformed
to red-colored spherical particles.

The phase separation region of the polymer
was found as shown in the triangular diagram in
Fig. 3 expressing the respective weight propor-
tions of PLGA(85:15)-54116, Triester oil and
dichloromethane. Phase separation occurs in the
left zone of the boundary curves in this diagram.
It was found that the region generating the coac-
ervate droplets obviously expanded with the pres-
ence of water in the system, indicating that the
aqueous droplets worked as a coacervation-induc-
ing agent of PLGA. Furthermore, no aggregation
of coacervate droplets was observed on pouring
of excess Triester oil and a stable dispersion of
PLGA coacervates could be obtained in the en-
tire region on the left side of the separation
curve. Span 80 and HGCR were assumed to work
as a protective colloid to prevent effectively the
coacervates from aggregation, as discussed later.

3.2. Submicronization of PLGA spherical particles

In order to explain clearly the coacervation-in-
ducing effect of water, the influence of the vol-
ume of water loaded in the system on the particle
size of PLGA nanospheres was investigated (Fig.
4A). The mean diameter of nanospheres was
almost the same independent of the volume of
water in the range of 0.1-5 ml. In contrast, the

6000 GE)

5000 |

4000

3000

2000

Mean diameter of
nanospheres (nm)

1000

0 ) . L L

0 1 2 3 4 5

Volume of water (ml)

absence of water or the presence of a very small
volume of water (0.03 ml, which was completely
miscible with 15 ml of dichloromethane) in the
system resulted in a significant increase in the
size of PLGA spheres. In these systems, a w/o0
emulsion was not formed. Therefore, phase sepa-
ration occurred randomly in the system and the
coacervates aggregated to form large droplets of
coacervate, leading to the formation of micro-
spheres. This result suggested that preferential
coacervation occurred around the aqueous
droplets, i.e., the interface between water and oil
rather than the water molecule dissolved.

On the other hand, the content of NA in the
nanospheres diminished with increase in the vol-
ume of water (Fig. 4B). The amount of coacer-
vate droplets of PLGA became insufficient to
entrap the larger volume of aqueous droplets,
which resulted in thinning of the coacervate film
and leakage of the aqueous solution of NA from
nanospheres. However, when NA was loaded as a
suspension in the organic phase (i.e., volume of
water =0 ml), the encapsulation efficiency was
inferior (drug recovery =8.7%) to that in the
presence of water, indicating that water was also
effective for improving the entrapment of NA in
nanospheres. Furthermore, water could poten-
tially prevent the labile peptide from denatura-
tion in direct contact with the organic solvents.

The addition of acetone in the organic solution
of PLGA led to an increase in the drug content

(B)

Drug content (%)

A I
0

1 2 3 4 5
Volume of water (ml)

Fig. 4. Effects of volume of water on the mean diameter (A) and drug content (B) of PLGA nanospheres. (O) With acetone (0.5
ml); (@) without acetone in the polymer solution. PLGA: PLGA(85:15)-54 116.
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Drug content (%)
Mean diameter of
nanospheres (nm)

0 1 1 —

de 1 0
0 1 2 3 4 5

Volume of acetone (m)

Fig. 5. Effects of volume of acetone on the drug content (O)
and mean diameter (®) of PLGA nanospheres. PLGA:
PLGA(85:15)-54116.

in nanospheres, since acetone enhanced the affin-
ity between aqueous and coacervate phases be-
cause of its amphiphilic nature (Fig. 4B and 5).

The excess volume of acetone caused the aggre-
gation of nanospheres due to insufficient emulsi-
fication of the aqueous droplets in the organic
phase. A 0.5 ml volume of acetone was selected
as optimal for preparing nanospheres. Conse-
quently, the recovery of drug entrapped in the
nanospheres was dramatically increased com-
pared with our previous preparation technique in
the aqueous system (drug content < 0.5%) (Niwa
et al., 1994).

Since the aqueous droplets played an impor-
tant role in the preparation of submicron-sized
spheres, it was assumed that the size of the
nanospheres would be dependent on the size of
aqueous droplets in the w/o emulsion, which
could be effectively controlled by changing the
concentration of Span 80 in dichloromethane.
When Span 80 was not used as an emulsifier in
the organic phase the w/o emulsion droplets

Table 1
Relationship between aqueous droplet size of w/o0 emulsion and resultant particle size of nanospheres
Surfactant Concentration Droplet size Particle size
(%) (pm) (um)
Span 80 0.00 1.38 5.36
033 0.84 0.91
1.00 0.66 0.80
2.00 0.62 0.76
HCO 10 1.00 2.12 7.65

Aqueous droplet size and particle size were measured by laser based time of transition analysis method. The concentration of
surfactant was represented by the weight of surfactant to the volume of dichloromethane (15 ml).

100 )

Recovery (%)

0d R N ) L .

0 1 2 3 4 5
Concentration of HGCR (%)

Mean diameter of
nanospheres (nm)

8
8

g

(B)

i L 1 1

1 2 3 4
Concentration of HGCR (%)

5

Fig. 6. Effects of HGCR concentration in Triester oil on the recoveries of nanospheres (A, ©O) and nafarelin acetate (A, ®), and the

mean diameter of nanospheres (B). PLGA: PLGA(85:15)-54 116.
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were unstable and became larger than 1 um in
size, leading to the formation of microspheres
(Table 1). HCO 10 was not as useful as Span 80
at reducing the particle size of the w/o0 emulsion
droplet. In the presence of Span 80, the sizes of
both aqueous droplets and resultant particles
were almost equal and submicron-sized particles
were successfully prepared. This finding indicated
that phase separation of PLGA was induced at
the interface between water and oil, and each
aqueous droplet was individually covered with
PLGA coacervate without aggregation. The opti-
mum concentration of Span 80 was determined to
be 2%, since at 2% or more of Span 80 the size
and recovery of nanospheres were minimized (=
520 nm) and maximized (= 92%), respectively.
Fig. 6 shows the effect of the concentration of
HGCR in Triester oil on the preparation of
nanospheres. In the absence of HGCR, the re-
covery of nanospheres was very low because par-
ticles larger than 37 um, which were removed
with a 400 mesh sieve, were preferentially pre-
pared. The addition of HGCR drastically im-
proved the recovery of nanospheres and de-
creased the mean diameter of nanospheres.
HGCR was assumed to work as a protective
colloid for the coacervation droplets during
preparation. The HGCR molecules adsorbed on
the surface of droplets might prevent the coales-
cence of droplets. The recovery of nanospheres

um

Fig. 7. Scanning electron microphotographs of PLGA(85:15)-54 116 nanospheres with nafarelin acetate.

was over 90% when the appropriate concentra-
tion of HGCR was chosen, whereas that of NA in
nanospheres was less than 50%. The decrease in
drug content in nanospheres was attributed to the
leakage of drug localized on the surface and in
the water channels in nanospheres during wash-
ing by water.

Fig. 7 shows scanning electron micropho-
tographs of typical nanospheres with NA pre-
pared by the present method. The photographs
revealed that nanospheres had a discrete spheri-
cal structure without aggregation and their size
distribution was very sharp, ranging from 400 to
800 nm, which is consistent with the values mea-
sured by the light scattering method. The surface
of nanospheres were found to be a rigid film
structure without any drug crystals.

3.3. Optimization of preparation conditions for
PLGA nanospheres

With increasing volumes of dichloromethane
dissolving a fixed weight of PLGA(85:15)-54116
(100 mg) the mean diameter of nanospheres de-
creased considerably as shown in Fig. 8. A higher
concentration of PLGA in dichloromethane might
increase the frequency of fusion of colliding par-
ticles due to the generation of more viscous coac-
ervates, resulting in the lower recovery of
nanospheres due to the production of larger

um
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Fig. 8. Effects of the concentration of the polymer solution on
the recovery (©) and mean diameter (®) of PLGA
nanospheres. 100 mg of PLGA(85:15)-54116 was dissolved in
a given volume of dichloromethane.

nanospheres. The drug content in nanospheres
remained almost constant (= 1.5%) independent
of the concentration of polymer solution.

The recovery of nanospheres was not influ-
enced by the pouring speed of non-solvent (Tries-
ter oil) into the w/0 emulsion system, however,
rapid addition caused the aggregation of coacer-
vate droplets, resulting in an increase in the di-
ameter of nanospheres (Fig. 9). This result indi-
cated that the pouring speed might not influence

100 3000
(L’—o——o—o\o
80 [
-~ [ .—E
& {2000 = E
o 60 L 2’.m
-3 20
=3
[ Eq;
§5 25
g2 [ 22
o c 11000 G 2
9 @ o5
cc 20 L =c
0 L L 0
0 10 20 30

Additioning time of Triester oil (min)

Fig. 9. Effects of pouring speed of Triester oil into w/o
emulsion system on the recovery (©) and mean diameter (@)
of PLGA nanospheres. PLGA: PLGA(85:15)-54116. 30 ml of
Triester oil was added to w/o emulsion system for a given
time.

« droplet size of w/o

coacervation

organic phase

O addition of evaporation of 0
Triester oil organic solvent ‘
00—00 — ®
wio coacer o d nanospheres
droplets

- protection against

emulsion was decreased aggregation by HGCR

by comixing of Span 80

Fig. 10. Preparation mechanism of PLGA nanospheres by the
emulsion-phase separation method in an oil system.

significantly the recovery and the size of the
nanospheres over the range of 1-6 ml /min.

4. Conclusion

To summarize, the procedure and mechanism
of preparation of PLGA nanospheres are illus-
trated in Fig. 10. The aqueous solution of the
drug was emulsified in the organic phase dis-
solved the polymer. The size of the aqueous
droplets was significantly decreased to the order
of submicron by comixing lipophilic surfactant,
i.e., Span 80. When Triester oil was poured into
this w/o0 emulsion system, phase separation was
induced at the interface between the aqueous
and oily phase, having a higher potential energy.
This phenomenon is consistent with the litera-
ture, in which the deposition of coating material
was aided by a reduction in the total interfacial
energy of the system (Deasy, 1984). As a result,
the aqueous droplets were completely covered
with the resultant coacervate droplets of PLGA.
Therefore, this technique was designated the
‘emulsion-phase separation method’ in an oil sys-
tem. The evaporation of the organic solvent from
the dispersing medium reduced the solubility of
PLGA and deposited it around the aqueous
droplets containing NA, forming the nanospheres
with the drug. HGCR effectively worked as a
protective colloid against aggregation of coacer-
vates, leading to the formation of discrete submi-
cron-sized particles.
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Because all aqueous droplets of the drug were
successfully entrapped in the coacervates, the
drug recovery in the particles was dramatically
improved compared with our previous prepara-
tion method of nanospheres in an aqueous system
(Niwa et al., 1994). The present technique is
extremely useful to encapsulate various water-
soluble polypeptide drugs in biodegradable PLGA
nanospheres. Furthermore, this method can avoid
the use of coacervation-inducing agents, e.g.,
polyisobutylene, usually employed in the phase
separation process for the preparation of micro-
capsules (Samejima et al., 1982; Lin, 1985).

The present nanospheres are possibly applica-
ble for pulmonary applications of peptide drugs
via an aqueous aerosolized form by nebulization,
since they can readily be separated from the oil
phase without coalescing during filtration and the
drying process and the resultant powdered
nanospheres can be easily redispersed in aqueous
solution. The diameter of mist nebulized was not
varied by suspending the nanospheres in the solu-
tion. The preliminary drug release test from the
PLGA nanospheres in vitro proved that the pre-
sent nanospheres had the property of the sus-
tained release of peptide. We are preparing an-
other paper to focus on the drug release behavior
of nanospheres.
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