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a b s t r a c t

Parameters affecting the particle sizes of poly(DL-lactide-co-glycolide) (PLGA) nanospheres produced
by the Emulsion Solvent Diffusion (ESD) method were evaluated in this study, so that suitable PLGA
nanospheres could be prepared to pass through a membrane filter with 0.2 �m pore size and used as a
sterile product. Experimental results demonstrated that the particle sizes of PLGA nanospheres could be
reduced by the following efforts.

(1) Increase stirring rate of poor solvent.
(2) Decrease feed rate of good solvent.
(3) Increase poor solvent ratio.
(4) Increase the temperature of poor solvent.
ressure filtration
terilization
article size

(5) Decrease polyvinyl alcohol concentration in poor solvent.
(6) Increase ethanol concentration in good solvent.
(7) Decrease PLGA concentration in good solvent.

After optimization, PLGA nanospheres with a mean particle size of 102–163 nm and the 100–98% of
filtration fraction could be produced and passed the bacteria challenge tests. This study found PLGA

ently
nanospheres can be effici

. Introduction

Nano-sized particles such as liposome (Ishida and Kiwada,
004), polymer micelle (Kataoka et al., 2001), emulsion (Igarashi
t al., 2001) and PLGA nanospheres (Kawashima et al., 1998;
urakami et al., 1999, 2000; Kawashima, 2006) have been widely

sed in drug delivery systems (DDS) to improve the drug absorp-
ion, reduce the side-effects by improving drug delivery efficiency
o affected area or tumor tissue, and sustain pharmacological
ffects.
PLGA, a biodegradable and biocompatible material, has been
linically used not only as surgical suture thread since long
ut also as substrate material for sustained-release microcap-
ule products, e.g. Leuplin® (Takeda Pharmaceutical Company

∗ Corresponding author at: Hosokawa Powder Technology Research Institute,
-9 Shoudai, Tajika, Hirakata-shi, Osaka 573-1132, Japan. Tel.: +81 72 855 2231;
ax: +81 72 855 2294.

E-mail address: hytsujimoto@hmc.hosokawa.com (H. Tsujimoto).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.11.019
prepared as a sterile product.
© 2008 Elsevier B.V. All rights reserved.

Ltd., Japan) (Toguchi et al., 1991; Okada et al., 1994; Kawamura,
2006).

Various methods have been proposed for making PLGA
nanospheres (Fessi et al., 1989; Bodmeier and Cohen, 1990;
Allémann et al., 1992). One of the promising techniques is the
Emulsion Solvent Diffusion (ESD) method (Kawashima et al., 1998;
Murakami et al., 1999, 2000; Kawashima, 2006) developed by
Kawashima et al. With this method, nano-sized emulsion droplets
are formed by self-emulsification generated at the time when
water-miscible organic solvent with dissolved PLGA is added into
water, which is a poor solvent for PLGA. Consequently, PLGA in the
droplets precipitates as both solvents continue to counter diffuse;
and, the drug encapsulated PLGA nanospheres can be easily pre-
pared under moderate mechanical mixing with a stir at a speed
below 1000 rpm if the organic solvent also contains drug. Therefore,

the ESD method is more suitable for encapsulating polymer or heat-
sensitive drugs like nucleic acid drug than other nano-precipitation
methods, such as emulsification–diffusion method (Fessi et al.,
1989) applying water-immiscible organic solvent and salting-out
method (Allémann et al., 1992) using considerable amount of salt,

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:hytsujimoto@hmc.hosokawa.com
dx.doi.org/10.1016/j.ijpharm.2008.11.019
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Fig. 1. Apparatus for preparing of PLGA nanospheres with ESD method: (a) sepa-
rable cylindrical glass vessel (500 mL); (b) motor; (c) propeller agitator; (d) water
bath; (e) thermo-regulator; (f) tubing pump; (g) feeding tube, and the experimental
conditions. Experimental conditions (the basic condition is shown in parenthe-
ses): stirring rate, 10–1000 rpm (400); feed rate of good solvent into poor solvent,
Y. Tsukada et al. / International Jour

hich require high-speed mechanical stirring for emulsification. In
ddition, the ESD method is much easier to scale up and can encap-
ulate low molecular weight drugs as well as peptides and nucleic
cid drugs in the PLGA nanospheres as reported in the literatures
Tsujimoto et al., 2004, 2005; Yamamoto et al., 2004; Tsukada et al.,
006). We have succeeded in encapsulating not only low molecular
eight drugs but also peptides and nucleic acid drugs in the PLGA
anospheres by the ESD method and reported their usefulness in
he DDS applications (Tsujimoto et al., 2004, 2005; Yamamoto et
l., 2004; Tsukada et al., 2006).

Sterilization procedures were investigated, since it is required to
ualify PLGA nanospheres as a sterile pharmaceutical product for
linical trials. Heat sterilization is not suitable for PLGA, because of
ts low glass transition temperature (about 45 ◦C). Other unheated
terilization methods including electron irradiation and the pres-
ure filtration by using a membrane filter with 0.2 �m pore size
ould be considered. However, both drugs and PLGA can decompose
ith the former method and it results in the change of product’s
roperties, such as the release rate of a drug from PLGA capsule
Toguchi et al., 1991; Kawamura, 2006). Also, it is not easy to iden-
ify all components generated by the decomposition and evaluate
heir toxicity. Therefore, the latter method is better for sterilization
f PLGA nanospheres.

This study initially evaluated the pressure filtration performance
f PLGA nanospheres with a mean particle diameter of 200–300 nm
repared by the standard conditions of ESD method as stated in
he previous reports (Tsujimoto et al., 2004, 2005; Yamamoto et
l., 2004; Tsukada et al., 2006). However, only less than 10% of the
anospheres could pass through the membrane filter, which was
ot suitable for the practical use as a sterile product.

To establish the preparation conditions for making PLGA
anospheres proper for filter sterilization, this study evaluated
he effects of following parameters on the particle sizes of PLGA
anospheres: (1) stirring rate of poor solvent, (2) feed rate of good
olvent, (3) poor solvent ratio to the whole solvent, (4) tempera-
ure of poor solvent, (5) polyvinyl alcohol concentration in poor
olvent, (6) ethanol concentration in good solvent, and (7) PLGA
oncentration in good solvent.

The filtration fraction of PLGA nanospheres prepared by the opti-
um operating conditions obtained in this study was determined,

nd its sterilization performance was validated by the bacteria
hallenge test. Furthermore, the primary particle size of PLGA
anospheres dispersed in water was also evaluated with transmis-
ion electron microscope (TEM).

. Materials and methods

.1. Materials

PLGA (wt. average molecular weight: 20,000, co-polymer ratio
f dl-lactide to glycolide: 75/25, PLGA-7520, Wako Pure Chemical
ndustries Ltd., Japan) was used as the substrate of the nanospheres.
olyvinyl alcohol (PVA) (EG-05, Nippon Synthetic Chemical Indus-
ry Co., Ltd., Japan) was used as the dispersant for the production
f PLGA nanospheres. High reagent grade acetone, acetonitrile,
ethanol and ethanol were used as good solvents for PLGA; and,

apanese Pharmacopoeia grade purified water was used as the poor
olvent.

.2. Preparation of PLGA nanospheres by ESD method
Fig. 1 showed the apparatus of a production system for preparing
LGA nanospheres and experimental conditions. The preparation
rocedures of nanospheres under basic condition are as follows.

80 mL of 1 wt% PVA aqueous solution (a poor solvent for PLGA)
as put into a 500 mL cylindrical glass vessel, as shown in Fig. 1.
2–360 mL/min (20); the ratio of poor solvent to whole, 40–73 vol% (43); tempera-
ture of poor solvent, 5–40 ◦C (40); PVA concentration in poor solvent, 1–10 wt% (1);
ethanol concentration in good solvent, 0–38 vol% (33); PLGA concentration in good
solvent, 6.7–133 mg/mL (33)

60 mL of 33 vol% ethanol/acetone solution containing 2 g of PLGA
was dropped into the poor solvent stirred at 400 rpm and 40 ◦C at
a rate of 20 mL/min. After the operation, a white suspension con-
taining dispersed PLGA nanospheres were obtained as described
in the literatures (Kawashima et al., 1998; Murakami et al., 1999,
2000; Kawashima, 2006). The organic solvents were then removed
by vacuum evaporation at −60 kPa, 40 ◦C with a stirring rate of
200 rpm.

The operating parameters were varied as follows to evaluate
their effects on the particle size of PLGA nanospheres.

(1) Stirring rate is from 10 to 1000 rpm,
(2) feed rate of good solvent is from 2 to 360 mL/min,
(3) poor solvent ratio to the whole solvent is from 40 to 73 vol% at

60 mL of good solvent,
(4) temperature of poor solvent is from 5 to 40 ◦C,
(5) PVA concentration in poor solvent is from 1 to 10 wt%,
(6) ethanol concentration in good solvent is from 0 to 38 vol% of

ethanol/acetone at 60 mL of acetone, and
(7) PLGA concentration in good solvent is from 6.7 to 133 mg/mL.

2.3. Physical evaluations of PLGA nanospheres

Mass equivalent mean particle diameter of PLGA nanospheres
was measured by the dynamic light scattering method using
MICROTRAC UPA-150 from Nikkiso Co. Ltd., Japan. Information
required for particle size measurements, such as relative density
of PLGA nanospheres, refractive index of PLGA nanospheres, refrac-
tive index of solvent under the measuring conditions, and viscosity
of nanospheres suspension, were obtained by using gas displace-
ment method with UltrapycnometerTM1000 from Quantachrome
Instruments USA, Beche line detection method with ECRIPSE80iTM

from Nikon Japan, V block method with Refractometer PR-2 from
Carl Zeiss Jena Germany, and cone plate type viscometer LVDV-II
Pro CP from Brookfield Engineering Laboratory USA, respectively.

The PLGA nanospheres used for the measurements of the rel-
ative density and refractive index were prepared by the following

procedure.

PLGA nanospheres suspension prepared as mentioned before
was centrifuged at 48,000 × g and −20 ◦C for 20 min with CR-20G
(Hitachi High-Technologies, Japan) to cause sedimentation of the
nanospheres. After removing the supernatant, purified water was
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to coalesce and formed large PLGA nanospheres.
Fig. 4 showed that particle diameter decreased as the ratio of

poor solvent increased. It was because the increase in poor solvent
ratio would reduce the droplet concentration in the poor solvent,
98 Y. Tsukada et al. / International Jour

dded to mix with the sediment. The wet PLGA nanospheres were
hen freeze dried.

The viscosity of poor solvent was measured by the same vis-
ometer as mentioned above.

The morphology of PLGA nanospheres to be used for pressure fil-
ration evaluation was observed by TEM JEM-2010 from JEOL Japan.
ranium acetate was used as the staining agent in the TEM observa-

ion. Number equivalent mean particle diameter of the nanospheres
as determined from a cumulative distribution curve consisting
00 circle equivalent diameters of particles obtained by TEM image
nalysis with Scion Image Beta 4.0.3, Scion Corp. USA. The particle
iameter is also known as Heywood diameter and described as TEM
bservation diameter in this study.

The pressure filtration property of the nanospheres was eval-
ated by the following procedures. 50 mL of a diluted suspension
ontaining 0.25 wt% PLGA nanospheres was put in a filtration equip-
ent consisting a stainless-steel cylindrical barrel (42 mm ID by

60 mm long) with a 0.2 �m polyethersulfone membrane filter
˚47 mm, Sartopore 2®, Sartorius Stedim Japan) at its bottom. The
uspension was filtrated by pressurizing the internal of the equip-
ent to 0.15 MPa with nitrogen gas. The filtration fraction of PLGA

anospheres was calculated by comparing PLGA concentrations in
he suspension before and after the filtration operation. The PLGA
oncentration in the suspension was measured by the following
rocedure.

1) Take the weight of a 30 mL glass bottle and then put 10 mL of
the suspension in the bottle to measure the weight (Wsus) of the
suspension.

2) After freeze drying the suspension, 30 mL of acetone was added
to dissolve the dry PLGA in the bottle. The solution was then
filtered through a 0.2 �m PTFE membrane filter (ADVANTEC,
Japan) and collected in another pre-weighted 30 mL glass bottle
(Wg1). Furthermore, additional 10 mL of acetone was used to
wash through the membrane filter and collected, so that the
PLGA could be recovered as much as possible.

3) After the collected solution being dried at 80 ◦C, the weight
(Wg2) of the glass bottle was measured.

4) The PLGA concentration in the suspension was calculated with
the equation below.

LGA concentration (wt%) = (Wg2 − Wg1)
Wsus

× 100

The sterilization performance of the membrane filter under
he filtration condition was evaluated by the bacteria challenge
est based on FDA Aseptic Processing Guideline. Brevundimonas
iminuta was used as a common biological indicator. Because PLGA
anospheres suspension had no antibacterial activities, the indica-
ors were directly added during the tests. By closing the valve-inlet
f the filtration equipment to stop the flow of the suspension,
he contact time of the suspension with the membrane filter was
djusted to exact 300 min. The integrity of the membrane filter
efore and after the test was examined using the bubble point test
Sartocheck®, Sartorius Stedim Japan).

. Results and discussion

.1. Effects of operating parameters on the particle size of PLGA
anospheres
.1.1. Relationship between the dispersion of emulsion droplets
nd the particle size of PLGA nanospheres

The dispersion of emulsion droplets appeared affecting the
article size of PLGA nanospheres. Fig. 2 showed the relation-
hip between the stirring rate and mean particle diameter of
Fig. 2. Relationship between mean particle size of PLGA nanospheres and stirring
rate. Data were shown as a mean ± S.D. (n = 3).

PLGA nanospheres. The mean particle diameter decreased with
an increase in stirring rate. Because the emulsion droplets gener-
ated by ESD method were more likely to coalesce comparing to
other droplets whose surfaces were stabilized by surfactants and
counter diffusion of both solvents completed before the droplets
sufficiently dispersed in the poor solvent, the increase in stirring
rate could improve the droplet dispersion, prevent droplet coa-
lescence and resulted in a smaller apparent particle size of PLGA
nanospheres.

The dispersion condition of the droplets changed as well accord-
ing to its concentration in the poor solvent. Therefore, we evaluated
the effects of feed rate of good solvent and poor solvent ratio,
which controlling the droplets concentration in poor solvent, on
the particle size of nanospheres. Fig. 3 showed the changes of the
particle size of nanospheres against feed rate; and, Fig. 4 showed
that against poor solvent ratio. As seen in Fig. 3, the mean particle
diameter showed a minimum at 20 mL/min of feed rate and a maxi-
mum at 2 mL/min. The mean particle diameter increased with feed
rate quickly when over 20 mL/min due to high-droplet concentra-
tions. However, at the feed rate of 2 mL/min, some amount of PLGA
deposit was observed at the vent of feeding tube and inner surface
of the experimental vessel after feeding the good solvent. This phe-
nomenon did not happen when setting the vent above the level of
PVA solution in the vessel. It was believed that the PLGA deposit
was formed before good solvent completely left the vent of feeding
tube at very low feed rate. As a result, the emulsion droplets tended
Fig. 3. Relationship between mean particle size of PLGA nanospheres and feed rate
of good solvent. Data were shown as a mean ± S.D. (n = 3).
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ig. 4. Relationship between mean particle size of PLGA nanospheres and the ratio
f poor solvent to whole. Data were shown as a mean ± S.D. (n = 3).

hich prevented droplets from coalescence, and resulted in smaller
izes of PLGA nanospheres.

.1.2. Relationship between the viscosity of poor solvent and the
article size of PLGA nanospheres

Not only the dispersion condition of the droplets but also the
recipitation rate of PLGA can affect the coalescence of the emulsion
roplets. The precipitation rate is determined by the counter diffu-
ion rate of the solvents and the solubility of PLGA in good solvent.
onsequently, we paid attention to the viscosity of poor solvent,
hich influenced the counter diffusion rate and could be controlled

y the temperature of poor solvent or its PVA concentration.
Figs. 5 and 6 showed the effects of poor solvent temperature and

VA concentration in poor solvent on the mean particle diameter of
LGA nanospheres and the viscosity of poor solvent, respectively.
oth the viscosity of poor solvent and the mean particle diameter
f PLGA nanospheres decreased with an increase in poor solvent
emperature and decrease in PVA concentration. The precipitation
ate of PLGA in droplets increased because the decrease in the poor
olvent viscosity facilitated the counter diffusion rate of solvents.
nd, it prevented emulsion droplets from coalescence and in turn

esulted in smaller PLGA nanospheres. Using PVA as emulsifying
gent with high-speed mechanical stirring as previously reported
Konan et al., 2002), an increase in PVA concentration decreases the
article size of PLGA nanospheres. However, with the ESD method,
he particle size is easily influenced by the viscosity of the sol-

ig. 5. The effect of poor solvent temperature on mean particle size of PLGA
anospheres and the viscosity of poor solvent. Data were shown as a mean ± S.D.
n = 3).
Fig. 6. The effect of PVA concentration in poor solvent on mean particle size of PLGA
nanospheres and the viscosity of poor solvent. Data were shown as a mean ± S.D.
(n = 3).

vent or PLGA concentration rather than PVA concentration. As a
matter of fact, sub-200 nm PLGA particle can be prepared without
any PVA, although its re-dispersibilty after freeze-dried is slightly
degraded.

3.1.3. Relationship between the solubility of PLGA in good solvent
and the particle size of nanospheres

Next, the influence of the solubility of PLGA in good solvent was
evaluated as another parameter for controlling the precipitation
rate of PLGA in emulsion droplets and the particle size of PLGA
nanospheres.

Fig. 7 showed the change of particle size of PLGA nanospheres
against ethanol concentration in the good solvent. The mean
particle diameter of PLGA nanospheres decreased as ethanol con-
centration increases. This was because the increase in ethanol
concentration would reduce the solubility of PLGA in the good sol-
vent and improve the precipitation rate of PLGA in the droplets.
It in turn prevented the droplets from coalescence and produced
smaller PLGA nanospheres.

3.1.4. Relationship between PLGA concentration in good solvent,

the particle size of nanospheres, and dispersion condition of PLGA
nanospheres in water

The preceding paragraphs discussed the relationship between
the operating parameters of ESD method and the particle size
of generated PLGA nanospheres from the view point of the coa-

Fig. 7. Relationship between mean particle size of PLGA nanospheres and the
ethanol concentration in good solvent. Data were shown as a mean ± S.D. (n = 3).
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light scattering method was over 300 nm, its pressure filtration frac-
tion was 98% through the polyethersulfone membrane filter with a
pore size of 0.2 �m. The TEM observation diameter appeared more
relevant to the test result of pressure filtration.
ig. 8. TEM observation diameter and pressure filtration fraction as a function of
iameter was (a) 102 nm, (b) 131 nm, (c) 163 nm, (d) 182 nm, and (e) 229 nm respec
nd (e) 133 mg/mL, respectively under the optimum operating conditions (i.e. stirr
emperature of poor solvent: 40 ◦C, PVA concentration in poor solvent: 1 wt%, and e

escence of emulsion droplets. In Fig. 8, this study evaluated the
ffect of PLGA concentration in good solvent on the particle size of
LGA nanospheres under the optimum operating conditions (i.e.
tirring rate: 1000 rpm, feed rate of good solvent: 20 mL/min, poor
olvent ratio: 73 vol%, the temperature of poor solvent: 40 ◦C, PVA
oncentration in poor solvent: 1 wt%, and ethanol concentration
n good solvent: 38 vol%). As seen, the mean particle size of PLGA
anospheres decreased dramatically as PLGA concentration in the
ood solvent reduced from (e) to (a) under the optimum operating
onditions. Although the decrease of PLGA concentration caused
ower precipitation rate in the droplets and more droplet coales-
ence as mentioned above, the droplets were more constricted and
ed to the formation of smaller PLGA nanospheres overall. This was
ecause PLGA molecule precipitated in the emulsion droplet had a
ertain constant density at very low PLGA concentration.

The TEM photographs of the nanospheres in Fig. 8 were also
sed to determine the TEM observation diameter. The photo-
raph showed that several nanospheres smaller than 100 nm were
gglomerated together. It was believed that PLGA nanospheres pre-
ared by ESD method always had some degree of agglomeration in
ater. This agglomeration phenomena as a function of ESD operat-

ng parameters will further be investigated by TEM method in the
uture.

.2. Pressure filtration property of PLGA nanospheres and
acteria challenge tests of filtered PLGA nanospheres

The filtration fraction of PLGA nanospheres could be calculated
y comparing PLGA concentrations in the suspension before and
fter the filtration operation. Using the technique to measure the
LGA concentration in the suspension as mentioned earlier, the
ltration fraction of PLGA nanospheres with a mean particle diam-

ter of 102–163 nm was determined to be 100–98%, which were
ar more than the one (less than 10%) prepared by standard oper-
ting conditions as reported in the past (Tsujimoto et al., 2004,
005; Yamamoto et al., 2004; Tsukada et al., 2006). The decrease in
he particle size from 200–300 nm to 102–163 nm did significantly
scattering diameter of PLGA nanospheres and their TEM images. Light scattering
PLGA concentration was (a) 6.7 mg/mL, (b) 17 mg/mL, (c) 33 mg/mL, (d) 67 mg/mL,
e: 1000 rpm, feed rate of good solvent: 20 mL/min, poor solvent ratio: 73 vol%, the
l concentration in good solvent: 38 vol%).

increase the amount of PLGA nanospheres passing through the
membrane filter and resulted in a very high-filtration fraction. Fig. 9
showed the particle size distributions of the PLGA nanospheres pre-
pared with 33 mg/mL of PLGA concentration in good solvent under
optimum operating conditions. Its mean particle diameter was
163 nm as measured by dynamic light scattering method, which
was about 2.9 times larger than the TEM observation diameter (i.e.
56 nm). Although the maximum particle size measured by dynamic
Fig. 9. Particle size distributions of PLGA nanospheres prepared with 33 mg/mL of
PLGA concentration in good solvent under optimum operating conditions.
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As to the bacteria challenge tests, no biological indicator was
ound in the incubated culture medium after applying the filtrate
or all samples prepared in Fig. 8. The test was validated by the fol-
owing procedures: (1) the membrane filter before and after use
assed a bubble point test; (2) no bacteria existed in the filtrate
btained by a control test using sterile RO water; and (3) the bio-
ogical indicator formed many colony of itself after being cultured
or 24 h if the culture solution containing the biological indicator
as filtrated using a membrane filter with 0.45 �m pore size. The

est results found it is possible to obtain sterile PLGA nanospheres
uspension efficiently by pressure filtration.

. Conclusion

By adjusting the operating parameters of ESD method, this study
emonstrated that PLGA nanospheres could be prepared to pass
hrough a membrane filter used for sterilization.

Optimum operating conditions obtained in this study could
roduce PLGA nanospheres with a mean particle diameter of
02–163 nm. Although the produced PLGA nanospheres had some
egree of agglomeration under TEM observation, their filtration
raction was 100–98% and they could also pass the bacteria
hallenge test. These results demonstrated that sterile PLGA
anospheres could be efficiently produced with proper ESD prepa-
ation conditions.
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