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a b s t r a c t

A novel method has been developed to protect protein drugs in poly (lactic-co-glycolic acid)

(PLGA) microspheres using S/O/O/W multi-emulsion method. This method develops a novel

protein drug sustained-release system, which is based on the combination of protein-loaded

dextran glassy microparticles (protein-loaded AqueSpheres) and PLGA microspheres. The

protein molecules are encapsulated in the dextran glassy particles and the drug-containing

dextran glassy particles are further dispersed in the PLGA microspheres. The protein-loaded

AqueSpheres based PLGA composite microspheres have spherical shape and a smooth

surface. They possess a normal size distribution and a mean diameter of 67.08 �m. The

method may decrease protein aggregations and incomplete release due to avoiding protein

contacting with oil/water interfaces and hydrophobic PLGA. The dextran glassy particles
PLGA microspheres

Freezing-induced phase separation

S/O/O/W multi-emulsion

can stabilize proteins in the PLGA matrix, which is the major advantage of this novel pro-

tein sustained-release system over preparation for the PLGA microspheres using W/O/W

double-emulsion method.

and Park, 1999; Kwon et al., 2001). We suggest a novel method
1. Introduction

Protein pharmaceuticals sustained-release formulation has
been being developing since 1976 (Langer and Folkman, 1976),
Because of their physical and chemical instabilities (Wang,
1999), protein drugs need to be administrated through injec-
tion for a long time and other routes are ineffective (for
example oral delivery of low bioactivity (Wang, 1999), nanopar-
ticles for lung protein delivery (Grenha et al., 2005), intranasal
delivery of protein (Cheng et al., 2005) and other delivery
(Jensen et al., 2002; Reis et al., 2007)). Presently, sustained-
release microsphere is one of most popular dosages. Among
all the methods for preparing microspheres, emulsion method
is the most commonly used one, for example water-in-oil

(W/O) (Jorgensen et al., 2006), water-in-oil-in-water (W/O/W)
(Castellanos et al., 2002; Coombes et al., 1998; Freitas et al.,
2005; Kim and Bae, 2004; Takada et al., 2003), water-in-oil-in-
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oil (W/O/O) (Lu and Park, 1995) and O/W (Park et al., 1998).
There are water/oil interfaces existing while preparing micro-
spheres by these methods which lead to protein aggregation
and inactivation (Van de Weert et al., 2000). Though solid-in-
oil-in-water (S/O/W) (Morita et al., 2000) may decrease protein
aggregates, some proteins still have aggregates due to protein
in surfaces of microspheres contact with water/oil interfaces.
Solid-in-oil-in-oil (S/O/O) can almost protect proteins from
forming aggregates, but burst release is severe and residue
of oil phase (Carrasquillo et al., 2001) may lead to immunity
problem (Wang and Wu, 1998). Preparation of microspheres
or microparticles using these methods exist still initial burst
and the incomplete release of the encapsulated protein (Kim
of multi-emulsion preparing microsphere solid-in-oil phase
1-in-oil phase 2-in-water (S/O1/O2/W), in which solid phase is
protein-loaded microparticles which their size is about 1–5 �m
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Average particle size and its distribution were detected using
e u r o p e a n j o u r n a l o f p h a r m a c e u

y low temperature induced phase separation (Yuan et al.,
007); O1 is oil phase of PLGA dichloromethane solution and

2 is a hydrophilic oil phase (hO) and can dissolve in water, so
he oil phase is easily removed; W is aqueous phase containing
% (W/W) sodium chloride aqueous solution.

. Materials and methods

.1. Materials

oly (lactic-co-glycolic acid) (PLGA) 3A dl (lactide:glycolide =
0:50, MW 47,000) (PLGA 3A), 2A dl (lactide:glycolide = 50:50,
W 13,000) (PLGA 2A), 1A dl (lactide:glycolide = 50:50, MW

500) (PLGA 1A), was obtained from Lakeshore Biopoly-
ers Inc. (Cincinnati, OH). Polyethylene glycol (MW = 8000)

PEG), sodium dihydrogen phosphate, sodium chloride, and
rehalose were purchased from Chinese medicine Group
hemical reagent corporation (AR). Polyvinyl alcohol (PVA)

MW 13,000–23,000), dextran (MW = 64,000–70,000), and horse
yoglobin (MGB) were obtained form Sigma. Bovine serum

lbumin (BSA) was purchased from Siji Company. �-Lactose
as supplied by Shanghai hangxin chemical reagent company.
icro-BCA protein kit was purchased from Pierce Company.

.2. Preparation of protein-loaded dextran
icroparticles and PLGA microspheres

rotein-loaded dextran microparticles (AqueSpheres) were
repared using freezing-induced phase separation (Yuan et
l., 2007). In brief, a co-solution containing protein (0.2%,
/w), dextran (1%, w/w) and PEG (8%, w/w) was prepared,

rozen at −20 ◦C overnight, and lyophilized to powder under
.25 × 10−3 Pa for 24 h using a laboratory freeze-dryer (Christ
LPHA 1-2, Germany). During the freezing process, dextran
eparated out to form a temperature-stabilized dispersed
hase in which the protein partitioned preferentially. The

yophilized powders were re-suspended in dichloromethane
o dissolve the PEG continuous phase, followed by centrifuga-
ion at 12,000 rpm for 5 min on a micro-centrifuge (Eppendorf
415D, Germany) to remove the dissolved PEG. This washing
rocedure was repeated three times, the pellets were evapo-
ated under 1.33 Pa for 24 h using vacuum dryer (Fuma DZF-3,
hanghai Fuma Co. Ltd., China).

A sample of 10 mg protein-loaded dextran microparticles
as suspended in 0.9 g of 10% PLGA solution dissolved in
ichloromethane (forming oil phase 1). After vigorous stir-
ing for 1 min, the suspension was emulsified into 5.5 ml
ydrophilic oil phase 2 containing 72.7% (w/w) glycerol, 18.2%

w/w) 1,2-propylene glycol, 9.1% (w/w) water (containing 1%
w/w) PVA and 5% (w/w) sodium chloride) under stirring
using a Fluko FA25 homogenizer at 2000 rpm) for 30 s to
orm PLGA microspheres 40–100 �m in diameter. This emul-
ion was immediately transferred into 1000 ml cold water
0–5 ◦C) containing 5% (w/w) sodium chloride to harden the
LGA microspheres. The PLGA microspheres were ageing in

he water at gentle stirring (100 rpm) using an electromotive
tirrer (Xinhang JJ-1, Jintan Xinhang Co. Ltd., China) to extract
he organic solvent for 3 h, then the system was warmed
p to room temperature. The hardened microspheres were
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rinsed with pure water for three times and then subjected to
lyophilization again prior to storage.

As control, BSA and MGB were loaded into PLGA micro-
spheres using conventional water-in-oil-in-water (W/O/W)
process. The 0.1 ml protein solution containing different pro-
teins including 5 mg BSA and 1 mg GMB was added into 0.9 ml
of 10% (w/w) PLGA solution dissolved in dichloromethane
under vigorous stirring (using a Fluko FA25 homogenizer at
2000 rpm) to form a water-in-oil (W/O) primary emulsion.
Then, this W/O emulsion was added in 4 ml of an aque-
ous solution containing 1% (w/w) polyvinyl alcohol (PVA)
and 5% (w/w) sodium chloride (NaCl) under the same stir-
ring condition as above. At last, the double-emulsion sample
was transferred in 1000 ml (0–5 ◦C) 5% (w/w) sodium chlo-
ride solution and aged at gentle stirring (100 rpm) using
an electromotive stirrer (Xinhang JJ-1, Jintan Xinhang Co.
Ltd., China) to extract the organic solvent for 3 h to harden
the microspheres and the harden microspheres were then
rinsed using distilled water, followed by lyophilization prior to
storage.

2.3. Scanning electron microscopy

The surface morphology of protein-loaded dextran micropar-
ticles and PLGA microspheres was determined using a
scanning electron microscope (FEI SIRION 200 SEM, Ameri-
can). Samples were sputtered with gold and scanned at an
accelerated voltage of 15 kV.

2.4. Protein content assay

To assay content of protein encapsulated within PLGA micro-
spheres, the accurately weighed 20 mg of dry microsphere
sample was re-dissolved in 5 ml of dichloromethane, fol-
lowed at 12,000 rpm for 5 min to remove PLGA soluble in
the solvent and to recover the solid parts. This dissolving-
centrifugation process was repeated for three times, and
the microparticles were collected after evaporation of sol-
vent residues at a vacuum of 1.33 Pa for 24 h to remove
the solvent residues. Protein-loaded dextran particles recov-
ered as above were then dissolved in appropriate volume
of phosphate buffer solution (PBS, 0.45 mol/l, pH 7.4) and
Protein content was detected with a Micro-BCA kit method.
The amount of protein recovered from each formulation was
divided by the amount added in the formulation to give
encapsulation efficiency. Loading was calculated using the
following equation: loading (%) = P/M × 100, where P is the
actual total weight of protein encapsulated into PLGA micro-
spheres and M is the actual total weight of harvested PLGA
microspheres.

2.5. Microsphere size distribution
a Particle Size & Shape Analyzer (CIS-100, Ankersmid). The
accurately weighed 10 mg of dry microsphere sample was sus-
pended in the quartz full of isopropyl alcohol with stirring
magnet bar.
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Table 1 – Effect of different MW and their mixture of
PLGA 50/50 on encapsulation efficiency (BSA-loaded
AqueSpheres based PLGA microspheres, n = 3).

Formulation Loading (%) Encapsulation efficiency (%)

A 2.49 ± 0.14 54.78 ± 3.08
B 2.10 ± 0.15 46.26 ± 3.30
C 2.42 ± 0.13 53.24 ± 2.86
D 2.91 ± 0.15 64.02 ± 3.34
E 1.75 ± 0.13 38.50 ± 2.86

Fig. 1 – SEM images of BSA-loaded AqueSpheres based

scope (SEM) images. Fig. 1 showed the SEM image of whole
AqueSphere-loaded PLGA microspheres (A) and that of frac-
tured PLGA microspheres (B). The microsphere surfaces are
smooth and the trace of AqueSpheres in the matrix of PLGA
A: PLGA (3A); B: PLGA (3A): PLGA (2A): PLGA (1A) = 60:20:20 (w/w/w);
C: PLGA (3A): PLGA (2A): PLGA (1A) = 60:30:10 (w/w/w); D: PLGA (3A):
PLGA (2A): = 60:40 (w/w); E: PLGA (2A).

2.6. Size exclusion chromatography

Size exclusion chromatography (SEC) was performed on a
TSK G2000 Sk-XL1 column a Younglin HPLC system (Younglin,
Korea). Initial studies with an isotonic phosphate buffer
(25 mM sodium phosphate, 100 mM NaCl, pH 7.4) used as
the running buffer provided very little elution of the pro-
tein, suggesting nonspecific protein adsorption to the column.
All samples were detected with 25 mM sodium phosphate
1.0 M NaCl, pH 7.25 as the running buffer to minimize pro-
tein adsorption. The sample was loaded onto the column. The
protein was then eluted at a flow rate of 1.0 ml/min. Protein
elution was monitored by absorbance at 214 nm.

2.7. In vitro release

To examine protein release kinetics, 20 mg of AqueSphere-
loaded PLGA microspheres were suspended in 1 ml PBS buffer
(20 mM sodium phosphate and 0.15 M sodium chloride, pH
7.4). The samples were placed in an incubator (Shanghai Fun
Wa KYC 100C) and shook at 110 rpm and 37 ◦C. The release
medium was replaced by same amount of fresh buffer each
day and protein concentration was assayed using Micro-BCA
or SEC-HPLC method.

3. Results and discussions

3.1. Protein encapsulation efficiency

For both BSA and MGB, the protein encapsulation efficiency
was measured by Micro-BCA kit or SEC-HPLC method. The
efficiency for the first step, loading the proteins into dextran
particles (AqueSpheres) was above 95% (w/w) (Yuan et al.,
2009), and that for sequential two steps, then into protein PLGA
microsphere was above 38–64% of the targeted encapsulation
efficiency (Table 1).

3.2. Morphology of AqueSphere-loaded PLGA
microspheres

AqueSpheres dispersed in the PLGA matrix were visible dur-

ing the ageing process of microsphere formation. As shown in
Fig. 1, AqueSpheres (loaded BSA) are well distributed inside of
the matrix of PLGA microspheres, 40–100 �m in diameter. The
size distribution of AqueSpheres-loaded PLGA microspheres
PLGA 3A microspheres. (A) Surface morphology and (B)
sector of MS.

was examined using a Particle Size & Shape Analyzer (CIS-
100, Ankers mid). Fig. 2 showed that the sizes of microspheres
are 40–100 �m, mean size is 67.08 �m. This morphological
image is consisting with that of scanning electron micro-
Fig. 2 – Distributions of protein-loaded AqueSpheres based
PLGA microspheres. Sample: Fig. 1.
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Fig. 3 – Optical microscopy and SEM images of BSA-loaded AqueSpheres. (A) Optical microscopy images of AqueSpheres
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A here

m
l
g
t
c
i
i
S
(
a

3

A
i
p
S
m
c
e
o
p
w
r
B
t
o

efore formulation; (B) optical microscopy images of AqueSp
queSpheres before formulation; (D) SEM images of AqueSp

icrospheres was comparable to the size of particles prior to
oading into the microspheres (Fig. 1A and B). This result sug-
ests that AqueSpheres were not substantially swollen during
he microencapsulation process described above. In order to
onfirm whether the morphology of AqueSpheres emended
n PLGA matrix changed, the AqueSpheres before embedded
nto and from the PLGA microspheres were taken photo by
EM and optical microscopy. The SEM and microscopy images

Fig. 3) showed that the morphology and sizes of AqueSpheres
lmost changed.

.3. Aggregates study of formulations

ggregates formed by protein aggregation are well used
ndications for protein integrity during microencapsulation
rocess (Cleland and Jones, 1996). Figs. 4 and 5 showed the
EC-HPLC results for aggregation of myoglobin after each
icroencapsulation step. Fig. 4A and B are the SEC-HPLC

harts of original MGB solution, and MGB and BSA recov-
red from PLGA microspheres. The fractions of dimers and
ligomers did not increase during the microencapsulation
rocess as compared with the original sample. Similarly, there
as no significant change in the contents of dimers for BSA
ecovered from PLGA microspheres as compared with original
SA sample (Fig. 4C and D). These results strongly suggest that
he formulation process demonstrated in the present study
ffered a useful solution to microencapsulate proteins with-
s recovered from microspheres; (C) SEM images of
s recovered from microspheres. Sample: Fig. 1.

out aggregation. As control, we detected aggregates of BSA and
MGB from microspheres using multi-emulsion W/O/W. The
result showed aggregates of proteins were much more than
the present method in the paper. This is possible because oil-
aqueous interfaces of multi-emulsion W/O/W exist more than
S/O/O/W.

3.4. In vitro release profiles of proteins

Polysaccharides can be excellent protein stabilizers against
temperature and moisture-induced protein denaturation. As
their glassy state maintains, moisture residues even help
to preserve original conformation of proteins (Breen et al.,
2001; Jin et al., 2008). In the period of sustained release,
the fine dextran glassy particles dispersed in the matrix
of polymer devices may absorb water and become fully
hydrated. However, unlike small molecular stabilizers, dis-
solved polysaccharides remain inside of the matrix of the
polymer used for controlled release and slowly released in sev-
eral weeks (Morlock et al., 1997). This hydrated polysaccharide
phase may function as hydrophilic environment that isolates
the protein molecules from each other and from the surround-
ing polymer matrix, the causes for protein aggregation and

protein adsorption.

Fig. 6 showed the profiles of cumulative release of BSA from
PLGA microspheres prepared using the present method. The
microspheres were made of different molecular weight PLGA,
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Fig. 4 – Spectra of recovery proteins from PLGA microspheres by SEC-HPLC. (A) Original myglobin; (B) myglobin-loaded
AqueSpheres based PLGA 3A microspheres; (C) Original BSA; and
microspheres.

Fig. 5 – % Monomers of recovery proteins from PLGA
microspheres by SEC-HPLC (BSA or MGB-AqueSpheres
based PLGA 3A microspheres, n = 3).
(D) BSA-loaded AqueSpheres based PLGA 3A

and contained different amount of protein. Sustained-release
profiles of proteins were achieved with a minimal burst of
about 25% of the total BSA loadings released at day 1 and above
80% of loadings released up to 60 days (Fig. 6). As a comparison,
proteins released from microspheres prepared using conven-
tional W/O/W methods showed significantly severe burst and
incomplete release (Aubert-Pouëssel et al., 2004). This result
suggests that the polysaccharide dispersed phase play an
important role in improving protein release kinetics.

A multi-emulsion W/O/W with oil/aqueous interfaces often
results in protein aggregate and loses bioactivity (Morlock et
al., 1997). Although a multi-emulsion S/O/W may decrease
protein molecule and oil phase directly contact with, still
some solidified protein particles may dissolve in aqueous
phase and contact with oil/water interface led to a few pro-
tein aggregate during preparation producer (Fig. 5). As to a
multi-emulsion S/O /O , the method may avoid of oil/water
1 2

interfaces of the above and decrease protein aggregate, but
oil phase-2 (O2) often is organic solvent (for example cot-
tonseed oil, silicon oil, etc.) which need removing with a lot
of other volatilization organic. These have some danger fac-
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Fig. 6 – Effect of different MW and their mixture of PLGA on
i

t
r
a
(
s
h
1
1
m
p
t
i
d
p
s
w
s
a
r
w

4

W
s
m
e
t
m
p
m
m

A

T
S
p
H
t
f

r

mechanism. Biotechnol. Bioeng. 65,
n vitro release (n = 3). The ratio is w/w.

ors including immunity in vivo, pollute environment, etc. We
eported the method may overcome the disadvantage. As to

multi-emulsion S/O1/O2/W, O2 is a hydrophilic oil phase
hO) which is ease to remove with water and cannot dis-
olve pre-loading proteins into polysaccharide particles. The
ydrophilic oil phase is composed of 72.7% (w/w) glycerol,
8.2% (w/w) 1,2-propylene glycol, 9.1% (w/w) water (containing
% (w/w) PVA and 5% (w/w) sodium chloride). The component
ay avoid of dissolving the protein-loaded polysaccharide

articles because the polysaccharide particles can be resistant
o temperature and moisture (Breen et al., 2001). As long as
ts glassy state is maintained, moisture may stabilize proteins
ispersed in its matrix (Chang et al., 2005). The hydrophilic oil
hase may protect from protein during preparation of micro-
pheres, too. We found that the size of microspheres decrease
ith increasing component of glycerol and the size of micro-

pheres increase with increasing component of water. These
re possible because polarity of water more than glycerol and
esult in forming more hydrophilic-hydrophobic interfaces
ith hydrophobic oil phase-1 (O1).

. Conclusion

e have demonstrated a novel method for preparing
ustained-release protein microsphere formulation through
ulti-emulsion S/O/O/W. The method may avoid using multi-

mulsion W/O/W with water/oil interface and S/O/O with hard
o remove oil phase and initial burst. The present method

ay decrease protein aggregation and improve protein com-
lete release. This finding suggests that the present method
ay be a novel one for preparing sustained-release protein
icrospheres system.
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