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a  b  s  t  r  a  c  t

Amphiphilic  co-polymer,  which  can  maintain  the  stability  of  proteins  and  increase  the  protein  load-
ing  efficiency,  is  considered  as  an  exploring-worthy  biodegrade  polymer  for  drug  delivery.  However,
amphiphilic  microcapsules  prepared  by conventional  methods,  such  like mechanical  stirring  and  spray-
drying  methods,  exhibit  broad  size  distributions  due  to  its  hydrophilic  sequences,  leading  to poor
reproducibility.  In this  study,  we  employed  poly(monomethoxypoly  ethylene  glycol-co-d,l-lactide)
(mPEG-PLA,  PELA),  one  of  common  amphiphilic  polymers,  as  model  to  focus  on  investigating  the  process
parameters  and  mechanisms  to prepare  PELA  microcapsules  with  narrow  size  distribution  and  regular
sphericity  by  combining  premix  membrane  emulsification  and  double  emulsion  technique.  The  coarse
double  emulsion  with  broad  size  distribution  was  repeatedly  pressed  through  Shirasu  Porous  Glass  (SPG)
membrane  with  relatively  high  pressure  to form  the  fine  emulsion  with  narrow  size  distribution.  Then,
the  microcapsules  with  narrow  size  distribution  can be  obtained  by  solvent  extraction  method.  It  was
found  that  it was  more  difficult  to obtain  PELA  microcapsules  with  narrow  size  distribution  and  smooth
surface  due  to  its amphiphilic  property,  compared  with  the  cases  of  PLA  and  PLGA.  The smooth  surface
morphology  was  found  to  be  related  to  several  factors  including  internal  water  phase  with  less  vol-
ume, slower  stirring  rate  during  solidification  and  using  ethyl  acetate  as  oil phase.  It was  also  found  that
mass  ratio  of hydrophilic  mPEG,  stabilizer  PVA  concentration  in  external  water  phase  and  transmem-
brane  pressure  played  important  role  on  the  distribution  of  microcapsules  size. The  suitable  preparation
conditions  were  determined  as follows:  for  the  membrane  with  pore  size  of 2.8  �m, the  mass  ratio  of
PLA/mPEG  was  19:1,  volume  ratio of W1/O  was  1:10  and  O/W2 was  1:5,  PVA concentration  (w/v)  was

1.0%,  magnetic  stirring  rate  during  solidification  was  60 rpm  and  300  kPa  was  chosen  as  transmembrane
pressure.  There  was  a  linear  relationship  between  the  diameter  of  microcapsules  and  the  pore  size  of
the membranes.  Finally,  by manipulating  the  process  parameters,  PELA  microcapsules  with  narrow  size
distributions  (coefficient  of  variation  was  less  than  15%),  smooth  morphology  and  various  sizes,  were
obtained.  Most  importantly,  the  key factors  affecting  fabrication  have  been  revealed  and  mechanisms

 whic
were  illustrated  in  detail,

. Introduction

In recent years, the entrapments of peptide and protein drugs in
icrospheres or microcapsules have been extensively investigated

1], because biodegradable microcapsules not only prolonged the
alf-life time of drug, but also favored to the increase bioavailability

f drug in vivo by controlling the release rate [2,3]. Among those
iodegradable polymers, the amphiphilic polymers have evoked
onsiderable interests as protein drug carriers [4–6]. Compared to
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h  would  shed  light on the  research  of amphiphilic  polymer  formulation.
© 2011 Elsevier B.V. All rights reserved.

hydrophobic matrix, such as PLA and PLGA, amphiphilic polymers
yielded a more stable interfacial layer at the oil and water inter-
face, and thus were more suitable to stabilize primary emulsion and
prevent protein in the inner droplets merging into external water
phase [5,7]. Therefore, amphiphilic microcapsules would obtain
higher encapsulation efficiency than hydrophobic microcapsules.
Furthermore, its amphiphilic property can prevent protein con-
tacting with the oil/water interface and the hydrophobic network,
which can improve the bioactivity retention of protein drugs [8].

Until now, the most popular method to prepare microcapsules
as drug delivery system is double emulsion water-in-oil-in-water

solvent evaporation method. However, in conventional processes,
the double emulsions were usually prepared by mechanical stir-
ring, homogenization or sonication techniques [9,10],  and thereby
the size distributions of microcapsules obtained were very broad.,

dx.doi.org/10.1016/j.colsurfb.2011.05.051
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:yxwang@home.ipe.ac.cn
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Fig. 1. SEM micrographs (a–c) and size distributions (d) of microcapsules

hich will result in poor repeatability of preparation, release
ehavior and drug efficacy in vivo among batches [11,12]. In order
o obtain microcapsules with narrow size distribution, selective
entrifugation has been considered [13], but the process was  rela-
ively tedious and inefficient, and expensive protein drugs had to
e wasted. Therefore, it is necessary to develop a novel method

n order to provide amphiphilic microcapsules with narrow size
istribution.

In this study, we try to use poly(monomethoxypoly ethylene
lycol-co-d,l-lactide) (PELA), one of common amphiphilic poly-
ers, to prepare microcapsules with narrow size distribution

ontaining bovine serum albumin (BSA) as model protein by pre-
ix  membrane emulsification technique combined with double

mulsion method. Although uniform PLA and PLGA microcapsules
ave been prepared by premix membrane emulsification tech-
ique in our group [14,15], it was found it was a big challenge
o control the shape and size distribution of PELA microcapsules
ecause of its amphiphilic characteristics, which was very different
rom the previous hydrophobic PLA systems [14]. Firstly, introduc-
ng hydrophilic sequence of PEG to PLA chains led to remarkable
hange in viscosity of PELA under the same molecular weight
9]. As a result, the viscosity of PELA coarse double emulsion had
reat difference with that of PLA, which further changed the trans-
embrane pressure and other key factors for preparing uniform
icrocapsules [16]. In addition, PEG has been reported to be a

ore-forming agent [17], which resulted easily in macropores on

urface of PELA microcapsules. Furthermore, the solidification rate
lso showed great difference with PLA system due to the existence
f hydrophilic sequence of PEG [18], which would have significant
nfluence on morphology of the PELA microcapsules. Therefore, it is
ared with different mass ratios of PLA/mPEG: (a) 14:1; (b) 19:1; (c) 24:1.

necessary to investigate and optimize the main process parameters
that influence the uniformity and surface morphology of microcap-
sules when using amphiphilic PELA as polymer materials. Herein,
we mainly manipulated the physical factors such as polymer vis-
cosity, volume ratio of W1/O and O/W2, PVA concentration and type
of oil phase. We  also evaluated the operational conditions including
stirring rate during solidification and transmembrane pressure. The
mechanisms responsible for distribution of particle size and surface
morphology were elucidated in detail when amphiphilic polymer
used as material.

2. Materials and methods

2.1. Materials

PELA with different mass ratio of PLA/mPEG (30, 40, 50 kDa)
were purchased from the Dai Gang Company (Shandong, China),
in which the mPEG block has a molecular weight of 2000 Da.
Poly(vinyl alcohol) (PVA-217, degree of polymerization 1700,
degree of hydrolysis 88.5%) was  provided by Kuraray (Japan).
Bovine serum albumin (BSA) was from Merck (Germany). SPG
membrane (pore size of the membrane was  1.4, 2.8, 5.2, 18 �m)
was provided by SPG Technology Co. Ltd. (Japan). All other reagents
were of analytical grade.

2.2. Preparation of microcapsules
Microcapsules loaded with BSA were prepared by two-step pro-
cedure [19]. The first step was  coarse double emulsions preparation.
At first, BSA aqueous solution was mixed with dichloromethane
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Fig. 2. Schematic illustration of the formation of droplets prepar

r acetate containing PELA by homogenizing for 30 s in ice bath
o form primary emulsion. This W/O  emulsion was further emul-
ified into external aqueous phase containing PVA by magnetic
tirring for 60 s at 300 rpm to prepare coarse double emulsions.
he coarse double emulsions were then poured into the premix
eservoir. Secondly, double emulsions with smaller and relatively
niform size were achieved by extruding the coarse double emul-
ions through the SPG membrane with a high pressure. After that,
he emulsions were solidified into uniform microcapsules. When
ichloromethane was used as oil phase, the double uniform emul-
ions were stirred overnight to evaporate organic solvent. When
cetate was used as oil phase, the obtained uniform double emul-
ions were poured quickly into 800 mL  solution containing 0.9%
w/v) NaCl (solidification solution) under magnetic stirring for 2 h
o solidify the microcapsules [5,18].  The obtained microcapsules
ere collected by centrifugation and washed with distilled water

or three times.

.3. Characterization of microcapsules

The shape and surface morphology of PELA microcapsules were
bserved by a JSM-6700F (JEOL, Japan) scanning electron micro-
cope (SEM). The particle size distribution of PELA microcapsules
as measured by laser diffractometry. All analyses were carried
ut in triplicate. Microcapsules were dispersed in distilled water
nd analyzed by laser diffractometry using Ls230 Coulter (Coulter
o., USA). The uniformity of microcapsules was expressed as a coef-
cient of variation (CV) value and the smaller value of CV means the
h different mass ratios of PLA/mPEG: (a) 14:1; (b) 19:1; (c) 24:1.

more narrow size distribution of microcapsules. CV value is defined
as:

CV =
(

n∑
i=1

(di − d̄)
2

N

)1/2

/d̄ (1)

where di is the diameter of the ith particle, d̄ is the number-average
diameter and N is the total number of particles counted.

2.4. Determination of viscosity

The viscosities of double emulsions were determined by a
rotational rheometer (L-90, Mechanical and Electric Plant), by mea-
suring the torques on a rotor in Couette flow at 25 ◦C. Double
emulsions were measured under the condition of a No. 1 rotor.

2.5. Determination of interfacial tension

Interfacial tension between external water phase and oil phase
was measured by hanging drop method under the principle of the
contact angle measurement. Under the effect of micro-flow pump,

oil was injected slowly into the aqueous phase containing PVA with
different concentrations. The CCD recording system recorded the
process, and then calculated the values of interfacial tension (flow
rate was  0.1 �L/s).
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ig. 3. SEM micrographs (a–c) and size distributions (d) of microcapsules prepared
:10.

. Results and discussion

.1. Effect of mass ratio of PLA/mPEG on preparation of
icrocapsules

Increasing the mass ratio of hydrophilic mPEG in PELA will
nhance matrix erosion and release rate of drug encapsulated,
hich facilitate the drug incomplete release. However, increas-

ng the mass ratio of hydrophilic mPEG will decrease polymer
iscosity, and which further resulted in decreasing viscosity of dou-
le emulsions [9]. Polymer viscosity has great influence on the
niformity of microcapsules, because polymer viscosity not only
ffects process parameters of membrane emulsification technique
ut also has important effect on solidification process of micro-
apsules. Here we systematically studied the effect of different
olymer viscosities on the uniformity and surface morphology
f the microcapsules. The polymers with different mass ratios
f PLA/mPEG 14:1, 19:1 and 24:1 were used and their intrinsic
iscosities were 0.510, 0.580 and 0.655 dL/g, respectively (data
etermined by Ubbelhode viscometer at 30.0 ± 0.1 ◦C were sup-
lied by company). Dichloromethane was employed as oil phase
ecause it can dissolve polymer well and easily be removed from
icrocapsules by evaporation. The SEM micrographs and size dis-

ribution of microcapsules by polymers with different mass ratio

re shown in Fig. 1. When polymer intrinsic viscosities were 0.510,
.580 and 0.655 dL/g, the CV values of PELA microcapsules were
9.41%, 34.10% and 47.28%, respectively. This observation can be
xplained by the effect of the viscosity on double emulsion. Under
ifferent volume ratios of internal water phase to oil phase: (a) 1:10; (b) 1.5:10; (c)

the same weight concentration, an increase of polymer viscosity
led to an increase of the double emulsion viscosity. For the above
three polymers, the viscosities of double emulsions were 4.85, 17.4
and 36.5 mPa  s, respectively. With the sharp increase of double
emulsion viscosity (mass ratios of PLA/mPEG 24:1), the droplets
formed on the opening of the membrane pore, adhered there for
a longer time, causing the coalescence between the droplets [11],
and thus resulting in droplets with relatively large size distributions
(Fig. 2c). In contrast, when the polymer Mw was  too low (mass
ratios of PLA/mPEG 14:1), the viscosity of double emulsion was
became lower. Then, the large sized droplets were easy to be broken
into smaller droplets, and thus leading to broad size distribution
(Fig. 2a). In addition, many smaller-sized droplets were formed
during the preparation of coarse double emulsion due to lower vis-
cosity of polymer, and these smaller droplets would directly go
through the membrane pores, which further led to broad size dis-
tribution of microcapsules. The best result was  obtained when the
mass ratio of PLA/mPEG was 19:1, the polymer intrinsic viscosity
was 0.580 dL/g and the viscosity of double emulsion was 17.4 mPa  s
(Fig. 2b). Therefore, the polymer with mass ratio of PLA/mPEG
19:1, was  employed as encapsulation material in the following
experiments.

3.2. Effect of volume ratio (W1/O) on preparation of

microcapsules

The volume of internal water phase played important role on
the stability of primary emulsions, which also affected unifor-
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ig. 4. SEM micrographs (a–c) and size distributions (d) of microcapsules prepared
:10.

ity of emulsions [15]. In order to optimize W1/O ratio, three
ifferent W1/O ratio values (1:10, 1.5:10 and 2:10 (v/v)) were
sed to prepare PELA microcapsules. The SEM micrographs and
ize distribution of the prepared microcapsules are shown in
ig. 3. When W1/O ratio was 1:10, 1.5:10 and 2:10, respectively,
he CV value of PELA microcapsules was 28.28%, 43.85% and
6.00%, respectively. When the internal water phase increased,
he stability of primary emulsion reduced, resulting in coalesce
f internal and external water phases more easily. It was  found
hat when the volume of internal water phase was  too high the

icrocapsules tended to break due to the thin oil film between
nternal and external water phases, and this further led to broad
ize distribution of prepared PELA microcapsules (Fig. 3b and
). When W1/O was 1:10, the polymer of oil phase can encap-
ulate the internal water phase well, which led to more stable
rimary emulsion and narrow size distribution of microcapsules.

f the volume of internal was too low, the loading content would
e lower. Hence we chose W1/O 1:10 in the following experi-
ent.

.3. Effect of volume ratio of oil phase to external water phase
O/W2)

The volume of external water phase affects the viscosity of
ouble emulsions, which will further affect the droplets unifor-
ity when they are pressed through SPG membrane [18]. In
ddition, volume of external water phase affects evaporation rate
f dichloromethane during solidification of microcapsules, which
urther affects the morphology of microcapsules. O/W2 volume
atio 1:5, 1:7.5, and 1:10 were used in experiments to investi-
 different volume ratios of oil phase to external water phase. (a) 1:5; (b) 1:7.5; (c)

gate the effect of O/W2 on size distribution and morphology of
microcapsules. The SEM micrographs and size distribution of the
microcapsules are shown in Fig. 4. When O/W2 ratio was 1:5, 1:7.5
and 1:10, respectively, the CV value of PELA microcapsules was
44.05%, 40.20% and 26.65%, respectively. However, it was found that
the morphology of the prepared microcapsules became irregular
when the volume of external phase increased (Fig. 4c). The possible
reason was  that when the volume of the external phase increased,
the diffusion rate of methylene chloride into external water phase
increased largely and thus resulted in its quick evaporation rate. On
the other hand, the surface morphology of microcapsules exhibited
much smoother when the volume of the external phase decreased
as a result of the low evaporation rate (Fig. 4a). As related to the
uniformity, microcapsules prepared by larger volume of external
water phase were better than the others due to suitable viscosity
of coarse emulsion. Otherwise, when the volume of external phase
decreased, the viscosity of whole system became higher, and this
resulted in that the coarse emulsion with large size were difficult
to break into smaller and uniform one, exhibiting poor uniformity.
Although the uniformity was  better when the ratio of O/W2 was
1:10, the pores of microcapsules may  lead to leaking of loaded drug
during process of washing and drying. So after comprehensive tak-
ing account of the uniformity and surface morphology, the ratio
of O/W2 1:5 was chosen for continual optimization of preparation
conditions.
3.4. Effect of PVA concentration in external water phase

Stabilizers in the external water phase played crucial roles in
preparation of individual spherical microcapsules [20], because
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Fig. 5. SEM micrographs (a–c) and size distributions (d) of microcapsules prepared with different PVA concentrations in external water phase: (a) 0.5%; (b) 1.0%; (c) 2.0%
(w/v).
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3.5. Effect of stirring rate during solidification

It was found the stirring solidification rate during solidification
has a pronounced effect on the surface morphology and size dis-
he stabilizers can prevent the coalescence of droplets during
mulsification and solvent removal process. PVA is the most com-
only used stabilizer due to its low toxicity, good solubility in
ater and its availability in a wide range of molecular weights

21]. Therefore PVA was employed as the stabilizer and its effect
n uniformity of the microcapsules was investigated. When con-
entration of PVA was 0.5%, 1.0% and 2.0%, respectively, the CV
alues of PELA microcapsules were 48.03%, 28.00% and 46.30%,
espectively. It was found that when the PVA concentration was
elow 1.0% (Fig. 5a), the microcapsules showed not only pores on
he surface but also non-uniformity. When the concentration of
VA reached 1.5% (Fig. 5c), the uniformity of emulsion droplets
as not satisfied either. Further study was carried out to inves-

igate the effects of PVA concentrations on oil–water interfacial
ension to explain the above results. It was found that interfa-
ial tension decreased with increase of PVA concentration (Fig. 6).

hen PVA concentrations were lower than 1% the interfacial ten-
ions were still relatively high, thus led to coalescence between
roplets easily. The interfacial tension did not change when PVA
oncentration reached a critical value of 1.0%, and then emulsion
roplets can maintain a good uniformity. However, when concen-
ration of PVA exceeded 1.0%, the microcapsules exhibited broad
ize distribution. This was probably because that when PVA con-

entration increased, the viscosity of double emulsion became
igher. As a result, the droplets with large size were hard to be
roken, and then resulted in broad size distribution. Thus the
niformity of the microcapsules was better and their surface mor-
phology was relatively glossy when PVA concentration (w/v) was
1.0%.
Fig. 6. Interfacial tension of oil–water phase at different PVA concentrations.
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ig. 7. SEM micrographs (a–e) and size distributions (f) of microcapsules prepared
e)  300 rpm.

ribution of microcapsules due to different shear stress [18]. The
xperiment was carried out using different stirring rate of 60, 100,
50, 200 and 300 rpm of magnetic bar, respectively. The corre-
ponding SEM micrographs are shown in Fig. 7. When stirring rates
ere 60, 100, 150, 200 and 300 rpm, respectively, the CV values

f PELA microcapsules were 16.23%, 30.35%, 40.67%, 41.01% and
1.80%, respectively. The results showed that microcapsules pre-
ared with low stirring rate appeared spherical and smooth surface
orphology and relatively uniform size. The uniformity and mor-

hology were better than the others when the stirring rate was
0 rpm. In contrast, the microcapsules prepared with high stirring

ate showed macropores on the surface and the size distributions
ere broad. We  proposed that with minimizing the magnetic stir-

ing rate, the solidification rate of the double emulsion decreased,
s well as the local diffusion rate of methylene dichloride decreased
ifferent magnetic stirring rates (a) 60 rpm; (b) 100 rpm; (c) 150 rpm; (d) 200 rpm;

which led to smooth surface. Furthermore, the slower stirring rate
could minimize the breakup of coalesce of the emulsion. When the
stirring rate was  high, large-sized droplets were easy to be broken
into smaller droplets. In addition, the droplets also easily gathered
to form larger droplets since the viscosity of oil phase increased
with rapid evaporation of methylene dichloride at high stirring
rate. So, the uniformity and morphology were both improved at
the slower magnetic stirring rate (60 rpm).

3.6. Effect of type of oil phase
Based on the above results, the PELA microcapsules with rel-
atively narrow size distribution were obtained (Fig. 7a), but the
surface morphology was  macropores. The result was  quite different
from those of PLA and PLGA systems which showed smooth sur-



4 es B: Biointerfaces 87 (2011) 399– 408

f
O
t
c
P
T
m
r
s
fi
e
u
i
v
e
p
P
i
c
s
b
d
a
t
u
p
i
c
e
b
t
s
d

F
e

06 Y. Wei  et al. / Colloids and Surfac

ace morphology using methylene dichloride as oil phase [19,22].
ne reason was that the hydrophilic PEG segments extended on

he surface of microcapsules with the evaporation of methylene
hloride during solidification in aqueous phase. These hydrophilic
EG segments fully swelled and absorbed a large amount of water.
he water adsorbed around PEG segments on the surface of the
icrocapsules would evaporate when microcapsules were dried,

esulting in macropores. The other reason was the property of
olvent used in oil phase. There are two steps during the solidi-
cation of microcapsules, solvent extraction followed by solvent
vaporation. The rate of solvent extraction is decided by its sol-
bility in water and the rate of solvent evaporation depends on

ts boiling point. In the second step (Fig. 9a), the fast rate of sol-
ent evaporation due to low boiling point easily leads to local
xplosion of microcapsules, and thus resulting in the surface mor-
hology with macropores [10]. Hence, the surface morphology of
ELA microcapsules using methylene dichloride as oil phase exhib-
ted macropores due to its low boiling point. However, as drug
arriers the surface morphology with macropores was not satisfied,
ince the macropores were easy to produce burst initial release,
rought about surplus drug concentration in vivo and decreased
rug efficacy in later period. So, methylene dichloride was  not suit-
ble as oil phase in preparation of PELA microcapsules. In order
o prepare microcapsules with smooth surface, we attempted to
se another solvent, ethyl acetate as oil phase, because its boiling
oint is higher than that of methylene dichloride and its toxicity

s low [23]. As shown in Fig. 8, it was exciting that the micro-
apsules with smooth surface were successfully prepared by using
thyl acetate as oil phase. It can be explained by the relatively high

oiling point of ethyl acetate, which avoided the local explosion on
he surface of microcapsules (Fig. 9b). Therefore, in the following
tudy, ethyl acetate was used as oil phase in place of methylene
ichloride.

ig. 9. Schematic illustration of the effect of oil phase on microcapsules surface morphol
thyl  acetate.
Fig. 8. SEM micrographs of microcapsules prepared by ethyl acetate as oil phase.

3.7. Effect of transmembrane pressure

Transmembrane pressure (Ptm) played a key role in the premix
membrane emulsification process [16]. In order to select an ade-
quate Ptm, the primary double emulsions were pressed through
SPG membrane with different Ptm, and the relationship between
the Ptm and the size distribution of microcapsules for the mem-
brane with pore size of 2.8 �m was investigated. As shown in Fig. 10,
when the Ptm was  300 kPa, the size distribution of microcapsules
was rather narrow (CV value was  14.26%). However, when the Ptm

was too high (400 kPa), primary double emulsions impacted sur-

face of membrane at high speed and then produced acute friction
with wall of membrane pores. The processes led to a quite high
shear stress, which easily broke primary double emulsions into

ogy during the second step of solidification: (a) MC:  methylene dichloride; (b) EA:
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Fig. 10. SEM micrographs (a–c) and size distributions (d) of microcapsules prepared by different transmembrane pressures (membrane pore size: 2.8 �m):  (a) 200 kPa; (b)
300  kPa; (c) 400 kPa.

Fig. 11. SEM micrographs of microcapsules prepared by different membrane pore sizes: (a) 1.4 �m;  (b) 2.8 �m;  (c) 5.2 �m; (d) 18 �m.
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[21] M.  Singh, D. O’ Hagan, Adv. Drug Deliv. Rev. 34 (1998) 285–304.
ig. 12. Relationship between the mean sizes of PELA microcapsules and the pore
izes of membranes.

mall size droplets, which contributed to broad sized distribution.
n the other hand, if the Ptm was too low (200 kPa), droplets with

arge size were hard to be broken because they could pass through
he membrane pores slowly by changing the droplet shape, thus
esulted in broad size distribution (CV value was 29.62%). There-
ore, 300 kPa was chosen as the suitable transmembrane pressure
o prepare uniform PELA microcapsule for the membrane with pore
ize of 2.8 �m.  The optimal preparation condition of PELA micro-
apsule was as follows: for the membrane with pore size of 2.8 �m,
he intrinsic viscosity of polymer was 0.580 dL/g, volume ratio of

1/O was 1:10 and O/W2 was 1:5, PVA concentration (w/v) was
.0%, magnetic stirring rate during solidification was 60 rpm and
00 kPa was chosen as transmembrane pressure.

.8. The relationship between membrane pore size and particle
ize

It is important to control the size of PELA microcapsules for
he application of drug delivery system since the bioavailability
nd release rate of the drug to a large extent correlated to the
ize of microcapsules. The PELA microcapsules with different
ize were prepared under the above optimized conditions by
remix membranes emulsification technique using membrane
ith different pore sizes. The CV values of PELA microcapsules
ere 13.38%, 14.26%, 13.53% and 14.81%, respectively when pore

izes of membrane were 1.4, 2.8, 5.2 and 18 �m.  As shown in
ig. 11,  the PELA microcapsules showed narrow size distributions
nd their CV values were all under the 15%. The relationship
etween the pore size of membrane and the particle size of the
icrocapsules is shown in Fig. 12.  The particle size of the PELA
icrocapsules mainly depended on the pore size of the membrane

nd a linear relationship was observed. Therefore, the membrane
mulsification is an ideal method to prepare size-controllable
roplets and particles with narrow size distribution. By choosing
he adequate pore size of the membrane, the required size of the

icrocapsules can be obtained.

. Conclusions

PELA microcapsules with narrow size distribution and smooth

orphology were successfully prepared by combining premix
embrane emulsification technique and double emulsion-solvent

xtraction method. It was found that the preparation results were
uite different in terms of structure and size distribution between

[
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PELA and PLGA or PLA systems. The structure and size distribution
of the microcapsules were difficult to control because of employ-
ing the amphiphilic polymer PELA. It was  showed that internal
water phase with less volume, slower stirring rate during solid-
ification and using ethyl acetate as oil phase were favorable for
preparing smooth-surface microcapsules. Especially, the choice of
oil phase played significant role on surface morphology of micro-
capsules. The microcapsules surface transferred from macropores
to smooth surface when using ethyl acetate as oil phase instead
of methylene dichloride. It can be explained by the relatively high
boiling point of ethyl acetate, which avoided the local explosion
on the surface of microcapsules. It was  also found that intrinsic
viscosity of polymer, PVA concentration in external water phase
and transmembrane pressure significantly affected size distribu-
tion of microcapsules. The optimal conditions were established
as follows: for the membrane with pore size of 2.8 �m, the mass
ratio of PLA/mPEG was 19:1, volume ratio of W1/O was  1:10 and
O/W2 was  1:5, PVA concentration (w/v) was 1.0%, magnetic stirring
rate during solidification was  60 rpm and 300 kPa was  chosen as
transmembrane pressures. By manipulating the preparation condi-
tions, PELA microcapsules with CV value under 15% were obtained.
Smooth-surface microcapsules with different sizes were obtained
successfully under the optimized conditions by using membrane
with different pore sizes. The research would motivate the inves-
tigating of other amphiphilic polymer formulations when premix
membrane emulsification technique is employed.

Acknowledgements

We thank the financial support of National Natural Sci-
ence Foundation of China (20706053), the Funds for Creative
Research Groups of China (112022160303), Major International
Joint Research Program of China (20820102036) and Significant
Creation of New Drugs (20092x09503-027).

References

[1] J.F. Langenheim, W.Y. Chen, J. Endocrinol. 203 (2009) 375–387.
[2] X.S. Luan, R. Bodmeier, J. Control. Release 110 (2006) 266–272.
[3] T. Ehtezazi, C. Washington, J. Control. Release 68 (2000) 361–372.
[4]  X.M. Deng, S.B. Zhou, X.H. Li, J. Zhao, M.L. Yuan, J. Control. Release 71 (2001)

165–173.
[5] F. Meng, G. Ma,  Y. Liu, W.  Qiu, Z. Su, Colloids Surf. B: Biointerfaces 33 (2004)

177–183.
[6] J. Pan, M.M.  Zhao, Y. Liu, B. Wang, L. Mi,  L. Yang, J. Biomed. Mater. Res. A 89A

(2009) 160–167.
[7] L. Liu, S.B. Zhou, W.X. Jian, Y. Yuan, J.H. Ma,  W.  Zeng, Proceedings of the 2003

Symposium of China Postdoctors and Academicians on Life Science, Science
Press, Beijing, 2003.

[8] X.H. Li, X.M. Deng, M.L. Yuan, C.D. Xiong, Z.T. Huang, Y.H. Zhang, W.X. Jia, J. Appl.
Polym. Sci 78 (2000) 140–148.

[9] X.H. Li, X.M. Deng, Z.T. Huang, Pharm. Res. 18 (2001) 117–124.
10] G. Ruan, S.S. Feng, Q.T. Li, J. Control. Release 84 (2002) 151–160.
11] L.Y. Wang, G.H. Ma,  Z.G. Su, J. Control. Release 106 (2005) 62–75.
12] L.Y. Wang, Y.H. Gu, Q.Z. Zhou, G.H. Ma,  Y.H. Wan, Z.G. Su, Colloids Surf. B:

Biointerfaces 50 (2006) 126–135.
13] M.  Gaumet, R. Gurny, F. Delie, Int. J. Pharm. 342 (2007) 222–230.
14] R. Liu, G.H. Ma,  Y.H. Wan, Z.G. Su, Colloids Surf. B: Biointerfaces 45 (2005)

144–153.
15] R. Liu, S.S. Huang, Y.H. Wan, G.H. Ma,  Z.G. Su, Colloids Surf. B: Biointerfaces 51

(2006) 30–38.
16] D.X. Hao, F.L. Gong, G.H. Hu, Y.J. Zhao, G.P. Lian, G.H. Ma,  Z.G. Su, Ind. Eng. Chem.

Res. 47 (2008) 6418–6425.
17] H.K. Sah, R. Toddywala, Y.W. Chien, J. Control. Release 30 (1994) 201–211.
18] F.T. Meng, G.H. Ma,  W.  Qiu, Z.G. Su, J. Control. Release 91 (2003) 407–416.
19] Q. Wei, W.  Wei, B. Lai, L.Y. Wang, Y.X. Wang, Z.G. Su, G.H. Ma, Int. J. Pharm. 359

(2008) 294–297.
20] B.V. Parikh, S.M. Upadrashta, S.H. Neau, N.O. Nuessle, J. Microencapsul. 10

(1993) 141–153.
22] G. Gasparini, S.R. Kosvintsev, M.T. Stillwell, R.G. Holdich, Colloids Surf. B: Bioin-
terfaces 61 (2008) 199–207.

23] X. Li, Y. Zhang, R. Yan, W.  Jia, M.  Yuan, X. Deng, Z. Huang, J. Control. Release 68
(2000) 41–52.


	Fabrication strategy for amphiphilic microcapsules with narrow size distribution by premix membrane emulsification
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of microcapsules
	2.3 Characterization of microcapsules
	2.4 Determination of viscosity
	2.5 Determination of interfacial tension

	3 Results and discussion
	3.1 Effect of mass ratio of PLA/mPEG on preparation of microcapsules
	3.2 Effect of volume ratio (W1/O) on preparation of microcapsules
	3.3 Effect of volume ratio of oil phase to external water phase (O/W2)
	3.4 Effect of PVA concentration in external water phase
	3.5 Effect of stirring rate during solidification
	3.6 Effect of type of oil phase
	3.7 Effect of transmembrane pressure
	3.8 The relationship between membrane pore size and particle size

	4 Conclusions
	Acknowledgements
	References


