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Influence of process parameters on the size distribution of PLA
microcapsules prepared by combining membrane emulsification

technique and double emulsion-solvent evaporation method
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Abstract

Relatively uniform-sized biodegradable poly(lactide) (PLA) microcapsules with various sizes were successfully prepared by combining a glass
membrane emulsification technique and water-in-oil-in-water (w1/o/w2) double emulsion-solvent evaporation method. A water phase was used as
the internal water phase, a mixture solvent of dichloromethane (DCM) and toluene dissolving PLA and Arlacel 83 was used as the oil phase (o).
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hese two solutions were emulsified by a homogenizer to form a w1/o primary emulsion. The primary emulsion was permeated through the un
ores of a glass membrane into the external water phase by the pressure of nitrogen gas to form the uniform w1/o/w2 double emulsion droplet
hen, the solid polymer microcapsules were obtained by simply evaporating solvent. The influence of process parameters on the size
f PLA microcapsules was investigated, with an emphasis on the effect of oil-soluble emulsifier. A unique phenomenon was found that
f emulsifier could adsorb on the interface of internal water phase and oil phase, which suppressed its adsorption on the surface of glas
nd led to the successful preparation of uniform-sized double emulsion. Finally, by optimizing the process parameters, PLA microca
arious sizes having coefficient of variation (CV) value under 14.0% were obtained. Recombinant human insulin (rhI), as a model pr
ncapsulated into the microcapsules with difference sizes, and its encapsulation efficiency and cumulative release were investigate
uggested that the release behavior could be simply adjusted just by changing precisely the diameters of microcapsule, benefited from t
mulsification technique.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Biodegradable poly(lactide) (PLA) microcapsules have
eceived more and more attention for the sustained release of
ioactive macromolecules such as polypeptide and protein drugs

n recent years. Until now, the most commonly used method to
repare PLA microcapsules as drug delivery system is the water-

n-oil-in-water (w1/o/w2) double emulsion process, also called
he in-water drying method, which was patented by Vrancken
nd Claeys[1] in USA in 1970 and by Dejaeger and Tavernier in
K in 1971[2]. Further, Kitajima and Kondo showed that this
rocess could be used to immobilize highly labile molecules
uch as enzymes[3]. Ogawa et al.[4] first used the double
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emulsion-solvent evaporation method to prepare an injec
poly(lactide-co-glycolide) microparticle for the sustain
release of leuprolide acetate. In this process, an active w
soluble drug is first dissolved in an aqueous solution, whi
then emulsified in an organic solvent containing biodegrad
polymer to make a primary w1/o emulsion. Then, this prima
emulsion is added to an emulsifier-containing aqueous so
to form a w1/o/w2 double emulsion. After removing the orga
solvent, the solid microcapsules are left in the aqueous co
uous phase and can be washed, centrifuged and lyophilize

However, in the conventional process, the double emuls
usually prepared by the mechanical stirring, homogenizati
ultrasonication method, the size distribution of microcaps
obtained is very broad, which is unfavorable to efficient abs
tion in vivo. Le Fevre et al.[5] evaluated the effect of particle s
on the uptake of polystyrene microparticles in mice when m
sphere was administrated orally. They showed that the par
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were taken up into the Peyer’s patches more easily when the
particle size was below 5�m. Therefore, if microcapsules con-
taining drugs are uniform, and their sizes are controlled under a
limited value, the bioavailability of the protein drugs would be
enhanced largely. Moreover, the microcapsules with a narrow
size distribution are necessary in the drug delivery system in
order to decrease side effects of the drugs, especially anti-cancer
agents, because the accumulated locations of the microcapsules
containing anti-cancer agents also depend on the size of the
microcapsules[6]. On the other hand, the practical and theo-
retical evaluation such as release rate will become simple and
precise if the microcapsules are uniform, and one can select
one kind of microcapsules with the uniform diameter or mix
the several kinds of microcapsules with the designed diame-
ters according to the desired controlled release rate. Therefore,
developing a method that can provide the uniform-sized micro-
capsules composed of biodegradable polymers is very important.

The glass membrane emulsification technique is a promising
technique. It was firstly proposed by Nakashima et al.[7] to
prepare uniform o/w emulsion, and later developed by Omi and
Ma et al.[8–12] to prepare uniform microspheres by polymer-
izing uniform monomer droplets. It is a big challenge to prepare
uniform-sized PLA microcapsules by combining the membrane
emulsification technique and w1/o/w2 emulsion method. How-
ever, comparing with single emulsion such as o/w or w/o emul-
sion, it is more difficult to prepare uniform w/o/w double
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in this study, we investigated the influence of the process param-
eters on the size distribution of the w1/o/w2 double emulsion and
tried to prepare uniform-sized PLA microcapsules by combining
the membrane emulsification technique and double emulsion-
solvent evaporation method, with an emphasis on the effect of
oil-soluble emulsifier because it had not been encountered in o/w
or w/o single emulsion. In the study of effect of oil-emulsifier, a
unique phenomenon was found. The membrane was not wetted
as expected because a large part of emulsifier adsorbed on the
interface of internal water phase and oil phase, which suppressed
its adsorption on the surface of glass membrane. This important
phenomenon allowed membrane emulsification technique suc-
cessful for preparation of double emulsion.

We also encapsulated the recombinant human insulin (rhI), a
model protein drug, by this special technique, and investigated
the effect of microcapsule size on release behavior, taking the
advantage that the microcapsule size can be controlled precisely
by pore size of the membrane.

2. Materials and methods

2.1. Materials

Poly(d,l-lactide) (PLA) (the average molecular weight,Mw,
300 kDa) was purchased from the Institute of Medical instru-
ment (SanDong, China). Dichloromethane and toluene were
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mulsion because of following reasons: (1) the double emu
ystem is more complex, there exists more factors influen
he size distribution of the double emulsion obtained. Altho
he influence of some process parameters on size distribut
article for o/w or w/o emulsion had been investigated, th

or w1/o/w2 emulsion, especially for PLA microcapsules h
ever been studied; (2) the double emulsion was prepar
ressing w1/o primary emulsion through the pores of the me
rane into the external phase (w2), the primary emulsion shou
e stable during the emulsification process, which had n
een encountered in the preparation of o/w or w/o emul
lthough adding oil-soluble emulsifier can increase stabilit
rimary w1/o emulsion, it was concerned that it would wet
embrane, leading to polydispersed droplets. So, the opt
dding amount should be defined.

In a previous study, we found that the difficulty of prep
ng PLA microcapsule by membrane emulsification techn
as the unstability of primary w1/o emulsion during the emu
ification process of w1/o/w2 double emulsion[13]. By using
rlacel 83 as the oil-soluble emulsifier, and dichlorometh

DCM)/toluene as mixture solvent to adjust the density of
il phase to the same as the water phase, the relatively
1/o emulsion, and relatively uniform w1/o/w2 double emul
ion and microcapsules with higher encapsulation effici
f drug were obtained, comparing with conventional stir
ethod. Poly(lactide) was used as the polymer material be
LA is a non-toxic, biocompatible and biodegradable p
er approved by the Food and Drug Administration for hu
se[14]. Toluene was removed completely under vacuum
ashing, and no toluene was detected by gas chromatog
owever, the microcapsules are not uniform enough. There
f
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urchased from Beijing Chemical Reagents Company (
ing, China). Recombinant human insulin was provided by G
iotechnical Company (Beijing, China). Sorbitan Sesquiol

Arlacel 83) was purchased from Sigma (St. Louis, USA), P
xyethylene 40 hydrogenated castor oil (HCO40) was prov
y Nikkol (Tokyo, Japan), Span 85 was purchased from Be
hemical Reagents Company, and they were used as the e
er in the oil phase, respectively. Poly(vinyl alcohol) (PVA-2
egree of polymerization 1700, degree of hydrolysis 88.5%
rovided by Kuraray (Tokyo, Japan) and was used as a stab

n the external water phase. All other reagents were of rea
rade and used as received.

.2. Apparatus

A miniature kit for emulsification with an MPG mo
le (Microporous Glass, a brand name of the glass m
rane) installed was purchased from Ise Chemical Com
schematic diagram of this kit and the detailed emulsifica

rocess were given in a previous paper[13]. Membranes with
ore sizes of 1.4, 2.8, 5.2 and 10.2�m were used, respective

n this study.

.3. Preparation of blank and drug-loaded PLA
icrocapsules

The blank PLA microcapsules were prepared by combin
lass membrane emulsification technique and double emu
olvent evaporation method as described previously[13]. A
tandard recipe is shown inTable 1. Briefly, 0.25 g water wa
sed as the internal water phase (w1), and 0.125 g PLA an
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Table 1
Standard recipe in the preparation of microcapsules

Phase/ingredient Amount (g)

Internal water phase (w1)
Water (or adding rhI) 0.25 (or adding 2.5 mg rhI)

Oil phase (o)
Mixed solvent (DCM + toluene) 2.5 (DCM/toluene: 21/79, v/v)
Oil-soluble emulsifier (Arlacel 83) 0.0025–0.0200 (max. 2.0 wt.%

of mixed solvent)
PLA (300 kDa) 0.125

External water phase (w2)
Water 100
PVA 0.1–2.0 (max. 2.0 wt.% of water)

Arlacel 83 were dissolved in a 2.5 g mixture solvent of DCM
and toluene, which was used as the oil phase (o). These two
solutions were mixed and emulsified by a homogenizer at a rate
of 9800 rpm for 50 s to form a w1/o primary emulsion. The aque-
ous phase where PVA were dissolved was used as the external
water phase (w2). The primary emulsion was permeated through
the uniform pores of the glass membrane into the external water
phase by the pressure of nitrogen gas to form the uniform-sized
droplets. A pressure slightly above the critical pressure, which
is defined as a minimum pressure at which the primary emulsion
begins to permeate through the membrane into the external water
phase, was applied. Then, DCM and toluene were evaporated
at room temperature for 24 h under a gentle stirring at a rate o
150 rpm. After DCM and toluene were evaporated, the hardene
PLA microcapsules were collected by centrifugation and washed
with distilled water three times, and then vacuum dried for 48 h.
The procedure for preparing drug-loaded PLA microcapsules
was similar with the process mentioned above except that 2.5 m
was dissolved into 250�l 1.0 wt.% acetic acid (pH 2.9) as the
internal water phase. The procedure for preparing microcapsule
by the stirring method was similar with the process mentioned
above except that the w1/o/w2 double emulsion droplets were
prepared by stirring method at a rate of 1000 rpm for 40 s.

2.4. Measurement of size distribution of the microcapsules
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tron microscope (SEM). The specimens for SEM observation
were prepared by mounting sample on metal stubs with double-
sided conductive adhesive tape and coating a thin platinum film
(approximately 60 nm in thickness) on sample under a reduced
pressure below 5 Pa with a JFC-1600 fine coater (JEOL, Japan).

2.6. Measurement of the drug encapsulation efficiency

Total rhI loaded was measured using the Peterson–Lowry
method[20] after disruption of the microcapsules with 2.0%
SDS/0.1 M NaOH solution. Sodium hydroxide catalyzes the
hydrolysis of PLA/PLGA, and SDS ensures the complete solu-
bilization of the human insulin during polymer hydrolysis. The
resulting solution was then neutralized by stepwise addition of
1 M HCl. The encapsulation efficiency was calculated from the
following formula:

Encapsulation efficiency (%)

= total amount of human insulin loaded

total amount of human insulin
× 100

2.7. In vitro protein release studies

Twenty milligrams of freeze-dried microcapsules, accurately
weighted, were placed in a test tube and incubated in 1.5 ml
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The dried PLA microcapsules were redispersed in dist
ater and observed with an optical microscope. Two hun
articles were picked up randomly from OM photographs

heir diameters were measured to calculate the average dia
nd size distribution. The particle size distribution was expre
y a coefficient of variation (CV) value, which is defined as

V =
(∑

(di − d̄)2/N
)1
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d̄

heredi is the diameter of theith particle,d̄ the number-averag
iameter andN is the total number of particles counted.

.5. SEM observation

The diameter and surface morphology of PLA microcaps
ere observed by a JSM-6700F (JEOL, Japan) scanning
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f PBS buffer, pH 7.4 (8 g NaCl, 0.2 g KCl, 0.24 g KH2PO4,
.81 g Na2HPO4·H2O, 0.5 g NaN3, 0.1 g Tween 20 and 1000 m
istilled water). The samples were agitated in a 37◦C incubator
haker at 120 rpm. At defined time intervals, 1.0 ml of su
atant was collected by centrifugation at 8000 rpm for 5
nd 1.0 ml of fresh PBS buffer was added back. The am
f human insulin released was determined by measuring

ein concentration in the supernatant using the Peterson–L
ethod mentioned above. Each sample was assayed in dup

. Results and discussion

.1. Effect of oil-soluble emulsifier on the size distribution
f microcapsules

The necessary conditions for preparing w1/o/w2 double
mulsion with narrow size distribution by membrane emu
cation technique are that the w1/o primary emulsion shou
e stable during the emulsification process, and the inter

ension between the w1/o primary emulsion and the pores
he membrane should be high. Although adding a high am
f emulsifier in the oil phase could improve the stability
1/o primary emulsion, that is, to retard the phase separ
etween the inner water phase and oil phase, it will dec

he interfacial tension between the w1/o primary emulsion an
he glass membrane, and spoil the monodispersity of w1/o/w2
ouble emulsion droplets. In a previous study[13], the stable
1/o primary emulsion was obtained successfully by adjus

he density of the organic solvent and choosing Arlacel 83 a
il-soluble emulsifier. However, the microcapsules obtaine
till not uniform enough though they are much more unif
han those prepared by stirring method. The effect of va
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Fig. 1. SEM photographs of PLA microspheres prepared by combining SPG membrane emulsification and o/w single emulsion evaporation method, the emulsifier
in the oil phase was: (a) no emulsifier; (b) 0.25 wt.% Arlacel 83; (c) 1.0 wt.% Arlacel 83; (d) 2.0 wt.% Arlacel 83; (e) 1.0 wt.% Span 85; (f) 1.0 wt.% HCO 40.
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parameters on size and size distribution of PLA microcapsules
should be optimized further. Here, the effect of oil-soluble emul-
sifier concentration was studied firstly. In order to eliminate the
effect of internal water phase, a simple system (o/w2) was pre-
pared by membrane emulsification process instead of w1/o/w2
system at the first, that is, 1.0 wt.% oil-soluble emulsifier such
as Span 85, Arlacel 83, HCO 40, were added in the oil phase,
respectively, then the oil phase was permeated into the external
water phase to obtain o/w emulsion with oil-soluble emulsifier
in oil phase. As shown inFig. 1a, when no oil-soluble emulsi-
fier was added in the oil phase, the CV value of microspheres
obtained was 10.07%, which was much more uniform than those
prepared when oil-soluble emulsifier was added in the oil phase,
irrespective of emulsifier type. Comparing with other oil-soluble
emulsifier, Arlacel 83 seemed to have less effect on the size dis-
tribution of microspheres, the CV values were 31.18, 35.87 and
50.49% when 1.0 wt.% of Arlacel 83, Span 85 or HCO 40 was
used, respectively (Fig. 1c, e and f). The effect of the Arlacel 83
concentration was also investigated and the results are shown in

Fig. 1b–d. The CV value increased from 28.67 to 50.49% with
the increase of Arlacel 83 from 0.25 to 2.0 wt.%. The results
suggested that a part of oil-soluble emulsifier was adsorbed on
and wetted the pore surface of the membrane because it is an
amphiphilic molecule, leading to a polydispersed droplets. In
order to obtain uniform-sized emulsion, Arlacel 83 is more suit-
able than other emulsifiers, and its concentration should be kept
as low as possible. The reason why Arlacel 83 was the most
suitable emulsifier was still unclear, which was probably related
to both of the structure and property of the emulsifier. The HLB
values for Span 85, Arlacel 83 and HCO 40 were 1.8, 3.7 and
14.0, respectively. The results confirmed that emulsifiers with
too low (1.8 for Span 85) or too high (14.0 for HCO 40) were
unfavorable for the preparation of uniform-sized emulsion.

Next, the effect of the oil-soluble emulsifier concentration
on the size distribution of microcapsules was investigated for
the preparation of w1/o/w2 emulsion. The results are shown in
Fig. 2, the microcapsules prepared were all spherical shape with
a smooth surface. With increasing the amount of Arlacel 83, from

F
T

ig. 2. SEM photographs of PLA microcapsules prepared by combining SPG m
he concentration of Arlacel 83 in the oil phase: (a) 0.25 wt.%; (b) 1.0 wt.%; (c
embrane emulsification technique and w1/o/w2 double emulsion evaporation method.
) 2.0 wt.%.
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Fig. 3. Schematic diagram of membrane emulsification process. (a) The process of w1/o primary emulsion permeation through the membrane into the external water
phase; (b) the process of oil phase containing Arlacel 83 permeation through the membrane into the external water phase.

0.25 to 2.0 wt.%, the size distribution of microcapsules became
broader, and the CV value increased from 13.90 to 23.41%. This
result confirmed that lower concentration of oil-soluble emul-
sifier was favorable for the formation of more uniform-sized
microcapsules prepared by membrane emulsification. However,
a unique phenomenon was observed by comparing the cases
of o/w2 and w1/o/w2 emulsions. At the same concentration of
Arlacel 83, the CV value of the microspheres was higher in
o/w2 system than in w1/o/w2 system. For example, the CV val-
ues were 13.90 and 28.67% for these two cases when 0.25 wt.%
of Arlacel 83 was added. This phenomenon can be explained
schematically as shown inFig. 3. In o/w2 system, a large part
of oil-soluble emulsifier was adsorbed on and wetted the pore
surface of the membrane (Fig. 3b), while in w1/o/w2 system,
much smaller amount of oil-soluble emulsifier was adsorbed on
the membrane because most of the oil emulsifier were used to
keep the w1/o primary emulsion stable (Fig. 3a). This unique
phenomenon allowed the preparation of uniform-sized double
emulsion successful.

3.2. Effect of the PVA concentration in the external water
phase

The presence of a stabilizer in the external water phase is
critical for the successful formation of individual spherical
m
o eres
d the
m ity,
g of
m zer
i ation
o ted
A %,
t %),
b of
m Afte

PVA concentration exceeded 1.0 wt.%, the size distribution of
microcapsules obtained was rather narrow, and the CV values
were all below 14.0% and the decreasing trend became less
apparent. For 1.0, 1.5 and 2.0 wt.% PVA concentrations, the
CV values were 13.90, 11.59 and 10.72%, respectively. It was
evident that lower PVA concentration such as 0.1 or 0.5 wt.%
was not enough to prevent the coagulation of the emulsion
droplets formed, which eventually led to the polydispersity of
microcapsules.

FromFig. 5, it was found that the lower the PVA concentration
was, the larger the mean diameters of microcapsules became,
which confirmed that the polydispersity of microcapsules was
caused mainly by the coalescence of emulsion droplets when
PVA concentration was below 1.0 wt.%. Although the results
mentioned above demonstrated that a higher concentration of
PVA was favorable for the formation of more uniform micro-
capsules, it was better to use PVA as lower as possible because

F distri-
b nique.
T

icrospheres during the emulsification process[15]. The role
f the stabilizer is to prevent the coagulation of microsph
uring emulsification and solvent removal process. PVA is
ost commonly used stabilizer mainly due to its low toxic
ood solubility in water and its availability in a range
olecular weights[16]. Here, PVA was chosen as the stabili

n the external water phase and the effect of its concentr
n the size distribution of microcapsules was investiga
s shown inFig. 4, when PVA concentration was 0.1 wt.

he CV value of microcapsules was rather high (39.50
ut with the increase of PVA concentration, the CV value
icrocapsules decreased gradually from 39.20 to 10.72%.
.

r

ig. 4. Effect of PVA concentration in the external water phase on the size
ution of PLA microcapsules prepared by membrane emulsification tech
he data are presented as mean± S.D. (n = 2).
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Fig. 5. Effect of PVA concentration in the external water phase on the mean
diameters of microcapsules prepared by membrane emulsification technique.
The data are presented as mean± S.D. (n = 2).

PVA is easily bound onto the microcapsules and difficult to be
washed away, as reported by Singh and O’Hagan[16]. There-
fore, by optimizing the conditions for preparing uniform-sized
microcapsules, 1.0 wt.% PVA was chosen to be the stabilizer in
the external water phase during the microcapsules preparation
process.

3.3. Effect of transmembrane pressure on the size
distribution of microcapsules

Transmembrane pressure (Ptm) plays an important role in
the membrane emulsification process. Firstly, thePtm must be
kept constant during the whole emulsification process, otherwise
the double emulsion droplets will be polydisperse. Secondly, a
properPtm must be chosen, too highPtm leads to jet-like steam of
dispersed phase and very large droplets. On the other hand, if the
Ptm is too low, the emulsification rate will be very slow, which
results in low work efficiency. In order to select an adequate
Ptm, in this study, the w1/o primary was pressed into the external
water phase with differentPtm, and the relationship between the
Ptm and the size distribution of microcapsules for the membrane
with pore size of 2.8�m was investigated. The PVA concen-
tration in the external water phase was 1.0 wt.%. As shown in
Fig. 6, the size distribution of microcapsules prepared was rather
narrow (CV value was 13.90%) whenPtm was slightly higher
t n
t ati
c sure
t ms.
W imes
t . Th
b ribed
t em-
b from
F ppa
e

Fig. 6. Effect ofPtm/Pcr on the size distribution of PLA microcapsules prepared
by membrane emulsification technique. The data are presented as mean± S.D.
(n = 2).

to larger emulsion droplets can be explained as follows. The
interfacial tension between oil and external water phase,σ, is rec-
ognized to be the major retention force, that is, the force which
keeps the droplets attached to the exit of pore[18]. Therefore,
greaterσ is expected to cause the production of larger emulsion
droplets due to the long retention time of the droplets on the
membrane surface. In this study, PVA is dissolved in the con-
tinuous phase to stabilize the formed emulsion droplets against
coalescence. Since PVA has a finite rate of adsorption at the
oil–water interface[19], the coverage of the droplets surface
with adsorbed PVA molecules decreases when the frequency
of droplets released from the membrane pores grows, which
leads to the increase of the oil–water interfacial tension (σ), and
produces larger emulsion droplets, and eventually leads to the
formation of polydispersed microcapsules.

F d by
m
(

han the critical pressure (Pcr, Ptm/Pcr = 1.1). However, whe
he Ptm/Pcr exceeded 1.25, the CV values increased dram
ally from 16.90 to 50.20%. For the transmembrane pres
here exist different results with different emulsification syste

illiams et al.[17] have suggested that between 2 and 10 t
he minimum membrane pressure is probably usable range
roader size distribution of microcapsules was mainly asc

o the formation of larger emulsion droplets during the m
rane emulsification process, which could be confirmed
ig. 7, the mean diameter of microcapsules increased a
ntly with increasingPtm/Pcr. The reason why higherPtm led
-
,

e

r-
ig. 7. Effect ofPtm/Pcr on the mean diameters of microcapsules prepare
embrane emulsification technique. The data are presented as mean± S.D.

n = 2).
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3.4. Preparation of uniform-sized microcapsules with
different size

After investigating the process parameters influencing the
size distribution of the microcapsules prepared by combining
a membrane emulsification technique and double emulsion-
solvent evaporation method, the optimized conditions were
obtained. Next, the PLA microcapsules with different size were
prepared in the optimized conditions by using the membrane
with different pore size. PVA and Arlacel 83 concentrations
in the external water phase and oil phase were fixed at 1.0
and 0.25 wt.%, respectively. The transmembrane pressure was
slightly higher than the critical pressure (Ptm/Pcr was no more
than 1.1) and was kept constant during the emulsification pro-
cess. As shown inFig. 8, the PLA microcapsules were rather
uniform, and their CV values were all under 14.0%. The rela-
tionship between the pore size of membrane and the particle size
of the microcapsules is shown inFig. 9. A linear relationship was
observed, similar to the result in the o/w2 single emulsion system
[20], That is, the particle size of the PLA microcapsules mainly

Fig. 9. Relationship between the mean size of PLA microcapsules and the pore
size of membrane used.
Fig. 8. SEM photographs of PLA microcapsules prepared by membran
e with different pore sizes: (a) 1.4�m; (b) 2.8�m; (c) 5.2�m; (d) 10.2�m.
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depended on the pore size of the membrane; PLA microcap-
sules with desired sizes could be prepared easily by choosing a
membrane with proper pore size. It is important to control the
diameter of PLA microcapsule for the application of drug deliv-
ery system, because the bioavailability and release rate of the
drug depend on the diameter of the Microcapsules largely.

3.5. Encapsulation of recombinant human insulin and
release in vitro

After preparing uniform-sized microcapsules successfully by
optimizing the preparation conditions, rhI, as a model protein,
was encapsulated, respectively, in the microcapsules with dif-
ferent sizes, and its encapsulation efficiency and release in vitro
were investigated. As shown inTable 2, when the diameter of
drug-loaded microcapsules increased from 3.2 to 9.0�m, the
drug encapsulation efficiency increased from 54.94 to 70.80%
and the initial release on the first day decreased from 16.95
to 4.5%, respectively. To prepare drug-loaded microcapsules,
w1/o/w2 double emulsion droplets were formed firstly, followed
by the solvent removal process. However, during process of the
double emulsion droplets formation and solvent removal, the
drug dissolved in the internal water phase was ready to diffuse
into the external water phase through the oil phase, which led
to the loss of drug encapsulated, and thus affecting the drug
e icro-
c ulsion
d d the
d , then
t t the
s pre-
p ency
w ation
t ency
w irring
m r than
t his is
b sifica-
t than
s -
l ze of
d size
o drug
e s ea
i the

T
E initia
r

E
t

M

S

Fig. 10. Effect of microcapsules size on rhI cumulative release profile.

water channel inside the microcapsules. In addition, the increase
of interfacial area between the microcapsules and the release
medium was another reason for the faster cumulative release of
drugs encapsulated in smaller microcapsules. Furthermore, an
interesting phenomenon was found that a apparent shoulder was
observed in each curve after 10 days of release experiment, as
shown inFig. 10. Generally, there exists three mechanisms for
drug release from the polymer microcapsules[21]: Fickian diffu-
sion through the polymer matrix, diffusion through water-filled
pores (aqueous channels) formed by water penetration into the
matrix and liberation by erosion of the polymer matrix. In phos-
phate buffer, microcapsules often exhibited a triphasic release
with a faster release phase called “burst effect”, followed by
a slower one, and then a faster one when the polymer began
to degrade. Therefore, the shoulders were probably due to the
degradation of the outer thin membrane of microcapsules, lead-
ing to the fast release of the drugs located in the internal water
phase near to the surface of the microcapsules. However, the
cumulative release was still very slow due to the slow degrada-
tion rate of high molecular weight PLA applied in this study.
Therefore, we are planning to add some polymer with faster
degradation rate in the oil phase to increase the cumulative
release of drugs in the near future research.

4. Conclusion

ari-
o mem-
b lvent
e istri-
b ated
t PVA
c brane
p mul-
s ules
w he-
n sorb
o sup-
p nd led
ncapsulation efficiency. When the size of drug-loaded m
apsules was smaller, the interfacial area between the em
roplets and the external water phase became larger, an
rug had more chance to diffuse into the outer water phase

he drug encapsulation efficiency decreased accordingly. A
ame condition, drug-loaded PLA microcapsules were also
ared by stirring method, and the drug encapsulation effici
as compared with those prepared by membrane emulsific

echnique. It was found that the drug encapsulation effici
as only 29.85% when microcapsules were prepared by st
ethod, although the size of microcapsules was much large

hose prepared by membrane emulsification technique. T
ecause the results were conformed that membrane emul

ion technique was more efficient for encapsulating drugs
tirring method. FromFig. 10, it illustrated that the rhI cumu

ative release was faster after initial release when the si
rug-loaded microcapsules was smaller. The smaller the
f microcapsules was, the shorter distance between the
ncapsulated and the surface of microcapsules, and it wa

er for the drug to diffuse into the release medium through

able 2
ffect of the microcapsule sizes on the drug encapsulation efficiency and

elease

mulsification
echnique

Mean size
(�m)

Encapsulation
efficiency (%)

Initial rhI
bursta (%)

embrane
3.2 54.94 16.94
5.8 62.27 7.16
9.0 70.80 4.50

tirring 15.9 29.85 –

a rhI released during the first 24 h.
s-

l

Uniform-sized biodegradable PLA microcapsules with v
us sizes were successfully prepared by combining a glass
rane emulsification technique and double emulsion-so
vaporation method. Several factors influencing the size d
ution of microcapsules were investigated. The results indic
he size distribution of microcapsules was affected by
oncentration in the external water phase, the transmem
ressure, and especially the concentration of oil-soluble e
ifier. By optimizing the factors examined, PLA microcaps
ith CV value under 14.0% were obtained. An unique p
omenon was found that a large part of emulsifier could ad
n the interface of internal water phase and oil phase, which
ressed its adsorption on the surface of glass membrane, a
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to successful preparation of uniform-sized double emulsion. The
diameter of the microcapsules can be controlled easily just by
using the membrane with proper pore size. rhI, as a model pro-
tein, was encapsulated, respectively, into the microcapsules with
difference size, and its encapsulation efficiency and cumulative
release were investigated. The results showed that the mem-
brane emulsification technique also offered an advantage that
the release rate can be simply adjusted just by changing pre-
cisely the diameter of microcapsules.
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