
Journal of Controlled Release 81 (2002) 235–249
www.elsevier.com/ locate / jconrel

Insulin-loaded biodegradable PLGA microcapsules: initial burst
release controlled by hydrophilic additives
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Abstract

We investigated the controlled release of human insulin at an initial stage from poly(DL-lactic-co-glycolic acid) (PLGA,
M 6600) spherical matrices. PLGA microcapsules were prepared by the novel solvent evaporation multiple emulsionw

process. When the crystalline insulin was dispersed in dichloromethane as solid-in-oil (S /O) dispersion, it was found that
most of insulin molecules were inlaid on the surface of PLGA microcapsules. Consequently, insulin-loaded PLGA
microcapsules exhibited marked rapid release of insulin within several hours in both in vivo and in vitro experiments. On the
other hand, the addition of glycerol or water in the primary dichloromethane dispersion results in drastically suppressed
initial release. It was found by SEM observation that water- or glycerol-in-oil (W/O or G/O) type mini-emulsion droplets
with a mean diameter of 300–500 nm were formed in this primary solution. This phenomenon can be theoretically presumed
to occur because insulin and PLGA molecules, having amphiphilic properties, converge on the interface between the
hydrophilic additive and dichloromethane. Hence, insulin molecules heterogeneously located in the inside of PLGA
microcapsules, not on the surface, would be gradually released with PLGA hydrolytic decomposition. As an additional effect
of glycerol, the initial burst was further suppressed due to the decrease of the glass transition temperature of PLGA from
42.5 to 36.7 8C. Since the annealing of PLGA molecules took place at around 37 8C, the porous structure of microspheres
immediately disappeared after immersion in PBS or subcutaneous administration. The insulin diffusion through the
water-filled pores would be effectively prevented. The strict controlled initial release of insulin from the PLGA microsphere
suggested the possibility of utilization in insulin therapy for type I diabetic patients who need construction of a basal insulin
profile.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction can give greater safety, and efficiency, and permit
new therapeutic uses in some cases [1]. Most tradi-

In addition to providing improved sustained-re- tional devices involve either suspending the bioactive
lease drugs, convenience and compliance for patient agents in a polymeric monolith and surgically im-

planting them into the body and/or encapsulating the
bioactive agents on polymer microcapsules and*Corresponding author. Tel.: 181-44-977-8111, ext. 4017; fax:
injecting them subcutaneously [2]. In many bio-181-44-976-3747.

E-mail address: yyamaguc@marianna-u.ac.jp (Y. Yamaguchi). degradable polymers recently investigated, poly(lac-
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tic acid) (PLA) or poly(lactic-co-glycolic acid) ally, it seems to be considered that the cause of burst
(PLGA) have extensively been utilized as implant- release would be mainly due to the existence of drug
able matrices for sustained-release drug delivery. on the host (in this case PLGA) surface. In the
Over the past decade, various technologies have present work, we enforced distribution of insulin
proposed PLGA or PLA microcapsules which in- molecules in PLGA microcapsules.
clude solvent evaporation [3,4], phase-separation [5], Normally, the burst release is regarded as a
and spray-drying [6,7]. Especially, the method of common phenomenon and a negative consequence of
solvent evaporation of oil-in-water (O/W) emulsion creating long-term controlled release devices. The
is used because of its relative ease in processing. importance of the avoiding burst release can be seen
This conventional method, however, sometimes re- in the number of publications focused on developing
sults in low encapsulation efficiency of a water- prevention or minimization methods in a wide range
soluble agents, and ‘the initial burst’ which refers to of polymer systems. In a study on PLGA microparti-
the early rapid release. It has been confirmed that cles prepared by solvent evaporation, it has already
this initial release of drug from these polymer been reported that an organic solvent–water mixture
matrices is controlled by the drug diffusion through during microparticle preparation resulted in reduction
the polymer matrix or through the water-filled pores of burst release [15]. However, the addition of only
produced by water penetration into the matrices [8]. water could not suppress the initial release of insulin
However, this process is actually influenced by many from PLGA microspheres; thus, it is necessary to
factors, including polymer molecular weight, co- consider systematic and theoretical approaches for
polymer ratio, preparation method, properties of the insulin delivery. In the double emulsification process
incorporated drug, glass transition temperature of for the preparation of PLGA microcapsules, the
polymer [9–12], and so on. In many release cases, an conditions for the internal phase should play a
initial large bolus of drug would take place due to crucial role for insulin release at the initial burst.
the immediate placement of drug in the release Actually, insulin molecules in dichloromethane dis-
medium before the release rate reaches a stable perse as a solid and/or amorphous state. The addi-
profile. Such a phenomenon reduces the effective tion of a hydrophilic solvent such as water, ethanol,
lifetime of the devices; thus, several researchers have or glycerol to dichloromethane may result in the
tried to find the mechanisms of burst and a tech- introduction of an amphiphilic property to insulin.
nological prevention [13,14]. Consequently, insulin molecules should transit to the

We report in this paper an attractive insulin liquid state. In turn, the hydrophilic component of
preparation, which shows a sustained and stable the insulin molecule profoundly participates in the
release of insulin over a long period. PLGA was formation of a stable internal phase of double
utilized as the release device of peptide for a long- emulsification. Thus, the localization of the insulin
term control. This study is especially focused on molecule on the interface between the polar solvent
insulin therapy in type 1 diabetic patients who have and dichloromethane could mostly prevent the exist-
no basal insulin. As the basal insulin in normals is ence of insulin on the PLGA surface.
expressed as a stable concentration in blood, the
release profile of insulin from the microcapsule
should be also constant during the whole duration 2. Materials and methods
after a single subcutaneous administration. On theo-
retical consideration, each step (rapid diffusion, 2.1. Materials
stable release of long duration, and a quick deflux) is
necessary for the release profile of insulin in in vivo Biodegradable PLGA copolymer was a gift from
experiments. When a burst release takes place, severe Wako Pure Chemical Industries (Saitama, Japan). In
hypoglycemia must be induced. this study, due to the necessary of the controlled

As a first step to achieve the basal insulin profile, release of insulin for approximately 2 weeks, PLGA
the strict control of the initial burst of insulin from in the range of M 6000–10 000 and L/G ratiow

PLGA microcapsules is absolutely necessary. Gener- 50:50 was selected [16]. The more adequate molecu-
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capsulation of insulin into PLGA microcapsules, the
primary emulsion with the higher transmittance was
used for the preparation. This primary emulsion was
immediately poured into the polyvinylalcohol 1.0%
(w/v) and zinc acetate dehydrate 7.0% (w/v) solu-
tion (1600 ml) to achieve the secondary emulsion.
The organic solvent was allowed to evaporate at
room temperature for 3 h, with constant stirring of
the reaction mixture. Microcapsules obtained were
washed several times with deionized water before
freeze-drying for two nights.

2.3. Characterization of prepared microcapsules

2.3.1. Wide angle X-ray scattering ( WAXS)
Fig. 1. Accumulation release of insulin from PLGA microcap- The crystallinity of extracted insulin from PLGA
sules with the different molecular weight of PLGA at the initial microcapsules was examined with a powder X-ray
stage until 2 h: (d) M 6600 of PLGA; (j) M 8800; (♦) Mw w w diffractometer (Rigaku Denki, RINT-2000, Tokyo,10000.

Japan) to confirm the denaturation of the entrapped
insulin molecules. The scatter angle was between

lar weight of PLGA was decided on the basis of in 38,2u ,308. Scattering empirical results were ob-
vitro experiment for the initial release (Fig. 1). The tained by putting the samples in a sealed cell. A
early insulin release was dominantly suppressed in Rigaku X-ray generator with a rotating copper
the case of microcapsules prepared with M 6600. In anode, and a maximal power of 10 kW was used forw

the present work, thus, PLGA of M 6600 was the WAXS measurements.w

utilized.
Glycerol, ethanol, and zinc acetate dehydrate were 2.3.2. SEM analysis

purchased from Wako Pure Chemical Industries. Surface morphology and the average particle size
Polyvinylalcohol (EG-25) was obtained from Nippon of microspheres loaded with insulin were studied
Gohsei. Coomassie brilliant blue was purchased from with a scanning electron microscope (S-4300,
Nakarai Chemicals. Human insulin was purchased Hitachi). The scales are marked in the black space
from Wako Pure Chemical Industries, and was used under each picture as small white squares. The mean
with no further purification. All chemical agents diameter of mini-emulsion droplets was manually
were of reagent grade. calculated from SEM photographs by counting 100

microparticles. Observation of the primary emulsion
2.2. Microencapsulation was also carried out on the same apparatus with a

cryo-stage. This emulsion, set in a hole, with a
Microspheres loaded with insulin were prepared diameter of 5 mm, in the metal cell, was dipped in

using PLGA 50:50 copolymer by the double emul- liquid nitrogen for several minutes before detection.
sion method [17]. Some deionized water, ethanol, or
glycerol were gradually added to 7.84 g PLGA–240 2.3.3. Protein entrapment
mg insulin (3%, w/v)–40 mg ZnO in 10 ml di- The content of insulin in microspheres was esti-
chloromethane dispersion. The dispersion was vigor- mated by an extraction method. About 20 mg
ously stirred and ultra-sonicated (Sharp, UT-305, microspheres were dissolved in both 2 ml dichloro-
100 V, 350 W) for several minutes. The amount of methane and 2 ml 0.01 N HCl. After shaking
additives as polar solvent was decided on the trans- vigorously, the supernatant aqueous phase containing
parency of the solution, which became slowly trans- insulin was extracted. This extraction was estimated
parent and relatively viscous. To achieve high en- by the method of Lowry et al. [18], and the content

42 mg glycerol in 10 mL DCM = 0.42%
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was expressed as the weight percent of protein 2.5. In vivo release studies
entrapped per dry microcapsule. For the method of
Lowry et al., the absorbance at 660 nm was recorded Seven-week-old male Wistar rats weighing about
using a UV–VIS spectro-photometer (Model U- 250 g were injected with streptozotocin (STZ) 60
2001, Hitachi Co. Ltd.) with a 1-cm path length mg/kg before the subcutaneous administration of
using 0.01 N HCl as the baseline reference. microcapsules, with hyperglycemia being induced

about 2 days later. Microcapsules containing insulin,
which were dispersed in aqueous medium as 20%2.3.4. Differential thermal analysis (DTA)
(w/v) dispersions (composed of carboxymethylcellu-measurements
lose 0.5% (w/v), D-mannitol 5.0% (w/v) and TweenThe glass transition temperatures (T ) of insulin-g 80 0.1% (w/v) aqueous solution) were subcuta-loaded PLGA microcapsules were investigated in
neously injected in the back of the hyperglycemicorder to confirm the annealing effect by the addition
rats. For a single administration, injection dose inof glycerol with a Rigaku Denki, Thermo plus
dispersion vehicle was 250 U/kg body weight of rat.TG8110. The reference utilized was Al O , the2 3 Blood at each sampling time was taken from thesample pan was aluminum, and the atmosphere was
inferior ophthalmic vein for the analysis of bloodair at 100 ml /min. The increasing temperature rate
glucose and plasma insulin levels by insulin RI assaywas controlled at 10 8C/min. The amounts of each
kits (Shionogi Seiyaku, Japan). Serum samples weresample were 4.53 mg for the absence of glycerol and
collected at 0 and 6 h, and each day after the3.88 mg for the presence of glycerol.
administration. Animals were housed in a specific
pathogen-free environment.

2.3.5. Dyeing of PLGA microcapsules In this study, it is reported that the addition of the
To confirm the existence of insulin molecules on hydrophilic polar solvent could certainly prevent and

the surface of PLGA microcapsules, Coomassie control the initial release of insulin from PLGA
brilliant blue (CBB) was utilized to dye the mi- microcapsules, and the cause of burst release was
crocapsules. CBB can selectively dye only the theoretically and empirically clarified.
protein, and PLGA almost cannot be colored. CBB
0.2% (w/v) aqueous solution was first prepared, and
then both PLGA microparticle without insulin and 3. Results and discussion
insulin as the controls, and PLGA microcapsules
with and without glycerol were dipped in CBB 3.1. Prevention of insulin deactivation in PLGA
aqueous solution for several minutes. After this, all microcapsules
samples were washed using deionized water several
times, and then freeze-dried overnight. Since PLGA copolymer has carbonic acid as a

terminal functional group, the decomposition of this
2.4. In vitro release studies molecule would partly lead to an acidic environment.

In the development of long-term release drugs,
Microcapsules containing insulin were incubated physical and biological stabilization of insulin in

in 1 ml release medium as 20% (w/v) dispersion, PLGA microcapsules is of primary importance. In
which is composed of phosphate-buffered saline fact, the pH is of great influence with regard to the
(PBS, 50 mM, pH 7.4). The temperature of the physicochemical properties of insulin, such as fibril
water-bath incubator was maintained at 3762 8C formation due to leaching of acid substances from
with continuous agitation of about 50 rpm. At each reservoir, amorphous state, and so on [19,20].
sampling time, the supernatant was withdrawn after With regard to the physical state of insulin mole-
centrifugation at 10 000 rpm for 5 min, and replaced cules, it has also been elucidated that amorphous
with fresh PBS. The amount of insulin released was insulin particles have a shorter time of action than
estimated by the method of Lowry et al. [18], as crystalline insulin particles [21]. To prevent the
described above in Section 2.3.3. deactivation of insulin, the importance of zinc has
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been reported by Scott [22]. In this study, it is almost coincided with the peaks of human insulin. It
presumed that the insulin molecule would be in can be seen here that the physical structure of
liquid or amorphous state in the presence of hydro- extracted insulin was not markedly changed, even
philic solvent. Thus, we employed some ZnO for the under storage for about 4 months in PLGA mi-
stabilization of the insulin molecules in the PLGA crocapsules. This would probably be contributed to
reservoir. by the simultaneous presence of ZnO with the insulin

When insulin molecules are deactivated, a differ- molecules.
ent crystal structure must be observed from that of
normal human insulin. Generally, X-ray analysis is a 3.2. Phase behaviors for the insulin–PLGA–ZnO–
quite useful tool for identifying microstructure. In dichloromethane system
the case of crystals, it is especially easy to clarify the
microstructure from the detected peak positions and In this study, insulin-loaded PLGA microcapsules
their shapes such as broad or sharp contours. were prepared by a novel solvent evaporation based

Fig. 2 shows the wide angle X-ray scattering on the double-step emulsion process. Thus, the
(WAXS) profiles of both human insulin as a refer- physicochemical properties of insulin are significant
ence, and the extracted insulin from PLGA mi- when considering the suppression of the initial burst.
crocapsules. The remarkable two main peaks at From a general point of view, the insulin molecule
positions of around 9 and 208 were observed for the contains many ionizable groups, due to six amino
scattering pattern of human insulin, and the detected acid residues capable of attaining a positive charge
peaks of insulin extracted from the microcapsules and 10 amino acid residues capable attaining a

Fig. 2. Wide angle X-ray scattering (WAXS) profiles of human insulin and the extracted insulin from PLGA microcapsules as a function of
scattering angle 38,2u ,308. The PLGA microcapsule which was utilized for the extraction corresponds to the stocked sample for about 4
months at 4 8C. The symbol with gray dot ( ) corresponds to human insulin, and solid dot (d) to the extracted one. Human insulin was
utilized left Y-scale and that for the extracted insulin right Y-scale. As the amount of the extracted insulin was smaller than that of human
insulin when the scattering was measured, the total intensity of the extracted insulin was estimated following to the scattering strength at 38

for human insulin.
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negative charge. The net charge of the insulin Fig. 3 shows the transmittance changes of the
molecule around a neutral pH is almost zero, thus primary solutions as a function of water concen-
precipitation is observed in deionized water. This can tration in dichloromethane. It is clear that the exist-
be regarded as due to the fact that the insulin ence of hydrophilic solvent enhances the solubility of
molecule has a hydrophilic functional group, the crystalline insulin. An isotropic liquid phase (one-
solubility of which depends on the pH of the phase) was formed when the water:dichloromethane
medium, as well as to the relatively high content of ratio is in the certain range. Glycerol and ethanol
hydrophobic amino acid residues (Val, Ile, Leu, Tyr, also gave the same tendency in this system.
Phe). This means precisely that insulin has surface An exploration of liquid phase regions in the
activity. Simultaneously, it can be expected that insulin–PLGA–ZnO–dichloromethane system re-
PLGA molecules also show surface activity due to vealed a distinctive feature of its phase behavior. Fig.
possessing terminal OH function and the polydis- 4 shows the isothermal (at room temperature) phase
persity of its molecular weight. Although the insulin diagrams of the insulin–PLGA–ZnO–dichlorome-
molecules are insoluble in organic solvent, it is thane system as functions of water or glycerol and
noteworthy that the addition of polar (hydrophilic) insulin concentrations. The concentrations of PLGA
solvent in dichloromethane may change the phase and ZnO in dichloromethane were fixed in these
behavior of this system. phase behaviors. Fig. 4 obviously shows that one

Water, glycerol and ethanol were examined as liquid phase occurs as an island at a certain in-
hydrophilic solvents in this study. The addition of sulin:water (or glycerol) ratio, but in the case of
water or glycerol in the primary dichloromethane glycerol the isotropic one-phase region was remark-
phase, which was composed of insulin, PLGA, and able. Hence, glycerol was utilized as the hydrophilic
ZnO, led to the high transparency of the solution. additive in the later experiments.

Fig. 3. Change of the transmittance at 550 nm for the primary dispersions as a function of the water concentration in dichloromethane. The
photograph shows the appearances of the primary solutions. The left vial (two-phase) corresponds to the dichloromethane solution without
any additives, and the right one (one-phase) to with the addition of water.
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Fig. 4. Isothermal phase diagrams of the system which consists of PLGA 8.0 g, ZnO 40 mg, and dichloromethane 8 ml. (a) The system with
water as an additive; (b) with glycerol as an additive. These diagrams were prepared at room temperature.

Two reasons are considered why the transparent By far, the system of microemulsion with the
phase appears with the addition of some amounts of smaller droplets was the most thoroughly studied,
hydrophilic solvent, one is that the refraction index compared to the conventional emulsions (mac-
of the hydrophilic solvent approached that of oil roemulsion). Recently, the mini-emulsion as a new
(dichloromethane). The other is the formation of feature, has been paid attention, especially in the
emulsion droplets with a small diameter under 1 mm polymerizable surfactant system [23]. The mini-
in which can be optically observed to be relatively emulsion is defined as a single optically isotropic,
transparent. Table 1 lists the refraction index of each but thermodynamically unstable liquid solution [23].
chemical material. It is apparent that the addition of The size of the droplets is in the range of 100–500
each hydrophilic solvent, except glycerol, cannot nm in diameter, which is smaller than the conven-
control the transparency of the solution. In the case tional emulsion but larger than the microemulsion.
of glycerol, it is relatively close to that of dichloro- Fig. 5 shows a cryo-SEM picture of the transparent
methane, the wider isotropic region might be seem- primary solution consisting of PLGA 8.0 g, ZnO 40
ingly extended in Fig. 4. mg, insulin 240 mg, and glycerol 42 mg in dichloro-

methane. The small droplets with a mean diameter of
300–500 nm densely exist in space. Hence, it is

Table 1
concluded that the transparent dichloromethane solu-Refractive indices of dichloromethane and the hydrophilic addi-
tion corresponds to the formation of a mini-emulsiontives and the loading efficiencies of insulin in PLGA microcap-

sules prepared by the addition of the polar solvents with nano-order diameters.
20 These primary phase solutions were shown to ben EncapsulationD

adegree (%) visco-elastic rather than dispersion without the addi-
tion of hydrophilic solvent. A huge number ofDichloromethane 1.4244 70.260.11
droplets, including hydrophilic solvent were packedWater 1.333 83.360.08

Ethanol 1.361 80.060.17 in space, in consequence the flow of dichlorome-
Glycerol 1.4746 106.760.05 thane would become difficult among the swollen

a Mean6S.D., n53. ball-like droplets, which induces the high visco-
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Fig. 5. Cryo-scanning electron microscopy (SEM) picture of the primary emulsion in the presence of glycerol. The scale is shown as white
squares under the picture.

elasticity of the solution. When this primary phase 3.3. Loading efficiency of insulin in PLGA
was diluted by dichloromethane, the transparent microcapsules
appearance remained. The formed mini-emulsion
was rather stable. The encapsulation degrees of insulin in PLGA

Following the above result, the insulin molecules microcapsules were summarized in Table 1 in terms
would be mainly present on or inside of w/o mini- of the different additives. The insulin molecules were
emulsion drops. Hence insulin should not be on the highly loaded in PLGA microcapsule when the
surface of the final PLGA microcapsules. This hydrophilic solvent was added in the primary solu-
hypothesis was supported by the experiment that the tion. The glycerol was rather more effective than the
microcapsules were colored by the blue dye which others because of its higher viscosity. It may be
can bind only the protein. Fig. 6 exhibits the pictures elucidated that the hydrophilic parts of the insulin
of the dyed PLGA microcapsules which are prepared molecule constrain to penetrate in the hydrophilic
with and without glycerol. Fig. 6a corresponds to the solvent pool, thus the viscous property results in
dyed human insulin and Fig. 6b is the PLGA being more effective in remaining inside insulin
microcapsules prepared without insulin. They are molecules.
shown as the controls. PLGA microcapsule with the
addition of glycerol (Fig. 6d) was almost not dyed, 3.4. Release of insulin from PLGA microcapsules
while PLGA capsules prepared without the glycerol in vitro
(Fig. 6c) showed a homogeneous blue color. This
certainly indicated that the insulin molecules are The in vitro release rate of insulin-loaded PLGA
almost not present on the surface of microparticles. microspheres was evaluated at 37 8C (Fig. 7). The
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Fig. 6. Surface location of insulin molecules on insulin-loaded PLGA microcapsules. (a) Human insulin; (b) PLGA microcapsules in the
absence of insulin; (c) insulin-loaded PLGA microcapsules prepared without any additives; (d) insulin-loaded PLGA microcapsules prepared
by the addition of glycerol. Coomassie brilliant blue was employed as the dye which selectively can color only proteins.

burst release from the microcapsule without the insulin from the microcapsules with the additions of
addition of any hydrophilic solvents quickly ranged ethanol and/or glycerol was released solely around
around 40%. At the initial burst, the addition of 10% at the early time. On the long-term kinetics of
water scarcely less effected the no-additive case, but insulin release, the microcapsule with added ethanol
with time the release rate became slower. While showed a typical sigmoidal release pattern during 2
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Fig. 7. The in vitro release experiment of insulin-loaded PLGA microcapsules as a function of incubated time at 37 8C. Each difference was
the additives on the primary dichloromethane solutions. (d) Glycerol; (3) water; (m) ethanol; circle (s) no-additive.

weeks, but the case of glycerol resulted in near nation was carried out without the feed control to
zero-order sustained-release behavior. rats. After the administration of PLGA microcap-

sules, the blood glucose was always in the range
3.5. Release of insulin from PLGA microcapsules from normal to that of only STZ-administered. Not
in vivo only the insulin concentration in plasma but also the

blood glucose were controlled at least 2 weeks after
In Fig. 8, after s.c. administration of insulin-loaded the administration of microcapsules. At around 2

microcapsules without any additions, insulin con- weeks, the hyperglycemia recurred because of the
centrations in plasma increased rapidly, reaching depletion of insulin in the PLGA microcapsules.
maxima within 6 h (the small figure in Fig. 8). The Burst release has been attributed to many physical
concentrations quickly declined reaching near pre- and chemical parameters. To prevent burst release,
dose level within 24 h. A second slower release we focused on the control of the hydrophilic–lipo-
phase occurred at around day 5, reaching second philic balance (HLB) in this system in which both
maxima around day 8. The slow and low-level insulin and PLGA molecules are regarded as am-
release in vivo continued only until 10 days. phiphiles. This concept plays a crucial role in

On the other hand, the microcapsule prepared by determining insulin distribution profile and release
the addition of glycerol revealed a strongly sup- characteristics. Under the presence of hydrophilic
pressed initial burst. This contributes to a stationary insulin in dichloromethane, some amounts of hydro-
release of insulin for a long period. A second release philic solvent can drastically change the HLB of the
phase with a small peak was also observed from day system. Not only insulin but also PLGA molecules
5 to day 14, and continued until around 20 days. The would be located on the interface between the
overall contour in Fig. 8 corresponds to a long-term hydrophilic solvent and dichloromethane.
release of insulin, and it can be expected to roughly In general, the OH function, with a small occupied
mimic the basal insulin profile. surface area on the interface can easily thicken the

Fig. 9 shows the change of the glucose level in interlayer, and the molecules having several area
blood after a single s.c. administration. This exami- sizes seems to be able to fully occupy the total
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Fig. 8. In vivo pharmacokinetic experiment with insulin-loaded PLGA microcapsule as a function of time after subcutaneous administration
in rats.

interface. An alcohol that is called a co-surfactant is by the solvent evaporation frequently inhibits the
in many cases utilized for the stabilization of emul- porous structure for evaporation of organic solvent.
sion and the formation of microemulsion with a quite Therefore, the insulin might be easily diffused
low interfacial tension. It is significant to focus our thorough the rigid pores with water penetration from
attention on two points here: one is that PLGA media. This is basically the same as a percolation
molecules must have several occupied surface areas theory. This just connects the rapid release of insulin
because of the polydispersity of its molecular weight, from PLGA microcapsules. Fortunately, the addition
and the second is that the glycerol molecule has three of glycerol was more effective than other additives
OH functions. In our system, the reason why the (water and ethanol). Fig. 10 shows the differential
mini-emulsion formed in primary phase is probably thermal analysis (DTA) measurements of insulin-
because of the spontaneous formation of the strong loaded PLGA microcapsules with and without gly-
interface film between dichloromethane and hydro- cerol. It can be seen that the endothermic peak of
philic solvent. Both PLGA molecules and the addi- glass transition point (T ) for PLGA microcapsulesg

tion of glycerol are helpful for satisfying the buildup shifted from 42.5 to 36.7 8C with the addition of
of the strong interface between dichloromethane and glycerol. This behavior is similar to the decrease of
the glycerol. melting point induced by the presence of the by-

Concerning to the additional factor which is the product. When, at 37 8C, insulin-loaded PLGA mi-
swelling property of polymer, Tzafriri [24] has crocapsules were immersed in PBS, the microparti-
offered that the burst release relied on the active cles in the crystalline state immediately transitted
agents from bulk degrading non-swelling polymer into a rubber-like state. Furthermore, the melted
devices. The structure of the microcapsule prepared microcapsules fused with each other. Such an an-
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Fig. 9. Change of glucose level in blood of rats as a function of time after the single SC administration. (s) Normal rats; (3) rats with
induced hyperglycemia due to the administration of STZ; (d) rats with hyperglycemia administered insulin-loaded PLGA microcapsules.
Both (s) and (3) were examined without administration of PLGA microcapsules. PLGA microcapsules were prepared in the addition of
glycerol.

nealing phenomenon certainly leads to the fusion of
each pore in microcapsules, and then almost all pores
on the surface would disappear. Fig. 11 shows the
SEM pictures of PLGA microcapsules under no
treatment condition, and 4 h later after immersion in
PBS at 37 8C. The pores on the capsule surface
almost disappeared after being dipped in PBS. This
is also one of the reasons for the markedly sup-
pressed burst release on the addition of glycerol in
this system.

4. Conclusions

In this study, the initial rapid release of insulin
from biodegradable PLGA polymer was controlled
by the addition of the hydrophilic polar solvent. In
the case of the microcapsules prepared by the solvent
evaporation multiple emulsion process, the condition
of the primary solution is quite significant for the
initial drug release. To prepare the insulin deliveryFig. 10. Differential thermal analysis (DTA) patterns of insulin-
for the long period, we idealized the contour of theloaded PLGA microcapsules in the presence and absence of

glycerol: (a) absence of glycerol; (b) presence of glycerol. insulin release profile consisting of a suppressed
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Fig. 11. SEM pictures of the insulin-loaded PLGA microcapsules. (a) Insulin-PLGA microcapsule prepared by the addition of glycerol; (b)
immersed capsule in PBS at 37 8C for 4 h. The scale is shown as white squares under each picture.
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