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Abstract

One major obstacle for development of injectable biodegradable microspheres for controlled peptide and protein delivery is the

high initial burst of drug release occurring over the first day of incubation. We describe here the significant reduction in initial burst

release of a highly water-soluble model peptide, octreotide acetate, from poly(d,l-lactide-co-glycolide) microspheres by the co-

encapsulation of a small amount of glucose (e.g., 0.2%w/w), i.e., from 30720% burst � glucose to 873% + glucose (mean7SD,

n ¼ 4). This reduction is unexpected since hydrophilic additives are known to increase porosity of microspheres, causing an increase

in permeability to mass transport and a higher burst. Using the double emulsion-solvent evaporation method of encapsulation, the

effect of glucose on initial burst in an acetate buffer pH 4 was found to depend on polymer concentration, discontinuous phase/

continuous phase ratio, and glucose content. Extensive characterization studies were performed on two microsphere batches,

70.2% glucose, to elucidate the mechanism of this effect. However, no significant difference was observed with respect to specific

surface area, porosity, internal and external morphology and drug distribution. Continuous monitoring of the first 24-h release of

octreotide acetate from these two batches disclosed that even though their starting release rates were close, the microspheres +

glucose exhibited a much lower release rate between 0.2 and 24 h compared to those � glucose. The microspheres + glucose showed

a denser periphery and a reduced water uptake at the end of 24-h release, indicating decreased permeability. However, this effect at

times was offset as glucose content was further increased to 1%, causing an increase in surface area and porosity. In summary, we

conclude that the effect of glucose on initial burst are determined by two factors: (1) increased initial burst due to increased osmotic

pressure during encapsulation and drug release, and (2) decreased initial burst due to decreased permeability of microspheres.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Injectable biodegradable microspheres have been
widely studied in recent years and have become well-
established controlled drug delivery systems [1–4]. With
one single injection, microspheres allow long-term
delivery of the encapsulated drug over a period of
weeks to months. However, long-term delivery also
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raises the challenge of minimizing initial burst of drug
release, which is usually not an issue for short-term
delivery. Hydrophilic drugs, e.g., peptides or proteins,
pose greater challenges than hydrophobic drugs due to
their high aqueous solubility. Significant initial burst
could result in dangerously high drug concentrations in
the body as well as depletion of drug for long-term
release. Currently, burst release values between 10% and
80% relative to encapsulated drug load are commonly
seen in publications and marketed products.
Several approaches reported to reduce the initial burst

include (1) raising polymer concentration [5,6], and
reducing drug particle size (for solid in oil in water
process) or droplet size of the inner emulsion (for water-
in-oil-in-water or oil-in-oil-in-water processes) during
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encapsulation [7,8]; (2) decreasing the content of low
molecular weight water-soluble impurities in the poly-
mer material [9,10]; (3) heating the microsphere product
[11]; (4) coating the microsphere product with high
viscosity polymer [12]; and (5) incorporation of additives
in the microsphere formulation [13,14]. Among these
approaches, polymer concentration, the size of drug
particle and of inner emulsion droplet are limited either
by the physical properties of the material or by the
capability of the manufacturing facility. Decreasing the
oligomer content and heating the microsphere product
has only resulted in partial burst reduction [9–11].
Coating the microsphere product with a high viscosity
polymer involves many parameters during manufactur-
ing and raises other issues such as reproducibility. The
incorporation of additives has been found to be an
effective approach [13,14] and warrants further investi-
gation.
We encapsulated a highly water-soluble peptide drug,

octreotide acetate, into poly(d,l-lactide-co-glycolide)
(PLGA) microspheres. Described here is the finding
that under certain conditions the addition of a very
small amount (0.2%w/w) of glucose into the formula-
tion significantly reduces the 24-h initial burst. This
result is unexpected because hydrophilic additives are
known to increase the initial burst by increasing
microsphere porosity [15]. Therefore, the objective of
this paper was to investigate the mechanism of the
glucose effect on the initial burst reduction of octreotide
acetate-loaded PLGA microspheres.
2. Materials and methods

2.1. Materials

Octreotide acetate (batch 92072) was provided by
Novartis Pharmaceutical Corp. Poly(d,l-lactide-co-gly-
colide, 50:50) (PLGA) (molecular weight, Mw, 53,600)
was purchased from Birmingham Polymers, Inc. (Bir-
mingham, AL, lot number D98083). Methylene chlor-
ide, acetonitrile, and tetrahydrofuran (THF) were
purchased from Aldrich Chemical (Milwaukee, WI).
Polyvinyl alcohol (PVA, 88mol% hydrolyzed, MW
25000) was obtained from Polysciences, Inc. (Warring-
ton, PA). Filter paper (Nylon, 0.45 mm) was purchased
from Micron Separations Inc. (Westboro, MA). Glacial
acetic acid (USP grade), sodium hydroxide (NaOH) and
sodium azide were obtained from Fisher Scientific (Fair
Lawn, NJ). Sodium bicarbonate (NaHCO3) was ob-
tained from Mallinckrodt, Inc. (Paris, Kentucky).
Ethylenediamine tetraacetic acid disodium salt
(EDTA-2Na) was obtained from Sigma (St. Louis,
MO). All chemicals were used as received. Dialysis
membrane (cut-off MW: 12-14,000) was obtained from
Spectrum Laboratories, Inc. (Lagune Hills, CA).
2.2. Preparation of microspheres

Microspheres were prepared using a solvent evapora-
tion technique, which involved formation of a double
emulsion [16]. Octreotide acetate (50mg) was dissolved
in 100 ml of water. The solution was mixed with 1–2ml
of PLGA methylene chloride solution (200–400mg/ml)
and emulsified by homogenization using a Virtis ‘‘23’’
homogenizer (The Virtis Company, Gardiner, New
York) at maximum speed for 1min. The emulsion
stabilizer (1–2ml of 1% PVA solution) was then added
and the mixture was vortex mixed with a Vortex Genie
2t (Scientific Industries Inc., Bohemia, NY) at max-
imum speed for 30 s. The formed emulsion was
immediately transferred into a 100ml 0.3% PVA
aqueous solution stirred at 600 rpm [17]. After evapora-
tion of methylene chloride (3 h), the microspheres were
collected by filtration through 0.45 mm nylon filter
paper, washed with 100ml of water for three times
and vacuum dried for 48 h. Microspheres were stored at
4�C before further investigation. When glucose was
encapsulated, it was dissolved in the inner water phase
before octreotide acetate was added. The glucose
content was calculated as w/w% according to the
amount of polymer material used.

2.3. Microsphere characterization

2.3.1. Particle size distribution

The microsphere size distribution was analyzed by a
MasterSizer X (Malvern Instruments Ltd., Southbor-
ough, MA). The microspheres were suspended in 0.1%
aqueous Tween 80 solution, sonicated for 30 s and
stirred for 2min before the analysis. Results are reported
as volumetric mean diameter.

2.3.2. Specific surface area

The specific surface area was determined using a
Gemini 2360 Analyzer (Micromeritics Instrument
Corp., Norcross, GA) by BET adsorption–desorption
isotherms of N2 and Kr gases on the microsphere
surface. The area values were normalized by the sample
weight.

2.3.3. Porosity analysis

The porosity of microspheres was analyzed by a
Mercury Porosimeter AutoPore II 9220 (Micromeritics
Instrument Corp., Norcross, GA). Pressure was in-
creased from ambient pressure to 60,000 psi (414MPa).
For this pressure operation, pores greater than 0.003 mm
in diameter were measured.

2.3.4. External and internal morphology

The external and internal morphology of micro-
spheres was analyzed by scanning electron microscopy
(SEM). Microspheres samples were first freeze-dried for
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2 days to remove water. The samples were mounted
onto aluminum specimen stubs using double-sided
adhesive tape and fractured with a razor blade. The
samples were then sputter coated with gold/palladium
for analysis by secondary electron emissive SEM (Jeol
Ltd., Tokyo, Japan).

2.3.5. Thermal analysis

The glass transition temperature was analyzed by
differential scanning calorimetry (DSC) 2920 (TA
Instruments, New Castle, DE) using the modulated
DSC mode. The temperature was modulated at
71�C/60 s with a ramping rate of 1�C/min from 0�C
to 70�C.

2.4. Rheological analysis of peptide/glucose solutions

The viscosity measurement was carried out by a
Bohlin Rheometer CS (Bohling Instrument Inc.,
Cranbury, NJ). A cone and plate were used as the
measuring unit (cone diameter 20mm, angle 4�). A
constant shear rate of 0.076 s�1 was used to evaluate the
viscosity of the drug-containing solution at or close to
the static state. Constant shear rate (200 s�1) and
ramping shear rate (from 200 to 1000 s�1) were used to
evaluate viscosity of the drug-containing solution under
high shear conditions (e.g., during homogenization).
Acetate buffer (contained 0.36%w/v glacial acetic acid
and 0.02%w/v sodium azide, adjusted to pH 4.0 using
5n NaOH) was used as the medium to prepare samples.
For samples containing glucose, both octreotide acetate
and glucose were dissolved in sufficient amount of
water, lyophilized for 48 h to remove water, and then
dissolved again in known amount of acetate buffer. The
weight ratio of glucose to octreotide acetate was
maintained at 2.4/100, which is the same ratio used
during microsphere formulation for 0.2%w/w glucose
content.

2.5. Freezing point depression analysis of peptide/glucose

solutions

Freezing point of saturated octreotide acetate aqu-
eous solution was determined with or without presence
of glucose. As one of the colligative properties, the
relative freezing point depression is a direct indication of
relative osmotic pressure of drug aqueous solution.
Octreotide acetate (100mg) and glucose (0 or 2.4mg)
were dissolved in 200-ml pure water. Samples were freeze
dried for 48 h to remove water so that drug and glucose
molecules were molecularly dispersed. Trace amount of
acetate buffer (50 ml) was then added and the mixture
was shaken using an Eppendorf Thermomixer 5436
(Brinkmann Instrument, Inc., Westbury, NY) at
500 rpm for 4 h. Mixtures were then weighed in a DSC
aluminum pan and then the freezing points of the
samples were analyzed using modulated DSC (DSC
2920, TA Instruments, New Castle, DE). The tempera-
ture was modulated at 70.8�C/60 s with a ramping rate
of 1�C/min from �60�C to 40�C.

2.6. Determination of drug loading inside PLGA

microspheres

About 15mg of microspheres were dissolved in 2ml
of THF and then shaken and sonicated. After a clear
solution was obtained, 8ml of diluent containing
0.2%w/v glacial acetic acid, 0.2%w/v sodium acetate,
and 0.7%w/v sodium chloride was added. The mixture
was allowed to settle for at least 20min while the
polymer precipitated. The solution was filtered through
a 0.45-mm Teflon filter and the filtrate was injected
directly into a high performance liquid chromatography
(HPLC). Conditions of the HPLC assay was previously
described [16].

2.7. Single point determination of initial burst release

(24 h burst) of octreotide acetate from PLGA

microspheres

About 20mg of microspheres were weighed and
placed into a dialysis bag. The bag was then put
into a polyethylene tube containing 10ml of a
0.05m sodium acetate buffer solution (pH 4) as the
release medium. The lower pH was used because the
peptide is unstable at neutral pH [16]. Samples were
shaken on an orbital shaker (VWR Scientific, West
Chester, PA) at 100 rpm under 37�C. After 24 h,
aliquots of the release medium were withdrawn and
injected into the HPLC.
Before drug release studies, the dialysis membrane

was boiled in 2% NaHCO3 with 1-mm EDTA at pH 8
for 10min to remove residual metals in the membrane.
The membrane was rinsed with distilled water and
boiled again in 1m EDTA solution for another 10min
for sterilization. Sodium azide (0.02%) was added to the
solution and the membrane was kept in the solution at
4�C until further use.

2.8. Continuous monitoring of octreotide acetate release

from PLGA microspheres

The continuous release rate profiles of octreotide
acetate-loaded microspheres with or without 0.2%
glucose were obtained using the custom designed
continuous monitoring system. Pre-weighed micro-
spheres were placed into a dialysis bag and then into
the drug release reservoir (0.05m sodium acetate, pH 4).
The details for the instrument set-up of continuous
monitoring and data processing are discussed in our
previous publication [16].
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3. Results and discussion

3.1. Glucose induced reduction of the initial burst from

octreotide acetate-loaded PLGA microspheres

The effect of 0.2%w/w glucose on the initial burst of
octreotide acetate-loaded PLGA microspheres is listed
in Table 1. In the absence of glucose in the formulation,
the 24-h initial burst was high and variable over a wide
range (10–60%). However, when 0.2%w/w glucose was
included in the formulation, the average initial burst was
reduced to 8% and the reproducibility was greatly
improved (ranging from 8% to 11%).

3.2. Effect of formulation variables on the effect of

glucose to reduce initial burst

In order to evaluate the influence of formulation
variables on the glucose-induced reduction in initial
burst, microspheres were prepared at various polymer
Table 2

Formulation conditions for effect of polymer concentration and DP/CP rati

Group # Batch # Polymer conc.

(mg/ml)

DP/CPa

(o/w2)
b %

Glucose

(w/w %)

1 990423S2A 200 2 0

990423S2B 200 2 0.2

990423S2C 200 2 1

2 990423S3A 300 2 0

990423S3B 300 2 0.2

990423S3C 300 2 1

3 990423S4A 400 2 0

990423S4B 400 2 0.2

990423S4C 400 2 1

4 990420SA 400 1 0

990423S4D 400 1 0.2

990420SB 400 1 1

990420SC 400 1 5

aThe volume of CP was fixed to be 100ml for all the encapsulation exper
b ‘‘o’’ is the oil phase, or the methylene chloride phase (same as DP here).

aqueous phase. The multiple emulsion formed during encapsulation is usual
cLT is the theoretical loading of octreotide acetate, which is calculated by ch
dLA is the actual loading of octreotide acetate determined experimentally
eEE is the encapsulation efficiency, which equals to the ratio of experime
fNot determined.

Table 1

The effect of 0.2%w/w glucose on the initial burst of octreotide

acetate-loaded PLGA microspheres

Formulation 24-h initial burst

Without glucose 30720%a

With 0.2% w/w glucose 873%

aMean7SD, n ¼ 4:
concentrations, DP/CP ratios, and glucose contents.
The selected encapsulation conditions are separated into
four formulation groups and listed in Table 2.
In formulation group 1, when DP/CP ratio and

polymer concentration were fixed at 2% and 200mg/ml,
respectively, the initial burst at different glucose con-
tents were all very high. The 24-h initial burst was
reduced from 88% (at 0% and 0.2% glucose content) to
60% (at 1% glucose content).
At 300mg/ml polymer concentration (group 2), the

24-h initial burst was very high (58%) in the absence of
glucose in microspheres. However, at 0.2% glucose
content, the 24-h initial burst fell to 11%. At 1% glucose
content, the burst was further reduced to 3%.
When the polymer concentration was increased to

400mg/ml (group 3), the 24-h initial burst was only 5%
in the absence of glucose. Increasing the glucose content
to 0.2% had little effect on 24-h initial burst (6%). At
1% glucose content, the 24-h initial burst actually
increased to 17%.
If the polymer concentration was maintained at

400mg/ml as in group 3, while the DP/CP ratio was
decreased to 1% (group 4), the initial burst in the
absence of glucose was 29%. In the presence of 0.2%
glucose, the initial burst dropped to 4%. However, with
further increase in glucose content, the initial burst
slightly increased.
Thus, to summarize, we found that when the initial

burst was neither very low nor very high (i.e., between
5% and 60%) in the absence of glucose, adding a small
o on the ‘‘glucose effect’’ and properties of microspheres prepared

LT
c

(w/w %)

LA
d

(w/w %)

EEe

(%)

24 h burst

(%)

Particle

size

11 2.3 21 88 69726

11 2.1 19 88 70725

11 0.9 8 63 71728

8 3.1 39 58 100757

8 3.4 42 11 118762

8 2.4 30 3 118755

6 3.4 57 5 146774

6 3.5 58 6 154790

6 3.0 50 17 164792

11 5.2 47 29 94743

11 5.7 52 4 NDf

11 4.2 38 7 98741

11 1.9 17 13 105751

iments.

‘‘w2’’ is the outer aqueous phase (same as CP here). ‘‘w1’’ is the inner

ly abbreviated as w1/o/w2.

arged drug amount divided by sum of the weight of polymer and drug.

.

ntally determined loading to the theoretical loading.
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amount of glucose (0.2%) would reduce the initial burst.
After the initial burst was reduced to certain extent (i.e.,
o5%), further increase in glucose content only resulted
in an increase of initial burst. On the other hand, if the
initial burst was already low (i.e., o5%), adding 0.2%
glucose did not reduce the initial burst further.
Apart from the initial burst, the microspheres were

also tested for the encapsulation efficiency and particle
size distribution (Table 2). Increasing the glucose
content from 0% to 0.2% had little effect on the
encapsulation efficiency. Therefore, the drug loading has
little effect on the reduced burst with the presence of
glucose. However, the encapsulation efficiency dropped
significantly when the glucose content was increased to
1% or even higher. The dropped loading may contribute
to the reduced burst in this case. On the other hand, at
fixed polymer concentration and DP/CP ratio, increas-
ing glucose content up to 5% had little effect on the
particle size distribution.

3.3. Characterization of microsphere properties

Since glucose reduced the initial burst most signifi-
cantly in group 2 (Table 2), microspheres in this group
were selected for a series of characterization studies.
Properties that may influence initial burst (i.e., particle
size distribution, specific surface area, porosity, internal
and external morphology, drug distribution, and glass
transition temperature) were examined and the results
are listed in Tables 2 and 3. No significant difference was
observed between the two batches (i.e., with 0% and
0.2% glucose) with regard to all these properties.

3.4. Possible mechanisms for the effect of glucose on the

initial burst

Considering the complexity of the effect of glucose on
drug release, we used the following approach in order to
Table 3

Results from characterization studies of octreotide acetate-loaded microsphe

Properties Instrumentation Glucose content

0%

Specific surface area Surface area analyzer 4.470.3m2/g

Porosity Mercury porosimetry 68.770.9%

External morphology SEM Smooth surface with

small pinholes

Internal morphology SEM Porous throughout

Drug distribution CM Relatively homogenou

Glass transition

temperature

Modulated DSC 47.370.6�C

24-h water up-take Gravimetric method 140720%

aThe conclusion for particle size distribution, specific surface area, and p

made between two batches of microspheres containing 0% and 0.2% glucos
bND, not determined.
elucidate the involved mechanism. First, we envisioned
the underlying physical events during entire time course
starting from encapsulating glucose with octreotide
acetate until the drug release from PLGA microspheres.
We then identified specific factors that glucose might
have influenced. Finally, we tested and verified whether
such factors were influenced by glucose.

3.4.1. Description of underlying physical events during

preparation of microspheres and initial drug release period

During encapsulation, both glucose and octreotide
acetate are first dissolved in water. This water phase is
broken up into small aqueous droplets (inner water
phase) and dispersed in the polymer/methylene chloride
solution (oil phase) during the emulsification step. The
oil phase is further broken up by emulsification to form
a w/o/w emulsion and embryonic particles are trans-
ferred to a large volume of aqueous continuous phase
for hardening. During hardening, methylene chloride is
gradually transferred from the oil phase into the
surrounding aqueous solution (outer water phase) and
the microspheres solidify. Due to the higher osmotic
pressure in the inner aqueous phase inside microspheres,
water is transported into, and drug and glucose are
transported out of, the inner aqueous phase [18]. Both
the emulsification efficiency and water influx caused by
the osmotic pressure in the inner aqueous phase could
affect the size of the inner aqueous droplets. In addition,
the instability of the inner aqueous emulsion may cause
the inner aqueous droplets to coalesce with each other
before the polymer phase solidifies. The size distribution
of the inner aqueous droplets is expected to impact the
porosity of microspheres, and thus, drug release.
During drying of microspheres, water and residual

organic solvent are gradually removed from the polymer
due to a pressure gradient induced by vacuum. At the
same time, drug and glucose precipitate out of solution
inside small pockets surrounded by the polymer matrix.
res in formulation group 2

Conclusiona

0.2% 1%

4.770.3m2/g 4.970.2m2/g No significant difference

66.070.9% 73.970.9% No significant difference

Smooth surface with

small pinholes

ND No significant difference

Porous throughout ND No significant difference

s Relatively

homogenous

Relatively

homogenous

No significant difference

47.570.6�C 46.470.6�C No significant difference

90710% NDb Significant difference

orosity are made based on t-test. (P ¼ 95%) All the comparison were

e content, respectively.
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These small pockets form aqueous pores or channels
(when pores are connected) which could become a
diffusion pathway for hydrophilic molecules in micro-
spheres upon hydration.
During initial drug release, water diffuses into the

microspheres and begins to dissolve the highly water-
soluble glucose and peptide drug. Once dissolved, these
small molecules may either diffuse out of the micro-
sphere through aqueous channels (new surface pores
and connecting channels may be formed upon they leave
the microspheres) or remain inside the microsphere,
which would lead to an elevated osmotic pressure. The
polymer material is hydrated and gradually gains
mobility. The hydrated polymer chains rearrange
themselves, causing pores to close particularly at the
polymer surface, leading to decreased permeability [16].
The reduced permeability then suppresses the initial
burst. Therefore, the release rate of drug is expected to
be determined by the concentration gradient of drug
molecules, the osmotic pressure across microsphere
surface, and the hydraulic and diffusive permeability
of microspheres, which includes an effect of the viscosity
on the pore-liquid.

3.4.2. Testing of potential mechanisms

The emulsification efficiency directly influences the
inner aqueous droplet size. Reduced emulsification
efficiency was reported to cause an increase in inner
aqueous droplet size, porosity, initial burst, and a
decrease in encapsulation efficiency [8,19]. In addition,
the emulsification efficiency is affected by the viscosity
of the inner aqueous phase [20,21]. Therefore, we tested
the effect of glucose on the viscosity of octreotide
acetate aqueous solution at high shear rates. At higher
shear rate (200 1/s), the addition of glucose to the
octreotide acetate solution had little effect on viscosity
(Table 4). Ramping shear rate from 200 to 1000 1/s did
not change the measured viscosity (data not shown).
Therefore, the measured viscosity at 200 1/s shear rate
should be representative of the viscosity at a much
higher shear rate [22], as occurred during homogeniza-
tion (104–105 s�1) [23]. These results indicated that
glucose had little effect on the viscosity of inner aqueous
phase during emulsification. Therefore, the emulsifica-
tion efficiency does not appear to be affected by the
Table 4

Viscosity determination for octreotide acetate solutions at different

drug content and glucose content

Octreotide acetate

content (mg/ml)

Glucose content

(mg/ml)

Shear rate

(s�1)

Viscosity

(mPa s)

500 0 200 17.970.2

500 12 200 17.970.7

500 0 0.076 3.670.2� 106

500 12 0.076 4.870.5� 106
presence of low amounts of glucose. This is consistent
with our observation that the two microsphere batches
with 0% and 0.2% glucose had similar porosity and
encapsulation efficiency.
During microsphere hardening, water may diffuse

into microspheres driven by the osmotic pressure of the
inner aqueous phase [18]. Therefore, if the osmotic
pressure were changed significantly due to glucose, the
water intake could also increase significantly. When
0.2%w/w glucose was added, there was a 13% increase
in molarity assuming a theoretical drug loading of 8%
and a similar encapsulation efficiency for both small
molecules. When 1%w/w glucose was added, this
molarity increase was about 70%. Therefore, depending
on the amount of glucose added, the porosity is expected
to increase significantly due to this factor. Actually, a
porosity increase was observed when glucose was
increased from 0.2% to 1%w/w (Table 3). Therefore,
this factor has an effect of increasing initial burst.
Also, the osmotic pressure inside microspheres during

drug release influences the initial burst. For the same
drug loading for microspheres with 0% and 0.2%
glucose, the presence of glucose is expected to increase
the osmotic pressure (since all the drug and glucose
inside microspheres is expected to dissolve). During the
very initial stage of the release period, the limited water
uptake may saturate the inner pores inside micro-
spheres. We compared the freezing point depression of
the saturated drug/glucose solution with that of
saturated drug solution. The one that had the lower
freezing point should have a higher osmotic pressure.
The freezing point of saturated drug/glucose solution
Time (hour)
0                    6 12 18 24

F

0.0000

Fig. 1. Continuous release rate profiles for octreotide acetate-loaded

PLGAmicrospheres with 0% (J) or 0.2% (&) glucose during the first

24 h. The inset shows cumulative release profiles for microspheres with

0% (thin upper curve) or 0.2% (thick lower curve) glucose determined

during the same experiment.
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was determined to be �6.22�C versus �3.46�C for
saturated drug solution. These results indicated that a
higher osmotic pressure existed inside microspheres
containing 0.2% glucose and could potentially increase
the initial burst.
The local viscosity in the aqueous channels inside

microspheres affects the diffusion rate of drug and thus
drug release. Therefore, we studied the effect of glucose
on the viscosity of octreotide acetate aqueous solution at
low shear rate (0.076 1/s). No significant difference was
observed (Table 4).
In our previous studies, we found that the perme-

ability of microspheres was a primary factor for
controlling initial drug release [16]. The initial perme-
ability is determined by the microsphere structure,
which includes the microsphere porosity, the structure
Fig. 2. External (A and B) and internal (C, D, E, and F) morphology of oc

0.2% (B, D, and F) glucose before hydration (A, B, C, and D) and after 24
of the pore network and location of the drug particles
inside the microspheres. In addition, the permeability
could change as the polymer chains hydrate and
rearrange themselves. Therefore, we determined the
24-h water uptake for microspheres containing 0% or
0.2% glucose, which is an indicator of microsphere
permeability. The microspheres containing 0.2% glu-
cose took up much less water as compared to those that
did not contain glucose (90% with 0.2% glucose versus
140% without glucose, see Table 3), even though the
osmotic pressure for the latter was higher. This result
suggested that the microspheres containing 0.2%
glucose had a lower permeability than those without
glucose by the end of the first day release.
The continuous release rate profiles (Fig. 1) also

showed that the overall release rate is reduced with
treotide acetate-loaded PLGA microspheres with 0% (A, C, and E) or

h (E and F) in release medium.
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microspheres containing 0.2% glucose as compared to
the microspheres without glucose. Initially, the two
batches had similar release rates, which is likely due to
drug leaching out from the microsphere surface.
However, as time proceeds, the release rate for micro-
spheres with 0.2% glucose dropped much faster and was
maintained at a lower rate thereafter. This result
indicated that microspheres with 0.2% glucose had
lower permeability than the microspheres containing no
glucose. The SEM results also revealed that a skin layer
was formed for both batches of microspheres after 24-h
of drug release (Fig. 2). Even though the external and
internal morphology of these two types of microspheres
appeared similar initially (Figs. 2A and B or C and D),
after 24 h of incubation, the skin of the microspheres
containing 0.2% glucose appeared to be thicker and
denser (Figs. 2E and F). This result also indicated that
the microspheres containing 0.2% glucose had a lower
permeability during the first 24 h of drug release due to
more rapid and pronounced spontaneous polymer
rearrangements induced by glucose [17]. The cause of
this effect is not clear but may be due to the changes in
interfacial tension. For example, it is well known that
polyols increase surface tension of water [24].
Okada et al. has reported that the interaction between

leuprorelin and PLGA raised the glass transition
temperature (Tg) of the polymer material significantly
and this interaction resulted in low initial burst of their
microspheres [9,25,26]. We tested the effect of glucose
on the Tg of PLGA in microspheres in our experiments.
No significant effect was observed (see Table 3).
In summary, for octreotide acetate-loaded PLGA

microspheres, glucose had two types of effects. Firstly,
glucose increased the osmotic pressure in the inner
aqueous phase during encapsulation as well as the
osmotic pressure in microspheres during drug release.
Both of these effects favored an increase in initial burst.
Secondly, glucose decreased the permeability of micro-
spheres as a result of more rapid and pronounced
spontaneous rearrangement of polymer microstructure,
which in turn reduced the initial burst of octreotide
acetate. The physical-chemical basis for such rearrange-
ment is currently not well understood. This effect seems
to be most dominant at 300-mg/ml polymer concentra-
tion and 2% DP/CP ratio condition. The overall effect
of glucose on octreotide acetate release from micro-
spheres was a combination of the above two effects.
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