
Exenatide (synthetic exendin-4), an incretin mimetic
agent, is a 39-amino acid peptide originally isolated from
salivary gland venom of Heloderma suspectum, the Gila
monster.1) It is a glucagon-like peptide-1 (GLP-1) receptor
agonist sharing 53% amino acid sequence identity with
mammalian GLP-1.2) Similar to GLP-1, exenatide has several
bioactivities which account for its glycemic control effects,
including glucose-dependent enhancement of insulin secre-
tion, glucose-dependent suppression of inappropriately high
glucagon secretion, slowing of gastric emptying, and reduc-
tion of food intake.3—5) Since these actions all contribute to
the reduction in fasting and postprandial blood glucose in pa-
tients with type 2 diabetes mellitus without inducing hypo-
glycemia, exenatide has been approved by US FDA as an ad-
junctive treatment in patients unable to achieve adequate glu-
cose control using metformin and/or sulfonylurea, with sub-
cutaneous administration twice daily.6) However, frequent in-
jections are inconvenient for the patients, so the development
of sustained-release delivery system would be beneficial.

During the past few decades, microspheres of biodegrad-
able polymers such as poly(DL-lactic-co-glycolic acid)
(PLGA) for sustained delivery of protein or peptide were
widely developed, which could obviously improve patient
compliance.7,8) Drug burst release is a common problem in
PLGA microspheres delivery system, which limited its appli-
cation in diabetes therapy.9) For drug of treating diabetes
such as insulin, the burst release may induce the hypo-
glycemia of diabetic patients. Whereas, the hypoglycemic ac-
tivity of exenatide is glucose-dependent. When the plasma
glucose concentration is in the normal level, exenatide will
no longer enhance the insulin secretion. This characteristic
property of exenatide makes it suitable for preparing PLGA

microspheres. Recently, the long-acting exenatide delivery
systems are under development by Amylin Pharmaceuticals
and Eli Lilly, and the activities in vivo has been reported.10,11)

Nevertheless, the investigation of the variable preparing pa-
rameters in formulations of exenatide microspheres has not
been reported except Patent WO2004035762 to our knowl-
edge. We have prepared exenatide microspheres following
the formulation in above Patent, but the drug burst release
was found to be high (45%), indicating that the formulation
of exenatide microspheres should be further optimized. As is
known, the properties of PLGA microspheres for different
drug may have great disparity, especially for mid-length pep-
tide such as exenatide. Therefore, to obtain an optimized for-
mulation in the preparation of exenatide-loaded micros-
pheres, multiple factors should be considered.

In this paper, we successfully prepared long-acting release
(once-monthly) exenatide-loaded PLGA microspheres using
water-in-oil-in-water (W/O/W) double-emulsion method and
certain processing parameters influencing the properties of
the microspheres were investigated for the first time. Further-
more, the pharmacodynamics of exenatide-loaded PLGA 
microspheres in streptozotocin (STZ)-induced diabetic mice
was studied to investigate their release properties in vivo.

Experimental
Materials Exenatide was synthesized in our laboratory by Peptide Syn-

thesizer (PS3 Model, Protein Technologies Inc., U.S.A.) using the FMOC
solid-phase peptide synthesis approach, and purified by reverse phase (RP)-
HPLC to �95% purity. PLGA and poly lactic acid (PLA) were purchased
from Birmingham Polymers (Birmingham, AL, U.S.A.). The micro-bicin-
choninic acid (BCA) Assay Kit was supplied by Pierce. Polyvinyl alcohol
(PVA) and STZ were purchased from Sigma. All other chemicals were of
analytical grade.

Animals Kun Ming (KM) mice with the body weight of 18—20 g were
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supplied by Laboratory Teaching Center of Basic Medicine, Jilin University.
Principles in good laboratory animal care were followed and all animal ex-
perimentation complied with the requirements of the National Act on the use
of experimental animals (People’s Republic of China).

Preparation of Exenatide-Loaded Microspheres Exenatide-loaded
microspheres were prepared by a modified double-emulsion solvent evapora-
tion method (W/O/W).12) Briefly, 10 mg lyophilized exenatide powder was
dissolved in 0.03 M sodium acetate buffer (pH 4.5). The aqueous exenatide
solution was mixed with 5 ml dichloromethane (DCM) containing PLGA,
and emulsified in a homogenizer (MICCRA D-8, Art Labortechnik, Ger-
many) at high speed for 30 s. The primary emulsion was then added to dis-
tilled water containing PVA and emulsification continued at 19000 rpm for
30 s. The formed water-in oil-in water emulsion was stirred for 4 h at room
temperature, allowing DCM to evaporate. The emulsion solidified gradually
as the diffusion of the solvent from the emulsion droplets into the external
phase. The resulting microspheres were washed three times in distilled water
by centrifugation at 10000 g (Eppendorf centrifuge 5810R, Germany) and
freeze-dried.

Particle Size Analysis The freeze-dried microspheres were dispersed in
distilled water and the size distribution was measured by laser diffractometry
using a Laser Sizer (MS2000, Malvern, England). The particle size was ex-
pressed as the volume mean diameter in micrometer. Size distribution was
evaluated with span value, which was calculated as the ratio of (D90%�D10%)
to D50%, where DN% (N�10, 50, 90) means that the volume percentage of
microspheres with diameters up to DN% equals to N%. The smaller the span
value is the narrower the size distribution.

Surface Morphology of Microspheres The microspheres were evalu-
ated by scanning electron microscopy (SEM, JSM-6700F, JEOL, Japan) to
determine the shape and surface morphology. Microspheres were mounted
onto metal stubs using double-sided adhesive tape. After being coated with a
thin layer of gold under vacuum, the microspheres were examined by SEM
at 3 kV.

Determination of Exenatide Loading and Entrapment Efficiency
The entrapment efficiency was determined by a solvent dissolution method
with DCM and acetone.13) Briefly, 50 mg freeze-dried microspheres were
placed in a 1.5 ml Eppendorf vial to which 0.3 ml DCM were added for dis-
solving, then 0.7 ml acetone were added and the vial was vortexed. The vial
was centrifuged at 12000 rpm for 5 min, and the supernatant was discarded.
The residue was washed with the mixed solvent of 3 : 1 acetone : DCM for
three times by repeating the above process. After being allowed to stand at
room temperature to evaporate the solvent, the residue was dissolved in pH
7.4, 10 mM phosphate buffered saline (PBS) (120 mM NaCl, 2.7 mM KCl),
and the exenatide amount was measured by the micro-BCA Assay following
dilution. The exenatide loading percentage (w/w, exenatide content per dry
microspheres) was determined, and the entrapment efficiency was calculated
by comparing the actual exenatide loading with the theoretical exenatide
loading. Each sample was assayed in triplicate, and the data were presented
as average with the standard deviations.

In Vitro Release Profiles In vitro release studies of exenatide from mi-
crospheres were carried out according to the literature as follows14): 20 mg
of microspheres were suspended in 1 ml of assay medium (10 mM pH 7.4
PBS with 2 mM sodium dodecyl sulfate (SDS) and 0.01% sodium azide) at
37 °C under continuous agitation at about 100 rpm. At predetermined time
intervals, the suspension was centrifuged at 4000 rpm for 10 min. The super-
natant was transferred to a 1.5 ml vial, and an equal volume of fresh medium
was added into the precipitate for next assay. The transferred medium was
centrifuged at 12000 rpm for 10 min, and the amount of exenatide in the su-

pernatant was determined by the micro-BCA Assay.15) The results were cal-
culated by comparing the cumulated released exenatide with the total exe-
natide amount in microspheres. Experiments were carried out in triplicate,
and the data were presented as average with the standard deviations.

Glycemic Control in the Diabetes Mice KM mice, 8 weeks of age with
equal number of female and male were used for experiments to evaluate the
pharmacodymamics of exenatide-loaded microspheres. The mice were di-
vided into four groups and each had eight mice. The first group was used as
a negative control group with subcutaneous administration of saline twice
daily. The second group was a diabetic control group which was injected
subcutaneously with saline twice daily and administered intraperitoneally
with STZ (30 mg/kg body weight) freshly dissolved in 0.1 M sodium citrate
(pH 4.5) once daily for the initial 7 d.16) The third group was exenatide solu-
tion testing group which was injected subcutaneously with exenatide solu-
tion (3 mg/kg body weight per day, the doses described hereafter have been
converted from the actual drug dose by conversion factor between human
and mice) twice daily and administered with STZ using the same way as for
the positive control group. The fourth group was exenatide microspheres
testing group which was given a single subcutaneous injection of exenatide-
loaded microspheres suspension (containing 90 mg exenatide/kg body
weight), with STZ. Blood samples were collected from tail vein at each time
point after overnight fasting and the plasma glucose was determined by the
glucose oxidase method using a One Touch Basic glucose meter (OneTouch
Ultra 2, Lifescan, U.S.A.).

Statistical Analysis All the data were expressed as means�standard de-
viation (S.D.). The in vivo results were evaluated by one way analysis of
variance (ANOVA). A comparison between two means was analyzed using t
test with statistical significance set at p�0.05.

Results and Discussion
Mean Particle Size of Microspheres Particle size is one

of the important characters of microspheres, which may af-
fect degradation rate, drug loading and initial burst release of
microspheres. In this study, the mean particle diameters of
exenatide microspheres were in the range from 5.8 to
13.6 mm as presented in Table 1, and the dispersity of all for-
mulations was relatively uniform with the span values of
1.25—1.70. For each preparation parameter studied, batches
of microspheres were prepared in triplicate. It was found
that, the mean particle size of microspheres was influenced
by several parameters in preparing process. An increase in
the volume of the external aqueous phase resulted in a pro-
portional increase in the particle size (Formulation A, D and
E). This was attributed to a difference of shearing efficiency
in the W/O/W emulsion process at different outer aqueous
phase volume. At fixed shearing force, a larger water phase
volume results in a lower mixing efficiency, which facilitates
the formation of large emulsion droplets, and subsequently
results in the larger particle size.17) PLGA concentration in
DCM also influences the particle size of microspheres to a
certain extent. When PLGA concentration increased from 3
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Table 1. Particle Size and Encapsulation Efficiency of Exenatide-Loaded Microspheres

Formulation
Volume of internal Volume of external PLGA PVA Mean Entrapment 

water phase water phase concentration concentration particle size efficiency
ID

(ml) (ml) (%, w/v) (%, w/v) (mm) (%)

A 1 25 6 1 8.9�1.0 76.1�3.3
B 2 25 6 1 10.0�1.5 87.9�4.9
C 4 25 6 1 10.1�1.2 21.7�2.2
D 1 50 6 1 11.3�1.2 57.0�3.8
E 1 100 6 1 13.6�1.8 52.5�2.9
F 1 25 3 1 5.8�0.7 20.3�2.2
G 1 25 9 1 10.3�0.8 77.1�1.5
H 1 25 6 3 7.1�1.0 82.3�4.9
I 1 25 6 5 5.9�0.6 65.1�3.4



to 9% (Formulation F, A and G), the mean particle sizes of
microspheres also changed from 5.8 to 10.3 mm. This fact
arises from the effect of oil phase viscosity. Increased PLGA
concentration elevates the oil viscosity, which induces the
formation of larger emulsion droplets and thereby the larger
particle size. The changes of particle size were also observed
when changing PVA concentration in the external aqueous
phase. The sizes of microspheres prepared at 1%, 3% and 5%
PVA (Formulation A, H and I) were 8.9, 7.1 and 5.9 mm, re-
spectively. A significant reduction in particle size was ob-
tained as PVA concentration in the external water phase was
increased. Since high PVA concentration could lead to the
higher viscosity of the external water phase, stable smaller
emulsion droplets could be formed in the secondary emul-
sion, which could result in the smaller particle size. This ef-
fect is considered to be related to enlargement in the steric
hindrance of polymer molecules for high PVA concentration,
which inhibits the coagulation of emulsions.18)

Encapsulation Efficiency of Microspheres The encap-
sulation efficiency are usually influenced by various parame-
ters, such as inner and outer aqueous phase volume, PLGA
concentration in oil phase, PVA concentrations in outer aque-
ous phase. The encapsulation efficiency of PLGA micros-
pheres was tested under different processing parameters and
the results were shown in Table 1.

The encapsulation efficiency of exenatide microspheres
was enormously influenced by volume of internal water
phase. The encapsulation efficiency was increased from 76.1
to 87.9% when the internal water phase was changed from 1
to 2 ml (Formulation A and B). However, further increasing
of internal phase volume to 4 ml brought up a sharp decrease
of the encapsulation efficiency (Formulation C), indicating
that too much internal phase made the primary emulsion un-
stable which in turn led to a large number of drug leaking
from inner to outer water phase. As is known, the leaking
process of hydrophilic drug in the microspheres preparation
is a key factor leading to the pore formation of microspheres.
More porous surface was consequently observed from mi-
crospheres prepared at larger internal phase (Fig. 1).

Effects of external water phase volume on encapsulation
efficiency of exenatide microspheres were also investigated.
As was shown, the encapsulation efficiency decreased from
76.1 to 52.5% when the external water phase was increased
from 25 to 100 ml (Formulation A, D and E). The changes in
microspheres structure also account for such results. Micros-
pheres with smaller external water phase volume had a
smooth, nonporous surface, whereas more porous surfaces
were found in the microspheres with larger external aqueous
phase. The porous surface may cause higher opportunity of
hydrophilic drug leaking. Thus with the porous surface, the
entrapment efficiency of exenatide in the microspheres pre-
pared at 50 and 100 ml external aqueous phase was lower ev-
idently than that of microspheres at 25 ml external aqueous
phase. Parikh et al. also reported the similar results.19)

PLGA concentration in the oil phase is also a key factor
influencing the encapsulation efficiency of exenatide micros-
pheres. Exenatide microspheres were prepared using PLGA
by varying concentration as given in Table 1 (Formulation F,
A and G). Increase in concentration of polymer resulted in an
improvement in drug entrapment efficiency (from 20.3% for
3% PLGA to 77.1% for 9% PLGA). The increase in entrap-

ment efficiency arises from the increase of the oil viscosity
when elevating the PLGA concentration. More viscous solu-
tion of oil phase led to fewer leakage of hydrophilic drug
from the inner aqueous phase into the outer phase. Similar
effect was also observed by Zhu et al.20)

The effects of PVA concentration in external aqueous
phase on the encapsulation efficiency of exenatide micros-
pheres were observed from Table 1 (Formulation A, H and I).
The entrapment efficiency increased from 76.1 to 82.3%
when the PVA concentration increased from 1 to 3%. This is
due to that more viscous external aqueous phase caused by
raising PVA concentration resulted in the reduction of exe-
natide diffusing rate from the inner water phase to the outer
water phase, consequently improved the entrapment effi-
ciency. However, further increasing of the PVA concentration
to 5% led to decreased entrapment efficiency. Since most of
the particle sizes of microspheres in our study were small
and higher concentration of PVA lead to even smaller parti-
cle size, it could be considered that, when the PVA concen-
tration increased to 5%, the emulsion droplets were too small
to form thick and dense protective polymer layer well, which
led to more internal exenatide diffusing to the external aque-
ous phase.

In Vitro Release To obtain a best formulation with lower
burst release and optimal accumulative release profile, we in-
vestigated the in vitro exenatide release profiles of micros-
pheres. In some previous researches, the drug release of
PLGA microspheres has been shown to be impacted by nu-
merous parameters, such as polymer type, PLGA molecular,
internal aqueous phase volume, PLGA concentration. To
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Fig. 1. SEM Pictures of Exenatide-Loaded PLGA Microspheres at Differ-
ent Inner and Outer Water Phase Volume

(a) and (b) Formulation A; (c) Formulation B; (d) Formulation C; (e) Formulation D;
(f) Formulation E.



study the effects of these parameters on in vitro release be-
haviors of exenatide microspheres, a series of formulation of
exenatide PLGA microspheres were designed and prepared
by the W/O/W double-emulsion method.

Figure 2 showed the release profiles of exenatide micros-
pheres with different polymer type. The burst release of mi-
crospheres prepared with PLGA 50/50 was the lowest (11%),
whereas that of 75/25 PLGA was the highest (27%). PLGA
50/50 microspheres displayed a typical three-phase release
profile including burst release, lag period and erosion-con-
trolled release,21) which didn’t present in the release profiles
of 75/25 PLGA and PLA microspheres. This phenomenon
was due to the slower degradation rate for higher lactic acid
content, which led to the slower erosion-controlled release
phase (the SEM pictures of microspheres with different
PLGA type at various time points of in vitro release were
shown in the supplementary document). Depending on the
degradation rate, the cumulated exenatide release were 70%,
55% and 28% respectively for PLGA 50/50, PLGA 75/25
and PLA microspheres over 30 d.

The effects of PLGA molecular weight on in vitro release

of exenatide microspheres were shown in Fig. 3. PLGA
38400 microspheres presented the lowest initial burst release
(11%), whereas PLGA 10000—20000 and PLGA 56000 mi-
crospheres had significantly higher burst release (65% and
39% respectively). This may be attributed to the formation of
less stable primary emulsions for PLGA 10000—20000 and
PLGA 56000 microspheres, which resulted in more drug lo-
cating in the surface of microspheres in the preparation
process. Moreover, larger molecular weight would induce to
higher oil phase viscosity, so the thicker polymer layer ac-
cordingly in the preparing process. Microspheres with larger
molecular weight PLGA and thicker polymer layer had
slower degradation, so the lower drug release rate. Not sur-
prisingly, with the highest burst release and fast degradation
rate, PLGA 10000—20000 released exenatide mostly within
6 d and had almost no extended exenatide release. PLGA
38400 microspheres presented a three-phase release profile
within 30 d, whereas PLGA 56000 had no evident lag period
and had a continuous release over at least 40 d. It can be at-
tributed to the slower degradation of PLGA 56000 micros-
pheres, as made no significant inflexion between lag period
phase and erosion-controlled release phase.

The effect of internal aqueous phase volume to the in vitro
release of exenatide microspheres was shown in Fig. 4. The
burst drug release of microspheres was increased evidently
from 9% for 1 ml internal phase to 42% for 4 ml internal
phase. The significant rising of burst release was caused by
the more porous surface structure in microspheres prepared
with larger internal aqueous phase volume. Moreover, the
larger internal phase volume would lead to the thinner poly-
mer layer of microspheres, inducing a faster drug release rate
within one month.

Figure 5 depicted the release profiles of microspheres fab-
ricated at differentl PLGA concentrations. The initial burst
release of microspheres was restricted from 49% for 3%
PLGA to 3% for 9% PLGA. Since microspheres of lower
PLGA concentration had smaller particle size, smaller mi-
crospheres with a greater surface area resulted in micros-
pheres having more surface-bound exenatide. In addition, the
viscosity of oil phase increased as the augment of PLGA
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Fig. 2. Effect of the Polymer Type on the Release Profiles of Exenatide-
Loaded PLGA Microspheres

PLGA 50/50 (�), PLGA 75/25 (�) and PLA (�) (n�3).

Fig. 3. Effect of PLGA Molecular Weight on the Release Profiles of the
Exenatide-Loaded PLGA Microspheres

PLGA 10000—20000 (�), PLGA 38400 (�) and PLGA 56000kD (�) (n�3).

Fig. 4. Effect of Internal Aqueous Phase Volume on the Release Profiles
of the Exenatide-Loaded Microspheres Prepared with PLGA 50/50, MW
38400

Formulation A (�), Formulation B (�) and Formulation C (�) in Table 1 (n�3).



concentration. The higher viscosity causes less diffusion of
hydrophilic drug through the oil phase and consequently less
surface-conjugated exenatide of microspheres. Microspheres
of all the PLGA concentrations had three-phase release pro-
files, but the length of lag time increased as the increase of
PLGA concentration. This could be explained for the forma-
tion of the tighter and thicker polymer matrix structure with
higher PLGA concentration, which decreased the degrada-
tion rate of microspheres.22)

The Hypoglycemic Effect in Diabetes Mice To investi-
gate the potential application of exenatide-loaded PLGA mi-
crospheres in therapy of diabetes mellitus, their hypo-
glycemic effect of in STZ-induced diabetic mice was evalu-
ated. STZ is a reagent which can induce rapid and irre-
versible necrosis of B cells, and is widely used for making
diabetic animal models.23,24) Exenatide microspheres of For-
mulation H which has a lower initial burst, higher entrapment
efficiency and sustained in vitro release within one month
were chosen to observe the hypoglycemic behavior in dia-
betic mice. Mice of exenatide solution group were injected
subcutaneously with exenatide solution twice daily repeat-
edly over 40 d, and the daily dose was 3 mg/kg body weight in
corresponding drug amount. Mice of exenatide microspheres
group were injected subcutaneously one-time with exenatide-
loaded PLGA microspheres at the beginning of experiment,
and the dose was 90 mg exenatide/kg body weight, which was
equal to the total drug amount of exenatide solution group
within one month.

Figure 6 demonstrated the changes in fasting plasma glu-
cose of mice in each group after the administration within
40 d. The diabetic control mice were established by injection
of multiple low-dose STZ (30 mg/kg body weight per day for
7 d). The results showed that, diabetic control mice had a
continuous increase in fasting plasma glucose after the injec-
tion of STZ and the plasma glucose levels remained above
15 mmol · l�1 basically after day 14. The plasma glucose of
exenatide solution treated mice and exenatide microspheres
treated mice also increased to a certain extent compared with
the saline-treated control. Although hyperglycemia devel-
oped in all mice treated with STZ, significant difference
(p�0.05) in plasma glucose level was observed between the

exenatide microspheres group and the diabetic control group
within 30 d. Furthermore, one-time injection of exenatide mi-
crospheres had a similar hypoglycemic effect to the exenatide
solution injected twice daily in the diabetic mice within 30 d,
indicating that the exenatide-loaded PLGA microspheres per-
formed well slowed release of exenatide in vivo. In conclu-
sion, the exenatide microspheres could effectively control the
plasma glucose level of STZ-induced diabetic mice within
30 d.

Conclusion
In present study, an incretin mimetic, exenatide was suc-

cessfully encapsulated into PLGA microspheres using the
double-emulsion solvent evaporation method. Variable pa-
rameters affecting the properties of exenatide-loaded PLGA
microspheres were studied, and an optimized formulation of
exenatide microspheres with higher encapsulation efficiency
and lower burst release was ascertained. As a preliminary re-
search for the application of PLGA microspheres to the ther-
apy of diabetes mellitus, its pharmacodynamic study in STZ-
induced diabetic mice was investigated. The results showed
that, the prepared exenatide microspheres could effectively
control the plasma glucose within one month, and had a sim-
ilar hypoglycemic effect to exenatide solution injected twice
daily, which indicated in vivo slowed drug release of micro-
spheres. Further studies are in progress, including the hypo-
glycemic effect evaluation and the plasma drug concentration
determination of exenatide microspheres in the spontaneous
diabetic mice.
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