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Poly(DL-lactic-co-glycolic acid) (PLGA) microspheres have been widely prepared by many methods,
including solvent evaporation, solvent extraction and the co-solvent method. However, very few studies
have compared the properties of microspheres fabricated by these methods. This is partly because the
broad size distribution of the resultant particles severely complicates the analysis and affects the reliabil-
ity of the comparison. To this end, uniform-sized PLGA microspheres have been prepared by Shirasu por-
ous glass premix membrane emulsification and used to encapsulate exenatide, a drug for treating Type 2
diabetes. Based on this technique, the influences on the properties of microspheres fabricated by the
aforementioned three methods were intensively investigated, including in vitro release, degradation
and pharmacology. We found that these microspheres presented totally different release behaviors
in vitro and in vivo, but exhibited a similar trend of PLGA degradation. Moreover, the internal structural
evolution visually demonstrated these release behaviors. We selected for further examination the micro-
sphere prepared by solvent evaporation because of its constant release rate, and explored its pharmaco-
dynamics, histology, etc., in more detail. This microsphere when injected once showed equivalent efficacy
to that of twice-daily injections of exenatide with no inflammatory response.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In the last few decades, microspheres based on biodegradable
polymers such as poly(DL-lactic-co-glycolic acid) (PLGA) for
sustained delivery of protein/peptide have been widely studied
[1–3]. Some peptides, such as Lupron Depot� (leuprolide acetate)
and Sandostatin LAR� (octreotide acetate), have been incorporated
into PLGA microspheres and commercialized as sustained-release
systems [4]. Solvent evaporation, solvent extraction and co-solvent
methods are the most popular approaches used to prepare the
microspheres, because these processes are simple and convenient
to control [5]. In the first two methods, an aqueous solution dis-
solving the drug is emulsified with an organic solution (oil phase)
containing polymer. Methylene chloride (MC) is frequently used as
the organic solvent in the evaporation method [6], and ethyl ace-
tate (EA) is often used in the extraction method. For the co-solvent
method, the drug is dissolved directly in two miscible organic sol-
vents—typically MC and alcohol (methanol and ethanol)—without
aqueous solution [7]. The use of different organic solvents results
in microspheres with various characteristics. For instance, solvent
removal rate affects the solidification, which is critical in determin-
ing the morphology, surface area and other aspects of micro-
spheres [8]. Thus, discrepancies of the resultant particles in
terms of, for example, release behavior and pharmacology will be
generated. Studying this discrepancy can provide more important
and general insights into the mechanisms on microsphere degra-
dation and drug release in vitro/vivo, which is a key issue in devel-
oping long-term release systems. Although much effort has been
devoted to microsphere preparations, relevant information about
this discrepancy is scarce. This is partly because the broad size dis-
tribution resulting from conventional mechanical stirring will
result in particles with poor reproducibility with respect to release
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behavior, drug efficacy, etc. [9–12]. Therefore, to control particle
size, narrow down the size distribution and realize mass produc-
tion, Shirasu porous glass (SPG) premix membrane emulsification
has been employed [13].

Exenatide (synthetic exendin-4), a therapy for Type 2 diabetes
mellitus (T2DM), was used as a model peptide in this study. It
possesses 39 amino acids (H-His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-
Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-
Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2),
shares about 53% homology with mammalian gut hormone (GLP-
1), and also possesses glucoregulatory actions including enhance-
ment of insulin secretion, reduction of food intake, deceleration
of gastric emptying and improvement of b-cell function [14,15].

Herein, based on SPG premix membrane emulsification, mono-
disperse exenatide-loaded PLGA microspheres were prepared by
solvent evaporation, solvent extraction and co-solvent methods,
respectively. Systematic research into the effect of preparation
methods on the properties of microspheres was performed, includ-
ing release behaviors, molecular weight (Mw) degradation, struc-
tural evolution, etc. Then, pharmacological aspects of the optical
formulation were investigated, such as pharmacodynamics, immu-
nohistochemistry analysis and inflammatory response.

2. Materials and methods

2.1. Materials

PLGA with a molar ratio of D,L-lactide/glycolide 75/25 (Mw
13 kDa) was purchased from Lakeshore Biomaterials (Birmingham,
AL, USA). Exenatide was provided by Hybio Pharmaceutical Co. Ltd.
(Shenzhen, PR China). Poly(vinyl alcohol) (PVA-217, degree of poly-
merization 1700, degree of hydrolysis 88.5%) was provided by
Kuraray (Tokyo, Japan). SPG membranes were purchased from
SPG Technology Co. Ltd. (Miyazaki, Japan). The SPG premix mem-
brane emulsification equipment (FMEM-500M) was designed by
National Engineering Research Center for Biotechnology (NERCB,
Beijing, PR China). Acetonitrile and trifluoroacetic acid (TFA) (both
HPLC grade) were purchased from Dikma Co. Ltd. (Lake Forest,
USA). All other reagents were analytical grade.

2.2. Preparation of microspheres

Microspheres prepared by solvent evaporation, solvent extrac-
tion and the co-solvent method are abbreviated as EVM, EXM
and COM, respectively.

Before preparation, SPG membrane 50.2 lm in size was
installed in the equipment (Fig. 1a). For preparation of EVM
Fig. 1. (a) Schematic depiction of the SPG premix membrane emulsificat
(Fig. 1b), 1 ml exenatide aqueous solution (3%, w/v, W1) was emul-
sified with 8 ml organic solvent (MC, O) containing PLGA (10%, w/v)
by homogenization (T18, IKA, Germany) at 18,000 rpm for 60 s to
form W1/O. Next, the W1/O was stirred at 250 rpm for 1 min
with external aqueous phase (W2) containing PVA (2%, w/v) and
NaCl (0.5%, w/v) to form coarse W1/O/W2 emulsions. These were
then poured into a premix reservoir and extruded through the
SPG membrane by N2 pressure at 5 kPa to achieve uniform-sized
droplets. After that, they were solidified at room temperature at
250 rpm for 5 h. Finally, the microspheres were collected and
washed with distilled water five times by centrifugation for
3 min at 300 g. The washed microspheres were stored in �70 �C
overnight, then lyophilized, and obtained after 48 h. The conditions
for lyophilization were as follows: ice condenser �80 �C; vacuum
�31 �C, 0.34 mbar.

For preparation of EXM (Fig. 1b), EA was used as oil phase (O).
The preparation process was the same as above. In addition, the
uniform-sized droplets achieved by extrusion through SPG mem-
brane were poured quickly into solidification solution with a large
volume (1.6 l containing 0.9% (w/v) NaCl) under magnetic stirring
at 250 rpm for 4 h to solidify the microspheres. The microspheres
were obtained in the same way as above

For preparation of COM (Fig. 1b), the exenatide powder was dis-
solved in mixed organic solvent (volume ratio of MC and methanol
6:2) containing PLGA (10%, w/v). The other steps were same as
those for EVM.
2.3. Characterization of microspheres

2.3.1. Surface morphology observation and size distribution
measurement

The shape and surface morphology of PLGA microspheres were
observed by scanning electron microscopy (SEM) with a JSM-6700F
(JEOL, Japan).

The particle size and size distribution was measured with a
Mastersizer 2000 (Malvern, UK). The size distribution was referred
as the Span value and was calculated as follows:
Span ¼ Dv;90% � Dv;10%

Dv;50%

;

where Dv,90%, Dv,50% and Dv,10% are volume size diameters at 90%,
50% and 10% of the cumulative volume, respectively. The smaller
the Span value, the narrower the size distribution.
ion equipment; (b) schemes of the EVM, EXM and COM preparation.
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2.3.2. Drug-loading capacity and encapsulation efficiency
measurement

Microspheres (5 mg) were dissolved in a mixed solution
composed of 150 ll acetonitrile and 850 ll 0.01 M HCl. The con-
centration of exenatide was determined by a reverse-phase
HPLC (RP-HPLC) system at room temperature with a C18
(250 mm � 4.6 mm � 5 lm, Syncronis, Thermo) chromatographic
column. The chromatography was performed with a linear gradi-
ent elution from 20% to 60% acetonitrile in ultrapure water con-
taining 0.1% TFA for 16 min. The flow rate was 1 ml min�1, and
the UV absorbance was set at 214 nm. The loading capacity and
encapsulation efficiency of the microspheres were calculated by
the following equations:

Loadingcapacityðlg=mgÞ ¼ Mass of drug in microspheres
Mass of microspheres

Encapsulationefficiencyð%;w=wÞ¼ Loading capacity
Theoretical loading capacity

�100%
2.3.3. Circular dichroism (CD) measurement
A detailed description of method used for CD measurement is

included in the Supporting Information.

2.3.4. In vitro drug release and polymer degradation studies
PLGA microspheres (10 mg) were dispersed in 1 ml 10 mM

phosphate buffer saline (PBS) medium (pH 7.4) and incubated
under agitation at 37 �C. At each time interval, supernatants were
collected by centrifugation for 3 min at 300 g and replaced with
fresh buffer of equal volume. The concentration of exenatide in
the supernatant was determined by Micro BCA Protein Assay Kit.

The method for studying polymer degradation is shown in the
Supporting Information.

2.3.5. Observation of drug distribution inside microspheres
Super Fluor 488 SE (Fanbo Biochemicals, Beijing, PR China) was

used to label exenatide to observe drug distribution within micro-
spheres during incubation. The microsphere preparation and
in vitro release experiment were the same as above. At predeter-
mined times, a small amount of microspheres were removed from
the samples and observed by confocal laser scanning microscopy
(CLSM, TCS SP 5, Leica) at an excitation wavelength of 488 nm.

2.4. Animal experiments and statistics

The animal experiments were consistent with the guidelines set
by the National Institutes of Health (NIH Publication No. 85-23,
revised 1985) and were approved by the Experimental Animal
Ethics Committee, Beijing. The animal experiments were per-
formed at Beijing Dingguo Changsheng Biotechnology Co. Ltd.

2.4.1. Pharmacokinetics study
Male SD rats (250–300 g) were divided into four groups (n = 6

per group): exenatide solution, EVM, EXM and COM groups. The
rats in the exenatide solution group were subcutaneously injected
with exenatide at a dose of 36 lg per rat. The other groups were
subcutaneously injected with microspheres containing exenatide
at a dose of 1 mg per rat (equivalent to the dose of a twice-daily
injection of exenatide solution for 2 weeks). Plasma was obtained
at the same sampling time as in vitro release. The establishment
of in vitro/in vivo correlation is included in the Supporting Infor-
mation. The exenatide concentration in plasma was analyzed with
an Exendin-4 EIA kit (Phoenix Pharmaceuticals, CA, USA) according
to the manufacturer’s instructions.
2.4.2. Pharmacodynamics study
Male kk-ay mice (9–10 weeks old), T2DM model mice, were

assigned into three groups (n = 6 per group): exenatide solution
group (twice daily injection for 14 days, 50 lg kg�1), EVM (single
subcutaneous injection of EVM, 40 mg kg�1 containing
1.44 mg kg�1 exenatide, equivalent to the dose of twice-daily
injection of exenatide solution for 2 weeks) and saline group (sin-
gle subcutaneous injection, control). The blood samples were
obtained after fasting 4 h. A one-touch blood glucose meter
(ACCU-CHEK� Performa) was used to measure the blood glucose.

The area under the concentration–time curve (AUC) was esti-
mated by the linear trapezoidal method. The in vivo results were
analyzed as mean ± SE. Statistics were performed using GraphPad
Prism 5 (San Diego, CA). Comparisons between groups were ana-
lyzed by two-way ANOVA analysis followed by Tukey’s test, and
P < 0.05 was considered statistically significant.
2.4.3. Histological and immunohistochemistry studies
Histological study was used to evaluate the safety of EVM

in vivo. Subcutaneous tissues were removed from the injection
sites. The tissue samples were fixed in 10% formalin, and sections
were immersed in paraffin and cut using a microtome. The tissues
were stained with hematoxylin and eosin.

Insulin immunohistochemistry study was performed to confirm
the insulinotropic bioactivity of the drug. Tissue samples were
washed with PBS, dehydrated by graded alcohols and xylene, and
embedded in paraffin wax. The embedded tissues were sectioned
at 4 lm, and attached to polylysine-coated slides. Endogenous per-
oxidase blocking process was performed after 20 min pretreatment
at room temperature. Sections were reacted with anti-insulin anti-
body diluted at a ratio of 1/800 as a primary antibody and incu-
bated at 4 �C overnight. After washing the sections with PBS
three times, secondary antibody was added and incubated for 4 h
at room temperature before washing with PBS. Finally, sections
were stained with DAB, counterstained in real hematoxylin and
0.3% ammonia water. Proliferating cell nuclear antigen (PCNA)
immunohistochemistry was performed by the same steps.

Photomicrographs of the histological and immunohistochemi-
cal slices were taken by an Olympus microscope (Tokyo, Japan).
The images were analyzed by Image J version 1.48 (NIH Image,
Maryland, MD).
3. Results and discussion

3.1. Characteristics of microspheres

Uniform-sized exenatide-loaded PLGA microspheres were suc-
cessfully prepared by SPG premix membrane emulsification com-
bined with solvent evaporation, solvent extraction and co-solvent
methods. As shown in Fig. 2a–c, all the microspheres had smooth
external surfaces with a few pores, attributed to the drug diffusion
from particle core to the surface during solidification [16]. The
sizes of the three resultant microspheres were 20.63, 22.38 and
21.50 lm with small ranges (Table S1 in the Supporting Informa-
tion), suggesting a narrow size distribution (Fig. 2d). EVM and
EXM were prepared as double emulsions (W/O/W) with different
organic solvents, but the encapsulation efficiency of the former
(92.51 ± 3.41%, MC as oil phase) was higher than the later
(84.42 ± 3.67%, EA as oil phase), as was the loading capacity
(34.23 ± 1.31 vs 31.64 ± 1.43 lg mg�1). The reason was that due
to volumes of solidification solution added in emulsion droplets
of EXM, the hydrophilic drug diffused into the external
water phase more easily during solidification. The highest encap-
sulation efficiency and loading capacity (98.48 ± 4.94% and
35.21 ± 1.82 lg mg�1) was achieved by co-solvent method (O/W),



Fig. 2. SEM images of (a) EVM, (b) EXM and (c) COM; (d) size distribution. Scale bar: 10 lm.
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because methanol, miscible with MC, could dissolve the drug, mak-
ing it distribute uniformly in the oil phase, and leading to a fast
polymer precipitation favorable for high encapsulation efficiency.
Fig. 3. In vitro release profiles (n = 3, mean ± SD).
3.2. Drug stability

Using organic solvent may lead to denaturation of encapsulated
peptide/protein during preparation, owing to formation of an oil–
water interface. For example, MC had a denaturing effect on the
stability of protein C, and the effect would be worse if EA were used
[17]. EVM and EXM were prepared using MC and EA as the organic
solvent, respectively. In COM preparation, MC and methanol were
both used. To study the stability of exenatide during preparation,
CD spectroscopy was used to monitor its secondary structure
changes. The peptide was extracted from the microspheres after
lyophilization and compared with the native one. As shown in
Fig. S1 (Supporting Information), all the spectra show identical
curves with two negative minima around 208 and 222 nm, indicat-
ing the predominant a-helix and b-structure. Thus, the stability of
exenatide was not influenced by the preparation method used.
3.3. In vitro release

It is well known that drug-release behavior is significantly
affected by preparation method [18,19]. Similarly, in our study,
all the release profiles were completely different (Fig. 3). EVM
exhibited a low burst initial release within 24 h (�25%), followed
by constant release until the end. EXM showed a plateau with
the highest burst (�45%), and after 5 weeks the release rate
increased. On the other hand, COM exhibited a similar release
behavior as EXM but with the slowest burst (�13%). To further
investigate the mechanisms, studies of the morphological evolu-
tion and polymer degradation of microspheres were undertaken
as follows.
3.4. Structural evolution and polymer degradation

PLGA microspheres release drug via gradual erosion of their
matrix after hydration and cleavage of hydrolytically sensitive
bonds in the polymer chains [20]. Therefore, the morphological
and inner structural evolution can reflect the microsphere degra-
dation states, and the molecular weight decrease can quantita-
tively characterize the polymer degradation.
3.4.1. Morphological evolution
As illustrated in Fig. S2 (Supporting Information), irrespective of

the preparation method used, we observed the general trend that
the external surfaces of the microspheres became coarse with large
pores, and more pores were formed by day 14. Moreover, the pores
disappeared gradually, but all of them still maintained their integ-
rity up to 60 days. The reason was that the reduced glass transition
temperature (Tg) caused by decreased Mw, promoted the mobility
of degraded oligomers and accelerated their rearrangement by
plasticization [21]. For the same reason, the microspheres did not
collapse even up to 100 days. However, they all became smaller,



F. Qi et al. / Acta Biomaterialia 10 (2014) 4247–4256 4251
and some were aggregated and had coarse surfaces. The mainte-
nance of microsphere integrity might be one of the reasons for
the incomplete release. In conclusion, no significant differences
of the external surfaces were observed.

3.4.2. Polymer degradation
Polymer degradation is the result of hydrolysis of ester bonds

through the whole polymer matrix [22]. As shown in Fig. S3
(Supporting Information), surprisingly, all of the polymers
followed the similar Mw degradation profile. The polymer Mw

decreased almost linearly with time, suggesting pseudo-first-order
kinetics for the polymer degradation during incubation. The Mw

decrease was calculated as follows:

MwðtÞ ¼ Mw0expð�kd � tÞ ð1Þ

where Mw0 is the initial Mw of polymer and kd is the pseudo-first-
order degradation rate constant of the polymer [23].

The values of kd calculated by Eq. (1) from the experimental
results were almost identical (Fig. S3). This indicated that the
degradations proceeded via the same mechanism, and were not
strongly affected by the preparation method.

3.4.3. Inner structural evolution
The inner structural changes that could affect in vitro release

behavior [8,24] were reflected in the drug distribution variations
visualized by CLSM. In order to explore the mechanism of internal
microsphere degradation, labeled exenatide was encapsulated in
PLGA microspheres. As illustrated in Fig. 4, EVM exhibited non-
uniform drug distribution with many large non-homogeneous
aggregations, as the peptide was dissolved in the inner aqueous
droplets within the matrix of particle. EXM also presented the
same distribution, but it was obvious that there were more drugs
on or near the surfaces. This was because that when the uni-
form-sized emulsion droplets were added to the solidification
solution, they were exposed to volumes of water, resulting in the
peptide diffusing near or on the particle surface. This also
explained the reason for its highest initial burst release. As for
COM, exenatide was uniformly distributed inside these micro-
sphere, since the drug was dissolved in the oil phase.

During incubation, the microspheres degraded gradually.
Simultaneously, the drug domains changed into aqueous pores
showing no green color [11,25]. As incubation proceeded, more
pores were generated inside EVM, and contacted the external
phase. Thus, water and degraded oligomers diffused into and out
of the matrix easily, leading to a constant release rate. For EXM,
the drug near the surface quickly diffused into medium, resulting
in a high burst initial release. In addition, the internal structural
changes were almost the same as those in EVM. In COM, however,
at an early phase (day 14), the drug distribution was still relatively
uniform except for generation of small pores near the surfaces,
indicating the drug nearby was released first. At day 30, some drug
remained in the core of microspheres; hence, the release rate was
very slow in this phase. Afterwards, the drug in the core began to
diffuse out of the microspheres showing a green margin, resulting
in a high release rate.

Compared with the corresponding morphological evolution, the
internal structure clearly evolved, because the pH inside the parti-
cle decreased due to local polymer degradation. Whereas pH at the
surface remained unchanged, the morphology could only be chan-
ged by Tg caused by degradation of the whole polymer [26]. The
internal structural evolution reflected by drug distribution clearly
demonstrated and explained the differences in release behaviors.

Above all, it was found that although the drug release was con-
trolled by polymer degradation, the internal structural changes of
microspheres rather than the decrease of polymer Mw played the
most important role.
3.5. Pharmacokinetics

Pharmacokinetics using SD rats was evaluated to further
explore the differences between the microsphere preparations
in vivo (Fig. 5, Table S2). EVM achieved maximal plasma drug con-
centration (136.16 ± 19.11 ng ml�1) within 2 h after injection,
which was significantly lower than the exenatide solution group
(239.83 ± 15.48 ng ml�1). Furthermore, it showed constant release
within 14 days, and then leveled off. The EXM group presented a
quick release with high concentration in 1 h, and achieved the
highest value (190.09 ± 16.04 ng ml�1) within 2 h. Moreover, its
plasma drug level was lower than that of EVM almost throughout
the entire investigations period except the initial hours, in accor-
dance with the in vitro release behavior. On the other hand, COM
showed its highest value (60.12 ± 12.62 ng ml�1) at 1 h. Despite
this, its maximal value was the lowest among the three. In addi-
tion, its drug concentration presented the lowest level within the
first 14 days. Afterwards, however, it became very high until the
end.

The AUC0�1d value of the exenatide solution group
(25.01 ± 1.66 ng day ml�1) was significantly higher than the group
COM (9.46 ± 0.59 ng day ml�1), showed no difference compared
with EVM (20.14 ± 2.29 ng day ml�1), and was significantly lower
than EXM (33.65 ± 3.12 ng day ml�1). The AUC0�30d values of EVM
(188.89 ± 19.45 ng day ml�1) and COM (255.01 ± 72.60 ng day ml�1)
were significant higher than EXM (149.74 ± 13.85 ng day ml�1).
According to the above results, EVM was the best formulation for a
long-term effective system, because it possessed both the high
AUC0�30d value and constant release rate both in vitro or in vivo. In
the following experiments, EVM was employed to further investi-
gate the relevant pharmacology.

The in vitro/in vivo correlations of EVM, EXM and COM were
established by the profiles of cumulative release in vitro and
in vivo (Fig. 5b), exhibiting a good linear regression correlation.
Based on these results, it was feasible to predict the release
in vivo by the established correlation according to the in vitro
release.

3.6. The pharmacological study of EVM

3.6.1. Hypoglycemic efficacy
Kk-ay mice were used as a T2DM model to evaluate the phar-

macodynamics. After injection, the blood glucose level in exenatide
solution and in the EVM group were significantly lower than that
in control (saline group), and remained lower for first 14 days
(Fig. 6a). However, when the mice in the solution group stopped
being injected from day 15, the blood glucose returned to the con-
trol level gradually. In contrast, the EVM group still presented sig-
nificantly low blood glucose throughout the entire experimental
period. The trend of hypoglycemic efficacy was well explained by
the pharmacokinetics of EVM, i.e. the drug concentration in blood
was high for the first 14 days, leading to a significantly low blood
glucose level. Afterwards, the release leveled off, and the efficacy
gradually became weak. The AUCblood glucose 0�14d values of exena-
tide solution (186.73 ± 40.35 mmol l�1 day�1) and EVM
(154.47 ± 75.90 mmol l�1 day�1) group were significantly smaller
than that of control (296.84 ± 41.40 mmol l�1 day�1), indicating
the former two groups both presented hypoglycemic efficacy. Fur-
thermore, there was no significant difference between them, sug-
gesting they offered equivalent efficacy.

3.6.2. Insulin immunohistochemistry analysis
After 14 days of treatment, the mice pancreatic tissues were

removed to analyze the insulinotropic bioactivity of exenatide by
insulin immunohistochemistry, which reflected the insulin secre-
tion in pancreas islets visually [27,28].



Day 0

Day 14

Day 30

Day 60

EVM EXM COM

Fig. 4. CLSM images for inner structural (drug distribution) evolutions of EVM, EXM and COM at different incubation times (day 0, 14, 30 and 60). Scale bar: 10 lm.

Fig. 5. (a) Plasma exenatide concentration vs. time profiles of EVM, EXM and COM (n = 6); the insert presents the plasma exenatide concentrations vs. time within 24 h. (b) In
vitro/in vivo correlations of EVM, EXM and COM.
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As shown in Fig. 7a–c, in the cytoplasm of the endocrine islet,
positive signals (dark yellow) with larger area were obvious in
the exenatide solution and EVM groups, indicative of higher insulin
secretion and more b-cells. Semiquantitative analysis of the ratios
(b-cell area to islet area) (Fig. 7d) also demonstrated that insulin
secretions in these two groups were significantly higher than in
control, in line with the result of hypoglycemic efficacy. This result
also suggested that EVM achieved the same insulinotropic activity
as twice-daily injection of exenatide solution for 2 weeks.

3.6.3. PCNA immunohistochemistry analysis
In addition to hypoglycemic efficacy and insulinotropic activity,

exenatide is also capable of increasing b-cell mass through stimu-
lation of b-cell neogenesis, proliferation and suppression of b-cell



Fig. 6. (a) Blood glucose vs. time profiles of exenatide solution, EVM and saline group. (b) AUC values of blood glucose concentration in three groups (0–14 days) (AUCblood

glucose 0�14d). Statistical differences were tested using two-way ANOVA followed by Tukey’s test. Differences were termed statistically significant at ⁄P < 0.05, ⁄⁄P < 0.01 vs.
saline group. Data are mean ± SE. n = 6.

Fig. 7. Insulin immunohistochemistry of pancreas tissues from kk-ay mice in (a) exenatide solution, (b) EVM and (c) saline group after 14 days of treatment, the dark yellow
areas indicate the insulin-positive signals. (d) Percentages of insulin-positive b-cell area to the islet area (n = 4). Scale bar: 200 lm. Statistical differences were tested using
two-way ANOVA followed by Tukey’s test. Differences were termed statistically significant at ⁄P < 0.05 vs. saline group. Data are mean ± SE.
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apoptosis, which is the biggest difference compared with chemical
drugs such as metformin and sulfonylurea treatment for T2DM
[29]. Because PCNA is distinguished by its apparent association
with cell division [30], its immunohistochemistry can be used to
indicate cell neogenesis including b-cells in pancreas islets.

As illustrated in Fig. 8a,b, proliferative cells (dark brown points)
were distributed sporadically within pancreas islets (in frame) in
the exenatide solution and EVM groups. However, the control
group shows few dark brown points (Fig. 8c). Semiquantitative
analysis of the ratios (PCNA-positive cells to all cells) (Fig. 8d) indi-
cated that the numbers of proliferative cells in the exenatide solu-
tion and EVM groups were significant more than that in the saline
group, and that some of them were b-cells. Furthermore, the area
of islet was smaller than with the other two groups. Although
PCNA immunohistochemistry indicates no direct b-cell neogenesis,
it was suggested that the pre-existing b-cell in the islets might
proliferate slowly [31], and there were more in the former two
groups than in the control. As we discussed above, in Fig. 7, the
positive areas indicated not only the insulin secretion, but also
the number of b-cells. Combined with the results of insulin and
PCNA immunohistochemistry, it was concluded that the exenatide
and EVM group both improved pancreatic function.

3.7. Histological study

After administration to SD rats, the injection sites were
removed periodically to perform the histological study. As shown
in Fig. 9, compared with control, no inflammatory response was
observed in the tissue-injected exenatide solution. Similarly, the
EVM group also presented no significant inflammatory reaction
in any phase (day 7–30). This is an exciting result compared with
other works that also used PLGA as material to encapsulate drugs,
because accumulation of acidic oligomers degraded by PLGA might
lead to an inflammatory response [32,33]. One of the possible
reasons was that the high LA/GA (75/25) ratio caused slow
degradation PLGA, generating lower levels of acidic oligomers.
Meanwhile, the oligomers would be quickly transported to further
adjust the local acidity. Another reason was that a only a small
number of microspheres needed to be injected to achieve an effica-
cious dose. Thus, the inflammatory response was very weak or



(a)

(c) (d)

(b)

Fig. 8. PCNA immunohistochemistry of pancreas tissues from kk-ay mice in (a) exenatide solution, (b) EVM and (c) saline group after 14 days of treatment; (d) percentages of
PCNA-positive cells to all cells in islet (n = 4). The dark brown points which the arrow points to in the frame are PCNA-positive signals. Statistical differences were tested using
two-way ANOVA followed by Tukey’s test. Differences were termed statistically significant at ⁄P < 0.05 vs. saline group. Scale bar: 100 lm.

Control Exenatide solution

7 d 14 d 30 d

Exenatide 

Fig. 9. Histology of injection sites after s.c. administration with exenatide solution and EVM. Top panel shows normal tissue (control) and tissue injected with exenatide
solution. Bottom panel shows tissues injected with EVM after 7, 14 and 30 days. Scale bar: 200 lm.

4254 F. Qi et al. / Acta Biomaterialia 10 (2014) 4247–4256
even negligible. In conclusion, the EVM was acceptable and safe for
administration.

3.8. Morphological evolution of microspheres in vivo

It is well known that after injection, large PLGA microspheres
will remain in place under the skin and degrade slowly affected
by biological action [35]. During this degradation, exenatide is
released continuously into circulation as a result of polymer ero-
sion [36–38], a process that can be mirrored by the biodegradation
state of the microspheres. Thus, the microspheres injected were
removed periodically to observe any morphological changes by
SEM.

After injection of EVM, a nodule was formed under the skin at
the injection site. At day 7, the EVM remained as individuals,
although they were no longer spherical (Fig. 10). After 14 and
22 days, the microspheres agglomerated and interspersed among
surrounding connective tissues. At the end of 1 month, from the
exterior, no subcutaneous nodule could be detected in any rat (fig-
ure not shown). Internal observation, however, showed that the
microspheres kept interspersing, invaded deeper into tissue, and
could not be distinguished clearly. This was because in the physi-
ological environment, the area of microspheres injected into the
body decreased owing to degradation, and the surrounding tissues
integrated with the microspheres and reorganized [34]. As the
injection time increased, the phenomenon was more obvious. At
the later stage, the microspheres became submerged by the con-
nective tissue and degraded further.

This study showed the biodegradation states of EVM with
a size of 20 lm in vivo. According to our observations, it might
not be a significant burden for the body in the late phase of
injection.



(a) (b)

(c) (d)

Fig. 10. Morphological changes of EVM in vivo: (a) day 7, (b) day 14, (c) day 22 and (d) day 30. Scale bar: 20 lm.
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4. Conclusion

Exenatide-loaded PLGA microspheres were prepared by SPG
premix membrane emulsification combined with solvent evapora-
tion, solvent extraction and co-solvent methods. All of the micro-
spheres had a narrow size distribution and an average size of
�20 lm. EVM presented a constant release, and EXM showed the
highest burst release. As for COM, it exhibited a slow release, fol-
lowed by a fast release in the later phases. The preparation meth-
ods did not influence the polymer Mw degradation, but affected the
internal structural evolution that played an important role in the
in vitro release behaviors. These relevant studies provide a new
guidance for microsphere preparation in pharmaceutics. EVM
was the best formulation due to its constant release rate in vivo
over 14 days. The pharmacodynamics showed that the EVM could
effectively reduce the blood glucose with no inflammatory
response, and also possessed the same function in the pancreas
as exenatide solution. Above all, it is feasible for a single injection
of EVM to replace a twice-daily injection of exenatide for 2 weeks.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–9 are difficult
to interpret in black and white. The full color images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
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