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30Poly(DL-lactic-co-glycolic acid) (PLGA) microspheres have been widely prepared by many methods,
31including solvent evaporation, solvent extraction and the co-solvent method. However, very few studies
32have compared the properties of microspheres fabricated by these methods. This is partly because the
33broad size distribution of the resultant particles severely complicates the analysis and affects the reliabil-
34ity of the comparison. To this end, uniform-sized PLGA microspheres have been prepared by Shirasu por-
35ous glass premix membrane emulsification and used to encapsulate exenatide, a drug for treating Type 2
36diabetes. Based on this technique, the influences on the properties of microspheres fabricated by the
37aforementioned three methods were intensively investigated, including in vitro release, degradation
38and pharmacology. We found that these microspheres presented totally different release behaviors
39in vitro and in vivo, but exhibited a similar trend of PLGA degradation. Moreover, the internal structural
40evolution visually demonstrated these release behaviors. We selected for further examination the micro-
41sphere prepared by solvent evaporation because of its constant release rate, and explored its pharmaco-
42dynamics, histology, etc., in more detail. This microsphere when injected once showed equivalent efficacy
43to that of twice-daily injections of exenatide with no inflammatory response.
44� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
45

46

47

48 1. Introduction

49 In the last few decades, microspheres based on biodegradable
50 polymers such as poly(DL-lactic-co-glycolic acid) (PLGA) for sus-
51 tained delivery of protein/peptide have been widely studied
52 [1–3]. Some peptides, such as Lupron Depot� (leuprolide acetate)
53 and Sandostatin LAR� (octreotide acetate), have been incorporated
54 into PLGA microspheres and commercialized as sustained-release
55 systems [4]. Solvent evaporation, solvent extraction and co-solvent
56 methods are the most popular approaches used to prepare the
57 microspheres, because these processes are simple and convenient
58 to control [5]. In the first two methods, an aqueous solution dis-
59 solving the drug is emulsified with an organic solution (oil phase)

60containing polymer. Methylene chloride (MC) is frequently used as
61the organic solvent in the evaporation method [6], and ethyl ace-
62tate (EA) is often used in the extraction method. For the co-solvent
63method, the drug is dissolved directly in two miscible organic sol-
64vents—typically MC and alcohol (methanol and ethanol)—without
65aqueous solution [7]. The use of different organic solvents results
66in microspheres with various characteristics. For instance, solvent
67removal rate affects the solidification, which is critical in determin-
68ing the morphology, surface area and other aspects of micro-
69spheres [8]. Thus, discrepancies of the resultant particles in
70terms of, for example, release behavior and pharmacology will be
71generated. Studying this discrepancy can provide more important
72and general insights into the mechanisms on microsphere degra-
73dation and drug release in vitro/vivo, which is a key issue in devel-
74oping long-term release systems. Although much effort has been
75devoted to microsphere preparations, relevant information about
76this discrepancy is scarce. This is partly because the broad size dis-
77tribution resulting from conventional mechanical stirring will
78result in particles with poor reproducibility with respect to release

http://dx.doi.org/10.1016/j.actbio.2014.06.018
1742-7061/� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: State Key Laboratory of Biochemical Engineering, PLA
Key Laboratory of Biopharmaceutical Production & Formulation Engineering,
Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190,
People’s Republic of China. Tel./fax: +86 10 82627072.Q2

E-mail address: ghma@ipe.ac.cn (G. Ma).
1 These authors contributed equally to this work.

Acta Biomaterialia xxx (2014) xxx–xxx

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /actabiomat

ACTBIO 3275 No. of Pages 10, Model 5G

3 July 2014

Please cite this article in press as: Qi F et al. Mechanistic studies for monodisperse exenatide-loaded PLGA microspheres prepared by different methods
based on SPG membrane emulsification. Acta Biomater (2014), http://dx.doi.org/10.1016/j.actbio.2014.06.018

http://dx.doi.org/10.1016/j.actbio.2014.06.018
mailto:ghma@ipe.ac.cn
http://dx.doi.org/10.1016/j.actbio.2014.06.018
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat
http://dx.doi.org/10.1016/j.actbio.2014.06.018


79 behavior, drug efficacy, etc. [9–12]. Therefore, to control particle
80 size, narrow down the size distribution and realize mass produc-
81 tion, Shirasu porous glass (SPG) premix membrane emulsification
82 has been employed [13].
83 Exenatide (synthetic exendin-4), a therapy for Type 2 diabetes
84 mellitus (T2DM), was used as a model peptide in this study. It
85 possesses 39 amino acids (H-His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-
86 Asp-Leu-Ser-Lys-Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-
87 Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2),
88 shares about 53% homology with mammalian gut hormone (GLP-
89 1), and also possesses glucoregulatory actions including enhance-
90 ment of insulin secretion, reduction of food intake, deceleration
91 of gastric emptying and improvement of b-cell function [14,15].
92 Herein, based on SPG premix membrane emulsification, mono-
93 disperse exenatide-loaded PLGA microspheres were prepared by
94 solvent evaporation, solvent extraction and co-solvent methods,
95 respectively. Systematic research into the effect of preparation
96 methods on the properties of microspheres was performed, includ-
97 ing release behaviors, molecular weight (Mw) degradation, struc-
98 tural evolution, etc. Then, pharmacological aspects of the optical
99 formulation were investigated, such as pharmacodynamics, immu-

100 nohistochemistry analysis and inflammatory response.

101 2. Materials and methods

102 2.1. Materials

103 PLGA with a molar ratio of D,Llactide/glycolide 75/25 (Mw
104 13 kDa) was purchased from Lakeshore Biomaterials (Birmingham,
105 AL, USA). Exenatide was provided by Hybio Pharmaceutical Co. Ltd.
106 (Shenzhen, PR China). Poly(vinyl alcohol) (PVA-217, degree of poly-
107 merization 1700, degree of hydrolysis 88.5%) was provided by
108 Kuraray (Tokyo, Japan). SPG membranes were purchased from
109 SPG Technology Co. Ltd. (Miyazaki, Japan). The SPG premix mem-
110 brane emulsification equipment (FMEM-500M) was designed by
111 National Engineering Research Center for Biotechnology (NERCB,
112 Beijing, PR China). Acetonitrile and trifluoroacetic acid (TFA) (both
113 HPLC grade) were purchased from Dikma Co. Ltd. (Lake Forest,
114 USA). All other reagents were analytical grade.

115 2.2. Preparation of microspheres

116 Microspheres prepared by solvent evaporation, solvent extrac-
117 tion and the co-solvent method are abbreviated as EVM, EXM
118 and COM, respectively.
119 Before preparation, SPG membrane 50.2 lm in size was
120 installed in the equipment (Fig. 1a). For preparation of EVM

121(Fig. 1b), 1 ml exenatide aqueous solution (3%, w/v, W1) was emul-
122sified with 8 ml organic solvent (MC, O) containing PLGA (10%, w/
123v) by homogenization (T18, IKA, Germany) at 18,000 rpm for 60 s
124to form W1/O. Next, the W1/O was stirred at 250 rpm for 1 min
125with external aqueous phase (W2) containing PVA (2%, w/v) and
126NaCl (0.5%, w/v) to form coarse W1/O/W2 emulsions. These were
127then poured into a premix reservoir and extruded through the
128SPG membrane by N2 pressure at 5 kPa to achieve uniform-sized
129droplets. After that, they were solidified at room temperature at
130250 rpm for 5 h. Finally, the microspheres were collected and
131washed with distilled water five times by centrifugation for
1323 min at 300 g. The washed microspheres were stored in �70 �C
133overnight, then lyophilized, and obtained after 48 h. The conditions
134for lyophilization were as follows: ice condenser �80 �C; vacuum
135�31 �C, 0.34 mbar.
136For preparation of EXM (Fig. 1b), EA was used as oil phase (O).
137The preparation process was the same as above. In addition, the
138uniform-sized droplets achieved by extrusion through SPG mem-
139brane were poured quickly into solidification solution with a large
140volume (1.6 l containing 0.9% (w/v) NaCl) under magnetic stirring
141at 250 rpm for 4 h to solidify the microspheres. The microspheres
142were obtained in the same way as above
143For preparation of COM (Fig. 1b), the exenatide powder was dis-
144solved in mixed organic solvent (volume ratio of MC and methanol
1456:2) containing PLGA (10%, w/v). The other steps were same as
146those for EVM.

1472.3. Characterization of microspheres

1482.3.1. Surface morphology observation and size distribution
149measurement
150The shape and surface morphology of PLGA microspheres were
151observed by scanning electron microscopy (SEM) with a JSM-6700F
152(JEOL, Japan).
153The particle size and size distribution was measured with a
154Mastersizer 2000 (Malvern, UK). The size distribution was referred
155as the Span value and was calculated as follows:

156

Span ¼ Dv;90% � Dv;10%

Dv;50%

;
158158

159where Dv,90%, Dv,50% and Dv,10% are volume size diameters at 90%,
16050% and 10% of the cumulative volume, respectively. The smaller
161the Span value, the narrower the size distribution.

Fig. 1. (a) Schematic depiction of the SPG premix membrane emulsification equipment; (b) schemes of the EVM, EXM and COM preparation.
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