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Monodisperse PLGA–alginate core–shell microspheres with controlled size and homogeneous shells were
first fabricated using capillary microfluidic devices for the purpose of controlling drug release kinetics.
Sizes of PLGA cores were readily controlled by the geometries of microfluidic devices and the fluid flow
rates. PLGA microspheres with sizes ranging from 15 to 50 lm were fabricated to investigate the influ-
ence of the core size on the release kinetics. Rifampicin was loaded into both monodisperse PLGA micro-
spheres and PLGA–alginate core–shell microspheres as a model drug for the release kinetics studies. The
in vitro release of rifampicin showed that the PLGA core of all sizes exhibited sigmoid release patterns,
although smaller PLGA cores had a higher release rate and a shorter lag phase. The shell could modulate
the drug release kinetics as a buffer layer and a near-zero-order release pattern was observed when the
drug release rate of the PLGA core was high enough. The biocompatibility of PLGA–alginate core–shell
microspheres was assessed by MTT assay on L929 mouse fibroblasts cell line and no obvious cytotoxicity
was found. This technique provides a convenient method to control the drug release kinetics of the PLGA
microsphere by delicately controlling the microstructures. The obtained monodisperse PLGA–alginate
core–shell microspheres with monodisperse size and homogeneous shells could be a promising device
for controlled drug release.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The development of modern therapeutics has raised the
requirement for controlled drug delivery devices which can release
drugs at a predetermined rate for a long time [1]. Controlled drug
release offers numerous advantages over conventional drugs (free
drugs) [2], such as improved efficacy, reduced side-effects and
improved patient compliance [3–5]. Currently, the widely used
controlled drug delivery devices include nanoparticles and micro-
particles made from polymers and liposomes [6–9]. The majority
of such devices have been facing the challenges of broad size dis-
tribution, high initial burst release and uncontrollable drug release
kinetics. Recent reports have suggested that the shape and size of
drug delivery devices have significant impacts on the initial burst
effect and the drug release kinetics [10–13]. Therefore, fabricating
monodisperse nano/microparticles with controlled size and shape
79

80

81
has become one of the key issues in developing controlled drug
delivery devices.

To date, only a few technologies have been found to be inher-
ently suitable for fabricating monodisperse nano/microparticles
with controlled size. Microfluidics, which is a group of technologies
involved in the manipulation of fluids using channels in the scale of
micrometers [14,15], is of particular interests due to its ability to
control the size and the shape of droplets [16–19]. Great effort
has been made to investigate the ability of microfluidics in fabri-
cating monodisperse drug delivery devices with controlled micro-
structure [20,21]. Recently, monodisperse PLGA microparticles
were fabricated using microfluidic devices [22]. The authors found
that monodisperse microparticles fabricated using microfluidic de-
vices exhibited slower overall release rate and reduced initial burst
release, compared with conventional polydisperse PLGA micropar-
ticles of similar average diameters. More recently, microfluidics
was also applied in the fabrication of monodisperse porous PLGA
microspheres with tunable pore size [23]. Although some achieve-
ments have been made, systematical studies of the relationships
isperse

http://dx.doi.org/10.1016/j.actbio.2013.03.022
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between the size and the drug release kinetics of monodisperse
microparticles are far from complete.

Rifampicin–PLGA microspheres entrapped in alginate hydrogel
matrix showed significantly prolonged drug release duration com-
pared with bare rifampicin–PLGA microspheres [24]. Core–shell
microcapsules made of PLGA and alginate were fabricated with a
coaxial electro-dropping method [25]. Using the core–shell micro-
capsules, dual drug release was achieved and the initial burst was
highly suppressed when the biomolecule was loaded in the PLGA
core. However, fabricating homogeneous shells and controlling
the size of microparticles in a convenient and energy-saving way
remain difficult. The microfluidic method is a promising candidate
for fabricating homogeneous core–shell microspheres with con-
trolled size because of its ability to delicately control the size and
the structure of droplets in the microscale. Although core–shell
emulsions have been generated by microfluidics [26], their appli-
cations in drug delivery are limited due to the instability of liquid.
In this study, monodisperse PLGA–alginate core–shell micro-
spheres composed of a single PLGA microspheric core and a homo-
geneous alginate shell were fabricated using a capillary
microfluidic device for the purpose of controlling the drug release
kinetics. PLGA was chosen as the drug carrier for its excellent bio-
compatibility. Its readily variable degradation rate ranging from 1
to 5 months can meet the requirements of most biomedical appli-
cations. Alginate was used as the shell material to modulate the
drug release profile. Alginate has found numerous applications in
drug delivery for its biocompatibility and ease of gelation
[27,28]. Nevertheless, other biocompatible polymers and polysac-
charides can also be processed using the capillary microfluidic sys-
tem presented in this study. The selection of the materials mainly
depends on the requirements imposed by the biomedical applica-
tion. Rifampicin was loaded in the PLGA core as a model drug. The
size of PLGA–alginate core–shell microspheres was well controlled
by varying the fluid flow rates and the geometries of capillary
microfluidic devices. Monodisperse PLGA microspheres with four
different diameters were also fabricated using capillary microflu-
idic devices to study the effect of the core size on the drug release
kinetics. The drug content, encapsulation efficiency and in vitro re-
lease profiles exhibited by these drug delivery devices were subse-
quently compared. Structures and surface morphologies were
observed by microscopy and scanning electron microscopy
(SEM). Biocompatibility of the PLGA–alginate core–shell micro-
spheres was evaluated by cell viability from MTT assay. The pres-
ent technique provides a method to fabricate monodisperse
Fig. 1. Fabrication of PLGA microspheres and PLGA–alginate core–shell microspheres: (a
of PLGA–alginate core–shell microspheres.

Please cite this article in press as: Wu J et al. Fabrication and characterization of
size and homogeneous shells for controlled drug release. Acta Biomater (2013
core–shell microspheres with controllable size and homogeneous
shells which can be applied in controlled drug release.
2. Materials and methods

2.1. Materials

PLGA (L/G = 50:50, Mw = 7000–17,000) was purchased from
Aldrich. Alginate in the form of alginic acid sodium salt was pur-
chased from Fluka. Poly(vinyl alcohol) (PVA, 87–89% hydrolyzed,
Mw = 13,000–23,000 Da) and anhydrous calcium chloride were ob-
tained from Sigma–Aldrich. Rifampicin and phosphate-buffered
saline (PBS, pH 7.4) was purchased from Sigma. All other chemicals
and reagents were of analytical reagent grade. All reagents were
used as received.
2.2. Fabrication of monodisperse PLGA microspheres with different
diameters

PLGA microspheres were fabricated using a template of an oil-
in-water single emulsion generated in capillary microfluidic de-
vices [15,29]. The microfluidic devices were assembled as de-
scribed below. Typically, two cylindrical capillaries (inner
diameter/outer diameter: 0.58 mm/1 mm) were tapered by a
micropipette puller (P-97, Sutter Instrument, Inc.). The tips of the
capillaries were then polished to desired diameters using sandpa-
per. The tapered round capillaries were coaxially aligned inside a
square capillary. The generation of PLGA single emulsion droplets
is illustrated in Fig. 1a. The PLGA solution dissolved in dichloro-
methane (DCM; 8%, w/v) containing 0.8% (w/v) rifampicin was
the inner oil phase. The aqueous PVA solution (1%, w/v) was the
outer water phase. The inner phase flowed through the round cap-
illary with a smaller nozzle diameter, known as the injection tube.
The outer water phase flowed through the region between the
injection tube and the outer square capillary. PLGA droplets were
formed in the orifice of the remaining capillary, known as the col-
lection tube. The PLGA emulsion droplets were collected with 0.1%
(w/v) aqueous PVA solution in a beaker, and it usually takes 24 h to
evaporate the DCM at room temperature without stirring. The ob-
tained PLGA microspheres were washed with a large amount of
deionized water and dried at 40 �C. The size of PLGA microspheres
was controlled by the fluid flow rate and/or the diameter of the col-
lection tube.
) schematic diagram of PLGA single emulsion generation and (b) fabrication process

monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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2.3. Fabrication of PLGA–alginate core–shell microspheres

The PLGA–alginate core–shell microspheres were fabricated
using a similar capillary microfluidic device with small modifica-
tions for generating an oil-in-water-in-oil double emulsion as a
template [15,29]. The injection tube was inserted into the collec-
tion tube. The inner surface of collection tube was rendered hydro-
phobic by dipping the collection tube into n-octadecyltrimethoxy
silane and drying subsequently. The outer surface of the injection
tube was gently wiped with a cotton swab soaked with hydroflu-
oric acid to make it more hydrophilic.

The fabrication process of PLGA–alginate core–shell micro-
spheres is illustrated in Fig. 1b. First, fluids of three phases were
guided into the microfluidic device as shown in Fig. 1b to generate
PLGA–alginate double emulsion droplets. The PLGA solution in
DCM (8%, w/v) containing 0.8% (w/v) rifampicin, the PVA solution
(1%, w/v) containing 0.5% (w/v) alginate and the toluene containing
10% (w/w) span80 were used as the inner oil phase, middle aque-
ous phase and outer oil phase, respectively. Second, the double
emulsion droplets were collected in a beaker containing calcium
chloride solution to cross-link the alginate shell layer. Last, the
droplets with hardened shells were left until complete evaporation
of DCM at room temperature had occurred. The obtained PLGA–
alginate microspheres were washed with distilled water and dried
at 40 �C.

2.4. Characterization of PLGA microspheres and PLGA–alginate core–
shell microspheres

The molecular structures of PLGA microspheres and PLGA–
alginate core–shell microspheres were certificated by Fourier
transform infrared (FTIR) transmission spectra (Perkin Elmer mod-
el 16PC). Microspheres were pressed into pellets with potassium
bromide for the FTIR test. Morphologies and structures of PLGA
microspheres and PLGA–alginate core–shell microspheres were
characterized by SEM and microscopy. The SEM images were ob-
tained using a variable pressure (VP) SEM (Hitachi S-3400N, Elec-
tron Microscope Unit, The University of Hong Kong). PLGA
microspheres were coated with a thin layer of gold before observa-
tion. To obtain SEM images of PLGA–alginate core–shell micro-
spheres, samples were directly observed without dehydration or
coating in order to preserve as much original morphology of the
alginate shells as possible. The observation was carried out under
120 Pa at �21 �C on a cooling stage. The mean diameters and the
size distributions of PLGA microspheres and the PLGA cores of
PLGA–alginate core–shell microspheres were determined by mea-
suring at least 200 particles in the SEM image [30].

PLGA microspheres and PLGA–alginate core–shell microspheres
were also observed using a microscope (Nikon Eclipse 80i)
equipped with a digital camera (Nikon DXM1200F). Samples were
dispersed in distilled water and spread on a glass slide. To visualize
the transparent alginate shell, PLGA–alginate core–shell micro-
spheres were stained with alcian blue (pH 1).

2.5. Drug content and encapsulation efficiency

The drug content of PLGA microspheres loaded with rifampicin
was determined by lysing a certain amount of PLGA microspheres
in 1 ml of 5% (w/v) sodium dodecyl sulfate solution containing
0.1 M sodium hydroxide [31]. The concentration of rifampicin in
the supernatant was assayed by the UV method at 473 nm [32]
with a microplate reader. For PLGA–alginate core–shell micro-
spheres, the shells were removed by immersing the core–shell
microspheres in 50 mM ethylenediaminetetraacetic acid solution
before determining the drug content. The drug content of the
microspheres and the core–shell microspheres was defined as the
Please cite this article in press as: Wu J et al. Fabrication and characterization of
size and homogeneous shells for controlled drug release. Acta Biomater (2013
weight percentage of rifampicin loaded in PLGA microspheres.
Encapsulation efficiency was defined as the ratio of the actual
amount of encapsulated rifampicin over the total amount of rifam-
picin used.

2.6. In vitro drug release

A certain amount of rifampicin loaded PLGA microspheres and
PLGA–alginate core–shell microspheres was dispersed in 1 ml of
PBS (pH 7.4) in centrifuge tubes and incubated at 37 �C. At each
predetermined time interval, dispersions were briefly centrifuged
and 200 ll of the supernatants was collected. The supernatants
were then filtered and assayed by the UV method at 473 nm [32]
with a microplate reader. PBS was replaced with fresh liquid at
each time point after assaying the rifampicin. The first day’s release
was measured to investigate the burst effect. After that, measure-
ment was carried out every 3 days. Unloaded PLGA microspheres
were used as control.

2.7. Biocompatibility

The biocompatibility of PLGA–alginate core–shell microspheres
was assessed by MTT assay according to ISO 10993-5 [33,34]. Ex-
tracts of the samples were prepared as described below [35]. In
brief, 0.1 g ml�1 PLGA–alginate core–shell microspheres in culture
medium were incubated at 37 �C for 24 h. The extracts were fil-
tered through a 0.2 lm membrane.

L929 mouse connective tissue fibroblast cell line (ATCC) was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM glutamine,
100 units ml�1 penicillin and 100 lg ml�1 streptomycin. Cell cul-
tures were cultivated in tissue culture flasks and incubated in an
incubator at 37 �C, 95% RH and 5% CO2. The culture media were
changed every other day.

L929 cells were harvested with 0.25% trypsin when cell mono-
layers reached more than 80% confluence. After that, cells were
seeded in 96-well plates at a density of 5000 cells per well with
200 ll DMEM per well. After 24 h of incubation at 37 �C, the cul-
ture media were replaced with serial dilutions of the extracts. After
24 and 96 h, the cell viability was evaluated by MTT assay. In con-
trol wells, the culture media were replaced with fresh ones.

MTT (3-(4,5-dimethylfthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) was dissolved in PBS at 1 mg ml�1 and filtered through
a 0.2 lm membrane. To each well, 20 ll of the MTT stock was
added, and the plates were wrapped in tin foil and incubated at
37 �C for another 4 h. Then the unreacted dye was aspirated, and
the purple formazan products were dissolved in 200 ll per well
of dimethyl sulfoxide and assayed at wavelengths of 570 and
690 nm (reference). The relative cell viability (%) related to control
wells was calculated by ½Absorbance�test=½Absorbance�control � 100.

2.8. Statistical analysis

All tests were run in triplicate and data are presented as the
mean ± standard deviation (SD). Statistical analyses were carried
out by one-way analysis of variance using the SPSS software. Dif-
ferences were considered to be statistically significant at a level
of p < 0.05.

3. Results and discussion

3.1. Generation of PLGA droplets and PLGA–alginate double emulsion
droplets

In order to control the size of PLGA microspheres, collection
tubes with different diameters were used to assemble the capillary
monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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microfluidic devices denoted as S1, S2 and S3. The PLGA–alginate
double emulsion droplets were generated using a specifically de-
signed capillary microfluidic device denoted as S4. The outer sur-
face of the injection tube was rendered hydrophilic so that the
aqueous middle phase adheres to the surface. As a result, it is easy
for the middle phase to enter the collection tube and form a shell
around the inner droplets.

The sizes of PLGA droplets and the core size of PLGA–alginate
double emulsion droplets were obtained by measuring the diame-
ter of droplets in the middle of the collection tube along the hori-
zontal direction. The results are given in Table 1.

Basically, at fixed fluid flow rates (S1 and S3), increasing the tip
diameter of the collection tube will result in bigger droplets. Sim-
ilarly, the droplet size can also be increased by decreasing the flow
rate of the outer phase while keeping other parameters unchanged
(S2a and S2b). The core size of PLGA–alginate double emulsion
droplets was also controlled by the fluid flow rates. By delicately
selecting the flow rate of each phase, the core size of PLGA–alginate
double emulsion droplets was adjusted to �80 lm, which was the
same as the PLGA droplet size of S3.
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microspheres.
3.2. Structures and surface morphologies of PLGA microspheres and
PLGA–alginate core–shell microspheres

As shown in Fig. 2, the FTIR spectrum of PLGA microspheres was
similar to the reported data [36,37]. The peak at 1049 cm�1 was
attributed to the C–CH3 stretching vibration. The peak at
1084 cm�1 was due to the C–O–C stretching vibration. The peak
at 1455 cm�1 was attributed to the C–H stretching in methyl
groups. The characteristic peak of PLGA at 1740 cm�1 was due to
the ester group. From the FTIR spectrum of PLGA–alginate core–
shell microspheres, peaks assigned to PLGA were also observed. Be-
cause the peaks of alginate have been partially overlapped by the
PLGA, only strong peaks of alginate can be found in the FTIR spec-
trum of core–shell microspheres. The most useful characteristic
band of alginate at 1604 cm�1 was due to the C–O–O asymmetric
stretching vibration. The broad peak around 3300 cm�1 was as-
signed to the O–H stretching vibration [38].

PLGA microspheres and PLGA–alginate core–shell microspheres
were obtained by solidifying PLGA droplets and PLGA–alginate
double emulsion droplets respectively. The structures and the sur-
face morphologies of PLGA microspheres and PLGA–alginate core–
shell microspheres were observed by microscopy (Fig. 3) and SEM
(Fig. 4). According to the microscope images, PLGA microspheres
fabricated by microfluidic method were homogeneous and have
tunable diameters. The yellow color of PLGA microspheres indi-
cated the successful encapsulation of rifampicin. The structure of
PLGA–alginate core–shell microspheres was confirmed by the
microscope images (Fig. 3e and f). To visualize the transparent
alginate shell, alcian blue staining was applied. As shown in
Fig. 3f, core–shell microspheres were composed of single PLGA
cores with well controlled diameter and homogeneous alginate
shells.

The mean diameters and the size distributions of PLGA micro-
spheres and PLGA cores of PLGA–alginate core–shell microspheres
were determined by measuring at least 200 particles in the SEM
Table 1
Parameters for generating PLGA droplets and PLGA–alginate double emulsion droplets.

No. of droplets Microfluidic devices Injection tube (lm) Collection tube

S1 S1 20 63
S2a S2 20 99
S2b S2 20 99
S3 S3 20 180
S4 S4 20 180

Please cite this article in press as: Wu J et al. Fabrication and characterization of
size and homogeneous shells for controlled drug release. Acta Biomater (2013
image [30]. The mean diameters are given in Table 2. The size dis-
tributions are shown in Fig. 5. Due to the shrinkage during the
evaporation of DCM, the sizes of the microspheres were smaller
than that of the droplets. However, the results confirmed that PLGA
microspheres and PLGA–alginate core–shell microspheres were
monodisperse. The diameters of PLGA microspheres and PLGA
cores were readily controlled and ranged from �15 to �55 lm.
VP SEM is a powerful tool to observe structures containing water
such as the alginate shell in this study. The homogeneous core–
shell structure was also confirmed by VP SEM imaging (Fig. 4e).
SEM images further indicated that the surface morphologies of
PLGA microspheres were influenced by the diameter of micro-
spheres. Smaller PLGA microspheres exhibited smoother surface
while larger microspheres have more surface pores. The surface
pores formed during the evaporation of DCM. Larger microspheres
had a relatively smaller surface-to-volume ratio so that the evapo-
ration rates were slower. Therefore, larger microspheres took a
longer time to solidify and underwent more severe deformation,
which might result in more surface pores.

The microstructure of controlled drug delivery devices plays
important roles in drug release kinetics. Conventional fabrication
methods usually make nano/microparticles with broad size distri-
bution. The microscope and SEM results demonstrated that PLGA
microspheres and PLGA–alginate core–shell microspheres fabri-
cated by capillary microfluidic method were monodisperse. The
sizes of the PLGA microspheres and PLGA cores were readily con-
trolled by the fluid flow rates and the geometry of capillary micro-
fluidic devices. Furthermore, PLGA–alginate core–shell
microspheres fabricated using capillary microfluidic devices exhib-
ited homogeneous shells, which may facilitate the control of drug
release kinetics. Therefore, monodisperse PLGA microspheres and
PLGA–alginate core–shell microspheres fabricated by the capillary
microfluidic method may be promising devices for controlled drug
delivery.
(lm) Inner phase (ll h�1) Outer phase (ll h�1) Droplet size (lm)

800 6000 �20
800 8000 �40
800 2000 �60
800 6000 �80
Inner: 450, middle: 400, outer: 5000 �80 (core)

monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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Fig. 4. SEM images of PLGA microspheres: (a) S1, 15 lm, (b) S2a, 23 lm, (c) S2b, 34 lm and (d) S3, 49 lm. PLGA–alginate core–shell microspheres: (e) S4, the diameter of
PLGA core was 55 lm. The scale is 100 lm.

Table 2
Mean diameters of PLGA microspheres and PLGA cores.

No.

S1 S2a S2b S3 S4 (core)

Size (lm) 15.2 23.6 34.2 49.2 55.1
SD 0.7 0.9 1.7 1.6 4.5
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3.3. Influences of the size on the drug release kinetics

Monodisperse PLGA microspheres with different diameters
were compared to investigate the influence of the size on the drug
release kinetics. The drug contents and encapsulation efficiencies
of PLGA microspheres with different diameters are listed in Table
3. Normally, the drug content and encapsulation efficiency de-
monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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Table 3
The drug contents and encapsulation efficiencies of PLGA microspheres with different
diameters.

No.

S1 S2a S2b S3

Diameters (lm) 15.2 ± 0.7 23.6 ± 0.9 34.2 ± 1.7 49.2 ± 1.6
Drug content (%) 3.22 ± 0.11 1.70 ± 0.13 2.34 ± 0.20 4.26 ± 0.54
EEa (%) 35.35 ± 1.29 18.68 ± 1.43 25.68 ± 2.23 46.78 ± 5.89

a EE: encapsulation efficiency.
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creased with the diameter of microspheres. However, the smallest
PLGA microspheres (S1) showed a relatively higher drug content
and encapsulation efficiency. The major loss of rifampicin takes
place during the step of evaporation, when rifampicin diffuses into
the surrounding water [11]. Therefore, smaller microspheres
exhibited lower encapsulation efficiency due to the relatively lar-
ger surface-to-volume ratio facilitating the diffusion of rifampicin.
At the same time, larger surface-to-volume ratios may also en-
hance the diffusion and evaporation of DCM, and therefore shorten
the duration of the evaporation process. This may be the reason
that the smallest PLGA microspheres showed relatively higher drug
encapsulation efficiency.
Please cite this article in press as: Wu J et al. Fabrication and characterization of
size and homogeneous shells for controlled drug release. Acta Biomater (2013
The initial burst releases and in vitro release profiles of PLGA
microspheres with different diameters are given in Fig. 6. Larger
monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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PLGA microspheres (S2b and S3) exhibited significantly reduced
initial burst compared with smaller PLGA microspheres (S1 and
S2a). The in vitro drug release characteristics of PLGA microspheres
loaded with rifampicin were presented as accumulative percentage
release within 1 month (Fig. 6b). PLGA microspheres in different
diameters exhibited similar sigmoid release patterns composed
of three phases. Phase I was the lag phase, since the drug release
rate was low in the first few days. Phase II was characterized by
an upturn in the curve due to the increase of the drug release rate.
In phase III, the drug release rate began to decrease so that the
curve bent down. Although the drug release patterns were similar,
smaller microspheres (S1 and S2a) had shorter lag phases (4 days)
and larger microspheres (S2b and S3) had longer lag phases
(13 days). Furthermore, all microspheres had a similar duration
of phase II, which is about 9 days. Last, all microspheres entered
phase III when 50–60% of the encapsulated rifampicin had been re-
leased. The drug release rates were obtained by calculating the re-
leased rifampicin (w/w%) for the same period of time, and the
results are shown in Fig. 6c. It should be noted that the drug release
profiles are also influenced by other factors such as the composi-
tion of PLGA. This study only focused on the influences of the
microstructure of drug delivery devices.

By comparing monodisperse PLGA microspheres with different
diameters, a better understanding of the drug release mechanisms
of PLGA could be acquired. The results illustrate that larger micro-
spheres had higher drug contents and drug encapsulation efficien-
cies. In general, the major loss of rifampicin takes place at the
evaporation process, during which rifampicin diffuses into the
continuous phase [11]. As a result, larger microspheres had slower
diffusion rates due to the longer diffusion routes and smaller sur-
face-to-volume ratios. However, the smallest PLGA microspheres
(S1) exhibited a relatively higher drug content and encapsulation
efficiency. One possible reason for this is that smaller microspheres
have larger surface-to-volume ratios, which can promote the evap-
oration of the DCM. As a result, S1 solidified much faster than other
microspheres and the time period for drug diffusion was
shortened.

It was found that S1 and S2a showed a high similarity in their
drug release profiles, although their drug contents were signifi-
cantly different. The same situation was also found between S2b
and S3. The reason for this may be that the drug contents of all
groups were relatively low (less than 5%). Therefore, the influence
of the drug content on the drug release kinetics could be ignored in
this study. The sigmoid release pattern was common among PLGA
based drug delivery devices. It is widely accepted that the drug re-
lease during phase I (the lag phase) is mainly caused by diffusion,
so the drug release rate is low. In phase II, the drug release rate in-
creased because of the erosion of PLGA. After that, the drug release
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rate decreased again due to the depletion of the drug, so phase III
can be seen in the curve. In this study, it was found that the lag
phases of smaller microspheres were shorter than those of larger
microspheres. PLGA undergoes bulk erosion rather than surface
erosion, so the erosion rate would not change with size; thus the
increase in the drug release rate of smaller microspheres at the
early stage of phase II cannot be attributed to polymer erosion.
One possible reason is that smaller PLGA microspheres undergo
more severe disentanglement of polymer chains at an early stage
of the drug release. It has been reported that water can decrease
the glass transition temperature (Tg) of PLGA below the value at
which in vitro drug release testing is usually carried out (i.e.
37 �C) [39]. This suggests that the disentanglement of polymer
chains takes place after immersing in water at 37 �C. However,
more studies are required to fully understand this phenomenon.
Interestingly, all PLGA microspheres showed similar lengths of
phase II, and the changes in drug release rates during phase II were
similar (Fig. 6c). Furthermore, PLGA microspheres with all diame-
ters entered the phase when 50–60% of the encapsulated rifampi-
cin had been released. This suggests that, for the PLGA used in this
study, the time points at which the PLGA microspheres entered
phase II and phase III were in fact controlled by the size.

To conclude, the size of PLGA microspheres plays an important
role in the drug release kinetics. Smaller PLGA microspheres have a
reduced initial burst and a shorter lag phase, which facilitates the
control of the drug release kinetics. The size also determines when
the PLGA microspheres enter phase II and phase III. With the cap-
illary microfluidic method, one can delicately control the drug re-
lease kinetics by fabricating monodisperse microspheres with
controlled size.

3.4. Influences of the core–shell structure on the drug release kinetics

The influences of the shells were investigated by comparing
PLGA microspheres (S3) and PLGA–alginate core–shell micro-
spheres (S4). The core size of PLGA–alginate core–shell micro-
spheres (55.1 ± 4.5 lm) was similar to that of the PLGA
microspheres (49.2 ± 1.6 lm). The core–shell microspheres exhib-
ited higher drug content (6.41 ± 0.03%) and enhanced drug encap-
sulation efficiency (70.47 ± 1.85%).

The drug release characteristics of PLGA microspheres and
PLGA–alginate core–shell microspheres were compared in Fig. 7.
PLGA–alginate core–shell microspheres had lower initial burst re-
lease (Fig. 7a). As shown in Fig. 7b, PLGA–alginate core–shell
microspheres also showed a lag phase which was similar to PLGA
microspheres. However, instead of phase II and phase III, a near-
zero-order release was observed from PLGA–alginate core–shell
microspheres after phase I.
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During the fabrication process, the shell layer was solidified be-
fore the evaporation of solvent. The diffusion of the drug during the
solvent evaporation was reduced by the shell layer due to the shell
being a physical barrier, and the encapsulation efficiency was in-
creased. In the core–shell structure, the loaded rifampicin was first
Please cite this article in press as: Wu J et al. Fabrication and characterization of
size and homogeneous shells for controlled drug release. Acta Biomater (2013
released from the PLGA core and then diffused through the shell
into the environment. The diffusion of the drug should be slower
in the alginate shell than in the pure solutions. Therefore, the over-
all drug release rate was retarded by the alginate shell. During the
lag phase, the drug release rate of the PLGA core was low so that
monodisperse PLGA–alginate core–shell microspheres with monodisperse
), http://dx.doi.org/10.1016/j.actbio.2013.03.022
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the overall drug release rate of the PLGA–alginate core–shell
microspheres was mainly controlled by the PLGA core. However,
when the drug release rate of the PLGA core increased, the shells
acted as buffer layers and the overall drug release rate was mainly
controlled by the diffusion in the shell layers. As a result, a near-
zero-order release was achieved.

To sum up, the shell layer can increase the drug encapsulation
efficiency and modulate the drug release kinetics. When the drug
release rate of the PLGA core is high enough, the shell layer will
act as a buffer layer and a near-zero-order release can be achieved.
The capillary microfluidic method is a powerful tool to control the
drug release kinetics by both controlling the size of PLGA cores and
fabricating homogeneous shells on PLGA cores.

3.5. Biocompatibility

The biocompatibility of the PLGA–alginate core–shell micro-
spheres was characterized by relative cell viability from MTT assay.
According to the results (Fig. 8), no significant difference was found
in L929 mouse fibroblasts cell viability between control group and
PLGA–alginate core–shell microspheres group at both 24 and 96 h.
PLGA–alginate core–shell microspheres gave low or no cytotoxic-
ity, even at highest concentration (Fig. 8a), since cell viabilities
were all more than 80% [40].

Biocompatibility is one of the most important issues for bioma-
terials in long-term applications. The excellent biocompatibility of
PLGA has been well accepted after years of study [8,41]. Alginate
has been used as a cell carrier and wound dressing and no obvious
toxicity was reported [42,43]. However, it is still necessary to find
out the toxic effect, if any, of the PLGA–alginate core–shell micro-
spheres fabricated by the method presented in this study. The MTT
assay results suggested that PLGA–alginate core–shell micro-
spheres fabricated by the capillary microfluidic method is biocom-
patible and can be a potential device for controlled drug release.
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4. Conclusion

Monodisperse PLGA–alginate core–shell microspheres with
controlled size and homogeneous shells were first fabricated using
capillary microfluidic devices. The size of the PLGA cores was read-
ily controlled by the geometries of the capillary microfluidic de-
vices and the fluid flow rates. It was also found that increasing
the size of the PLGA microspheres could reduce the initial burst re-
lease and lengthen the lag phase. Furthermore, the time points at
which the PLGA microspheres entered phase II and phase III were
controlled by size. By fabricating PLGA–alginate core–shell micro-
spheres using the capillary microfluidic method, one could in-
crease the encapsulation efficiency and reduce the initial burst
release. The shell layer could also modulate the drug release kinet-
ics. When the drug release rate of the core was high enough, the
shell would act as a buffer layer so that a near-zero-order release
pattern was achieved.

The monodisperse PLGA–alginate core–shell microspheres with
controlled size and homogeneous shells fabricated by the capillary
microfluidic method can provide tunable drug release kinetics. The
drug release kinetics can be modulated by the shell layer and the
PLGA core size. Furthermore, the PLGA–alginate core–shell micro-
spheres were biocompatible. These properties make it a promising
device for controlled drug release.
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Certain figures in this article, particularly Figs. 1–4 and 6–8 are
difficult to interpret in black and white. The full colour images can
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