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ABSTRACT: Double-layered microparticles, composed of poly(D,L-lactide-co-glycolide) (50:50)
(PLGA) core and poly(L-lactide) (PLLA) shell, of controllable sizes ranging from several hundred
microns to few microns were fabricated using a one-step solvent evaporation method. Metoclo-
pramide monohydrochloride monohydrate (MCA), a hydrophilic drug, was selectively localized
in the PLGA core. To achieve the double-layered particles of size approximately 2:m, the pro-
cess parameters were carefully manipulated to extend the phase separation time by increasing
oil-to-water ratio and saturating the surrounding aqueous phase with solvent. Subsequently,
the drug release profiles of the double-layered particles of various sizes were studied. Increased
particle size resulted in faster degradation of polymers because of autocatalysis, accelerating
the release rate of MCA. Interestingly, the effect of degradation rates, affected by particle sizes,
on drug release was insignificant when the particle size was drastically reduced to 2–20:m in
the investigated double-layered particles. This understanding would provide critical insights
into how the controllable formation and unique drug release profiles of double-layered particles
of various sizes can be achieved. © 2012 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 101:2787–2797, 2012
Keywords: biodegradable polymers; controlled release; microparticles; multilayers; particle
size; polymeric drug delivery systems; solvent evaporation

INTRODUCTION

Over the past few decades, biodegradable micropar-
ticles of poly(D,L-lactide-co-glycolide) (PLGA) and
poly(lactide) (PLA) have been extensively inves-
tigated for drug delivery.1,2 However, monolithic
particle-based drug delivery system inherently shows
a high initial “burst” caused by the rapid release of the
drug particles trapped on or located near the surface.3

This burst release is detrimental, especially for drugs
with a narrow therapeutic window and high toxic-
ity. In addition, hydrophilic drugs have low encapsu-
lation efficiency in single-layered particles composed
primarily of hydrophobic polymers, such as PLGA and
PLA.4 To alleviate these problems, multiparticulate
drug delivery systems that comprise a polymer shell
surrounding one or many micron-sized particulates
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have been employed.5–13 The outer layer in this mul-
tiparticulate structure acts as a rate-limiting mem-
brane for diffusion of drugs localized in the cores.
Schoubben et al.14 reported that microencapsulat-
ing protein-loaded particles within PLGA micropar-
ticles allow for the structural integrity of the protein
to be maintained, while at the same time reducing
initial burst release. Shi et al.7 also demonstrated
a sustained release of bovine serum albumin and
cyclosporine A from poly(ortho ester)–PLGA double-
layered microparticles.

Although the drug release study of double-layered
microparticles has been established, there has been
no report on the effect of sizes of multilayered com-
posite microparticles on drug release kinetics and
profiles. Particles size could critically influence sev-
eral determinants associated with device adminis-
tration and drug release rates. For example, particle
sizes ranging from 1 to 10:m would allow for uptake
by antigen-presenting cells such as macrophages.15

Optimizing particle size can also enhance the
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intratumoral or pulmonary delivery.16,17 Microparti-
cles, especially in the range between 5 and 150:m,
are of much interest for drug delivery depots as they
are large enough to be localized at the injection site
while administered through a relatively small gauge
hypodermic needle.18 In addition, particle sizes not
only affect the diffusion distance of the drug but also
the mass transport of acidic degradation products,
and consequently, rate of hydrolytic degradation of
particles.19 As such, there is an increasing field of
interest to understand how different sizes of double-
layered microparticles can influence the degradation
behaviors and drug release profiles.

Although previous studies largely revolved around
producing larger micron-sized particulate drug deliv-
ery systems with various internal morphologies,20,21

the objective of this paper is therefore to report on
the fabrication of double-layered particles (1–10:m)
composed of PLGA (50:50) core and poly(L-lactide)
(PLLA) shell through a one-step solvent evaporation
technique. The novelty of this paper describes how
certain process parameters would require tweaking to
produce small-sized particles of double-layered struc-
ture. Subsequently, this paper will report how the
drug release profiles of double-layered microparticles
are altered when particle size is reduced from sev-
eral hundred microns to few microns. The model drug
used in this study was hydrophilic metoclopramide
monohydrochloride monohydrate (MCA), and would
be localized in the PLGA core, whereas the hydropho-
bic PLLA shell can serve as a rate-controlling layer for
the release of MCA. As a therapeutic agent, MCA can
be used to prevent postoperative nausea or treat pa-
tients with diabetic gastroparesis. MCA is also used
as a radiosensitizing agent in the treatment of non-
small-cell lung carcinoma.22

MATERIALS AND METHODS

Materials

Poly(L-lactide) [intrinsic viscosity (IV): 2.38; Bio In-
vigor (Taiwan)], PLGA (50:50) (IV: 1.18; Bio Invigor
(Taiwan)), and poly(vinyl alcohol) (PVA) (molecu-
lar weight: 30–70 kDa, Sigma–Aldrich (Singapore))
were used. MCA, laser grade coumarin-6, and

rhodamine 6G fluorescent dyes were purchased
from Sigma –Aldrich (Singapore). Solvents including
dichloromethane (DCM), tetrahydrofuran (THF), and
chloroform were purchased from Tedia Company, Inc.
(USA). Phosphate-buffered saline (PBS) at pH 7.4 was
from OHME (Singapore). All chemicals and solvents
were used as received.

Fabrication of Non-Drug and Drug-Loaded
Microparticles

Fabrication of PLLA/PLGA microparticles was pre-
pared through an oil-in-water (o/w) emulsion solvent
evaporation method.20,23,24 Briefly, a polymer solution
(6%, w/v) consisting of 0.2 g PLLA and 0.1 g PLGA
dissolved in 5 mL DCM was first prepared. The resul-
tant polymer solution was then poured into the PVA
aqueous solution and emulsified with an overhead
stirrer (Calframo BDC 1850-220) at room tempera-
ture (25◦C). The microparticles formed were collected
by centrifugation, washed with deionized water,
lyophilized, and stored in a desiccator for subsequent
characterization. Table 1 summarizes the process pa-
rameters that were altered for the formation of non-
drug-loaded PLLA/PLGA microparticles of various
sizes.

MCA-loaded double-layered PLLA/PLGA mi-
croparticles were produced through a water-in-oil-
in-water (w/o/w) double-emulsion solvent evaporation
method.11 The polymers (0.2 g PLLA and 0.1 g PLGA,
6%, w/v) were dissolved in DCM, and the drug (20%,
w/w) dissolved in 0.1 mL deionized water was pre-
pared separately. Subsequently, both solutions were
mixed and subjected to ultrasonication for 30 s using
an ultrasonic processor (Sonic Vibra-Cell VC 130) to
form the primary w/o emulsion, after which, the pri-
mary emulsion was then added into the PVA aqueous
solution containing NaCl (1%, w/v), forming the w/
o/w emulsion. It is generally believed that the addi-
tion of NaCl to the external aqueous phase (through
the built up of osmotic pressure) reduces the loss
of drug to the external aqueous phase and forms a
dense surface.25,26 MCA-loaded microparticles of dif-
ferent sizes were then prepared, in a similar man-
ner, whereby the stirring speed and PVA concentra-
tion were adjusted accordingly. The final production

Table 1. Parameters Used to Fabricate the Non-Drug-Loaded Composite PLLA/PLGA Microparticles of Various Sizes

Particle Size (:m) Stirring Speed (rpm)

PVA Concentration in
External Aqueous

Phase (%, w/v) Oil-to-Water Ratio Remarks

276 ± 58.5 350 0.5 0.02 –
18.3 ± 4.8 2000 6 0.02 –

2.3 ± 0.8 2000 6 0.1 1 mL DCM added into PVA solution; coumarin-6
and rhodamine 6G added into polymer solution
(1%, w/w) for confocal laser scanning
characterization purpose.
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FABRICATION AND DRUG RELEASE STUDY OF DOUBLE-LAYERED MICROPARTICLES 2789

Table 2. Parameters Used to Fabricate the MCA-Loaded PLLA/PLGA Microparticles of Various Sizes

Particle Size (:m) Stirring Speed (rpm)
PVA Concentration

in External Aqueous Phase (%, w/v) Oil-to-Water Ratio Remarks

286.5 ± 63.2 350 0.5 0.02 –
68.4 ± 24.7 2000 2 0.02 –
17.6 ± 6.5 2000 6 0.02 –
2.2 ± 0.9 2000 6 0.1 1 mL DCM added into

PVA solution.

yield for each batch was about 90%. Table 2 summa-
rizes the process parameters used for the formation
of MCA-loaded PLLA/PLGA microparticles of various
sizes.

Characterization

Scanning Electron Microscopy

The exterior and internal morphologies of the
microparticles were viewed using scanning electron
microscopy (SEM) (Jeol JSM-6360A, Tokyo, Japan) at
5 kV. Prior to analysis, the samples were first mounted
onto a metal stub and submerged in liquid nitrogen
before chopping them with a razor blade. Samples
were subsequently coated with gold using a sputter
coater (SPI-Module). Ten microparticles from each in-
dependent batch (at least three of them) for each par-
ticle type were randomly chosen to be viewed under
the SEM. As particle morphologies were found to be
consistent for a particular particle group type, only
one representative SEM image is shown. Particle size
(in diameter) analysis was performed on the SEM im-
ages using the ImageJ software (National Institutes
of Health, USA).

Raman Mapping

The polymer and drug distribution within the mi-
croparticles were verified through Raman mapping.
Raman mapping (point-by-point) measurements on
cross-sectioned microparticles were conducted on an
area of 300 × 150:m with a step size of 5 :m in
both the x and y directions using a Raman micro-
scope (In-Via Reflex, Renishaw, UK) coupled with a
CCD array detector (576 × 384 pixels) and a Leica mi-
croscope. The sample was irradiated using a 785 nm
near-infrared diode laser, and the backscattered light
was collected by a 50× objective lens. The band tar-
get entropy minimization (BTEM) algorithm was de-
vised to reconstruct the spectral estimates of each
pure component using the collected Raman mapping
data,27 following which, the spatial distribution of
each underlying constituents was generated.

Confocal Laser Scanning Microscopy

Particles loaded with dyes (i.e., coumarin-6 and
rhodamine 6G, without suspending particles in a
medium) were first placed onto a glass slide and sub-

sequently covered with a cover slip. For coumarin-
6 (green dye), the excitation peak was centered at
488 nm, with an emission peak wavelength of 509 nm.
For rhodamine 6G (red dye), the excitation peak was
centered at 552 nm, with an emission peak wave-
length of 575 nm. Images were acquired using an
LSM710 confocal microscope (Carl Zeiss, Germany),
with 63×/1.40 oil objectives and AxioCan MRm
camera (Carl Zeiss) and analyzed using ZEN 2011
software.

Focused Ion Beam

Cross-sections of particles (smaller than 10:m) were
prepared and imaged using focused ion beam (FIB)
microscopy (FEI Nova Nanolab 600i). The particles
were first mounted onto a lacey copper grid. A Ga+

ion beam with 30 keV with a beam current of 26 pA
was used for milling the target particles. The samples
were then imaged by the secondary electrons formed
during milling.

Field-Emission SEM Fitted with a Transmission Electron
Detector

The particles were first suspended in ethanol and few
drops of suspension were subsequently deposited onto
a continuous copper grid. The particles were viewed
under Jeol JSM-7600F field-emission SEM (FESEM)
fitted with a transmission electron detector (TED) at
an accelerating voltage of 30 kV.

Drug Encapsulation Efficiency

Encapsulation efficiency is calculated by dividing the
actual drug loading with theoretical drug loading
within the microparticles. For the determination of
hydrophilic MCA loading, 10 mg of microparticles (n =
3) were first dissolved in 1 mL of DCM, followed by the
addition of deionized water (10 mL) to extract MCA.
Ultraviolet–visible (UV–Vis) spectrophotometer
(Shimadzu UV-2501, Japan) was used to determine
the drug concentration at the wavelength of 309 nm.

Hydrolytic Degradation

Microparticles (50 mg) were placed, in triplicate, in
vials containing 30 mL of PBS (pH 7.4) for each time
point. In vitro hydrolytic degradation of microparti-
cles was performed in a shaking incubator at 37◦C.
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Microparticles were removed from the vials at prede-
termined time points.

Molecular Weight

Size-exclusion chromatography (SEC) (Agilent 1100
Series LC System, Germany) was used to determine
the molecular weight of each of the samples. The poly-
mers in the double-layered microparticles were sep-
arated by the THF dissolution method, where PLGA
is soluble in THF, while PLLA is not.11 Microparti-
cles (8 mg) were initially immersed in 1 mL of THF
under mild agitation in order to dissolve the PLGA
constituent. The PLLA remnants and PLGA solution
were subsequently separated by centrifugation. After-
ward, the oven-dried PLGA and PLLA dissolved sep-
arately in 1 mL of chloroform were tested with SEC.

Thermal Analysis

Thermal analysis of the microparticles was performed
on a modulated differential scanning calorimetry
(MDSCTM) (DSC 2920, TA Instruments, USA). Ap-
proximately 5 mg of microparticles was first heated
from −40◦C to 200◦C, subsequently cooled to −40◦C,
and lastly reheated to 200◦C, all steps were conducted
at a rate of 5◦C·min−1. Thermograms were analyzed
using TA universal analyzer software for the deter-
mination of glass transition temperature (Tg).

Drug Release Study

MCA-loaded microparticles (5 mg) placed in vials con-
taining 5 mL of PBS (n = 3) were incubated at 37◦C
in a shaking incubator. One milliliter of medium was
removed from each vial at predetermined time inter-
vals, and was analyzed using a UV–Vis spectropho-
tometer at 309 nm. Each sample was replenished with
fresh PBS after removing for analysis.

Statistical Analysis

Data from different sets of particles were compared
by unpaired Student’s t-test and the one-way analysis
of variance analysis coupled with Tukey’s multiple
comparison tests. Statistically significant differences
were verified when p ≤ 0.05.

RESULTS AND DISCUSSION

Fabrication of Non-Drug-Loaded Double-Layered
Particles

A reference set (Table 1) of large-sized double-layered
microparticles was initially fabricated before proceed-
ing with the manipulation of process parameters to
reduce particle size. The SEM micrographs of the
reference double-layered microparticles are shown in
Figures 1a and 1b, of particle size 276 ± 58.5:m
and average shell thickness of approximately 60:m.
The microparticles were spherical with smooth

exterior surface. Cross-sectioning the microparti-
cles revealed a double-layered structure (Fig. 1b).
Figure 1c shows the particle size distribution in the
form of a histogram. The Raman mapping result
(Fig. 1d) showed that the shell and core were PLLA-
and PLGA-abundant regions, respectively.

Fabrication Parameters Affecting the Size of
Double-Layered Particles

By increasing stirring speed to 2000 rpm and PVA
concentration to 6% (w/v), particle size was reduced to
approximately 18.3 ± 4.8:m (Figs. 2a and 2b) and the
particle surface remained nonporous. The increase in
stirring speed provides stronger shear forces, break-
ing emulsion droplets into smaller sizes, which are
stabilized by the increased PVA (as a surfactant)
concentration.28 However, the cross-sectional view of
the particles revealed no distinctive double-layered
structure (Fig. 2c). This observation reinforces the
fact that when the nascent emulsion droplets were
significantly reduced, a rapid diffusion of DCM into
the surrounding aqueous phase due to the higher sur-
face area-to-volume ratio and shorter diffusion dis-
tance would occur, leading to a faster precipitation
of the polymers, as reported by Katou et al.29 At this
very high polymer precipitation rate, the polymers in-
side the emulsion droplets do not have enough time
and mobility to migrate to their respective phases to
form the core–shell structure.

In order to achieve a core–shell structure for spher-
ical particles (smaller than 10:m) (Figs. 3a and 3b),
the oil-to-water ratio was increased and the exter-
nal aqueous phase was saturated with DCM. The
rationale of changing these parameters is to extend
the time for the polymers to coalesce with their re-
spective polymer phases and form the double-layered
structure. To clearly observe the internal structure
of particles (smaller than 10:m) and the encapsu-
lation ability of the particles, rhodamine 6G and
coumarin-6 dyes were added to the oil phase during
fabrication process. The PLGA (core)–PLLA (shell)
structure is shown in the confocal laser scanning
microscopy CLSM image (Fig. 3c), as revealed from
the color distribution of the hydrophobic coumarin-6
(green dye) in the hydrophobic PLLA shell and the hy-
drophilic rhodamine 6G (red dye) in the PLGA core.
The preferential localization of different dyes in dif-
ferent polymer layers was due to the polymer–dye
affinity.4,7,12 Another characterization method, FIB,
was utilized to further ascertain the internal mor-
phology of these particles. FIB image (Fig. 3d) again
shows the double-layered structure. Furthermore, a
structure with bright ring and dark core was ob-
served for the degraded particles (after 90 days in
vitro) under FESEM fitted with a TED under dark
field mode. This FESEM (with TED) image (Fig. 3e)
reveals the hollow core structure within the degraded
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Figure 1. Large-sized double-layered PLLA/PLGA microparticles. SEM micrographs of (a)
surface view of microparticles and (b) cross-sectional view of a whole microparticle. (c) Particle
size distribution histogram. (d) Pure component Raman spectra estimates and their associated
score images obtained via BTEM.

particles, arising from the complete erosion of PLGA
core (PLGA 50:50 is known to completely degrade
within 2 months),30 leaving behind the PLLA shell.
As such, the CLSM, FIB, and FESEM images affirm
the formation of double-layered PLLA (shell)/PLGA
(core) particles in few micron size ranges.

During the solvent removal process, DCM must
diffuse into the aqueous phase before evaporating.
The solubility of DCM in water is about 2% (v/v).31

An extended solvent extraction time was required
to form the double-layered particles (1–10:m in the
investigated study), which can be done by increas-
ing the oil-to-water ratio and saturating the external
aqueous phase with DCM. As a result, a decreased
diffusion rate of DCM from the emulsion droplets
to the external aqueous phase provided more time
for the polymer coacervate droplets to coalesce with
their respective phases. At the same time, the av-
erage particle size was further decreased to 2.3:m
with average shell thickness of approximately 0.6:m.
It had been reported that the increasing viscosity of
the dispersed droplets during the solvent extraction
process affects the droplet size equilibrium during
the emulsification.32,33 The slow precipitation rate,
and thus the corresponding extended time for DCM
to be extracted would then reduce the probability of

nascent emulsion droplets to coalesce and agglomer-
ate during the early step of the emulsification, thereby
giving rise to the decreased particle size.

Morphological Properties of MCA-Loaded
Double-Layered Particles

MCA-loaded double-layered PLLA/PLGA micropar-
ticles of different sizes were fabricated and their
particle size distribution histograms are shown in
Figure 4. It is to be noted that the size distribution
for each of the MCA-loaded double-layered particle
group did not overlap with each other, as shown in
Figure 4. The sizes of these particle samples are as
such: 286.5 ± 63.2:m, 68.4 ± 24.7:m, 17.6 ± 6.5:m,
and 2.2 ± 0.9:m. The particles were spherical and
exhibited nonporous surface. The physical character-
istics of the various batches of particles (particle size,
mean thickness of the shell, and calculated surface
area-to-volume ratio) are shown in Table 3. The Ra-
man mapping result (Fig. 5) showed that the core and
shell comprised PLGA and PLLA, respectively, for the
double-layered microparticles. Hydrophilic MCA was
selectively localized in the relatively more hydrophilic
PLGA core. It was observed that the layer localization
of drug remains unchanged for various particle sizes.
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Figure 2. SEM micrographs of PLLA/PLGA microparticles. (a) Surface view of microparticles.
(b) Particle size distribution histogram. (c) Cross-sectional view of a whole microparticle.

Table 3. The Physical Characteristics of the Various Batches
of Particles

Particle Size
(:m)

Average Shell
Thickness (:m)

Calculated Surface
Area-to-Volume Ratio (:m−1)

286.5 ± 63.2 42 0.01
68.4 ± 24.7 10 0.04
17.6 ± 6.5 2.5 0.17
2.2 ± 0.9 0.5 1.4

In Vitro Drug Release

The effects of the sizes on MCA release from the
double-layered microparticles were investigated. The
encapsulation efficiency of drug decreased with de-
creasing particle sizes. For example, loading efficiency
of 53.4% was observed for particle size of 286.5 ±
63.2:m, whereas the particles of 17.6 ± 6.5 :m ex-
hibited the loading efficiency of 25%. This can be at-
tributed to the fact that the small nascent emulsion
droplets, giving rise to small microparticles, resulted
in a short diffusion distance and a large surface area
per unit mass for MCA to leach out during fabrication
process.

Figure 6a plots the release profiles of MCA from the
microparticles of various sizes. There was a huge ini-
tial burst (90%) of MCA from the single-layered PLGA
microparticles (∼28:m). Comparatively, the PLLA
shell of double-layered microparticles effectively sup-
pressed the high initial burst release of MCA from
the PLGA core. The particles of size 68.4 ± 24.7:m
was observed to exhibit slower drug release in com-
parison to particles of 286.5 ± 63.2:m. The double-
layered microparticles of 68.4 ± 24.7:m exhibited a
lag in MCA release up till day 14, before the drug
was subsequently released. This release profile can
be described as a time-delayed release.

On the contrary, the release of MCA from particles
of 17.6 ± 6.5:m and 2.2 ± 0.9:m was faster than
that from the microparticles of larger sizes (286.5 ±
63.2:m and 68.4 ± 24.7 :m). Moreover, particles of
17.6 ± 6.5:m and 2.2 ± 0.9:m had relatively sub-
stantial burst release at day 1. The huge initial burst
release could be attributed to the high surface area-
to-volume ratio of small-sized particles (0.17:m−1 for
17.6 ± 6.5:m particles and 1.4 :m−1 for 2.2 ± 0.9:m
particles, as compared with 0.01:m−1 for 286.5 ±
63.2 :m and 0.04 :m−1 for 68.4 ± 24.7:m particles).
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Figure 3. (a) SEM, (b) particle size distribution histogram, (c) CLSM, (d) FIB, and (e) FESEM
(fitted with TED) images of double-layered PLLA/PLGA particles in few micron size ranges.

More accessible surface area would allow for MCA to
diffuse into the releasing medium.

The use of double-layered particles with control-
lable particle sizes (ranging from several hundred mi-
crons to few microns) would be an important step to-
ward a robust approach in controlling drug delivery
kinetics. The shell can act as a rate-limiting barrier
that reduces burst release of drugs. Double-layered
particles can also provide pulstaile drug release

kinetics for vaccination and local tumor therapy, in
which a single dosage form provides an initial dose
of drug followed by release-free time interval, after
which second dose of drug is released. The amount
of drug released in the initial and second stages can
be controlled by varying particle sizes (e.g., 286.5 ±
63.2:m, 68.4 ± 24.7:m, and 17.6 ± 6.5 :m). Further-
more, time-delayed release (i.e., the release of drug
after a lag time) can be obtained for double-layered
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Figure 4. Particle size distribution histograms of MCA-loaded particles of sizes (a) 286.5 ±
63.2:m, (b) 68.4 ± 24.7 :m, (c) 17.6 ± 6.5:m, (d) 2.2 ± 0.9:m, and (e) 28.1 ± 6.3:m.

microparticles of 68.4 ± 24.7:m as demonstrated in
the study. This would be beneficial for drugs that
have a high first-pass effect, drugs administered for
diseases with chronopharmacological behavior, and
cases where lag time dosing is required.

Hydrolytic Degradation of Microparticles

The drug release profile can be explained by hy-
drolytic degradation of the particles. As reported,
the particles of 68.4 ± 24.7 :m exhibited slower
drug release rates, as compared with particles of

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 8, AUGUST 2012 DOI 10.1002/jps
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Figure 5. Pure component Raman spectra estimates and
their associated score images obtained via BTEM of a MCA-
loaded double-layered PLLA/PLGA microparticle.

286.5 ± 63.2:m. This result can be explained by the
significantly decreased degradation rate of the rate-
limiting PLLA shell of 68.4 ± 24.7:m, as evident
from the SEC, DSC, and SEM results (Figs. 6b, 6c,
and 7). This decreased degradation rate was possi-
bly due to the fact that the shorter diffusion length
with decreasing particle size would allow the acidic
degradation products to diffuse out more easily into
the bulk fluid.19 Consequently, degradation of PLLA
and PLGA could not be accelerated by these acidic
oligomers. On the contrary, the migration of the acidic
PLGA degradation products to the PLLA layer may
accelerate hydrolysis of the thicker PLLA shell (aver-
age shell thickness of ∼42:m for 286.5 ± 63.2 :m par-
ticles) due to longer residence time of the acidic degra-
dation products, as compared with 68.4 ± 24.7:m
particles with average shell thickness of approxi-
mately 10:m.24 In the DSC result (Fig. 6c), PLGA of
the particles (286.5 ± 63.2 :m) was not detectable at
day 14, which is consistent with the extensive erosion
of PLGA (Fig. 7b) [while the PLGA core still remained
intact at day 4 (Fig. 7a)], showing more rapid PLGA
degradation for the particles (286.5 ± 63.2:m) as
compared with the particles (68.4 ± 24.7:m). Cross-
sectional views (Figs. 7c and 7d) of particles of 68.4 ±
24.7:m show that the MCA-loaded PLGA core and
PLLA shell still remained relatively intact at days 4
and 14, and thus retarding the release of MCA. The
significant erosion of the PLGA core in the particles
occurred after 18 days, along with the increased for-
mation of pores in the degrading PLLA shell (Fig. 7e),
which accelerated the diffusion of MCA from the core.

As can be seen in the SEC results (Fig. 6b), the
decreasing rate of molecular weight of PLLA was
slower with decreasing particle sizes over incuba-
tion time due to autocatalysis. However, MCA re-

Figure 6. (a) MCA release profiles of microparticles of
various sizes. (b) Changes in molecular weight of PLLA in
microparticles of various sizes as a function of incubation
time. (c) Change in glass transition temperatures of PLGA
and PLLA in microparticles of various sizes as a function of
incubation time.

lease from the particles of 17.6 ± 6.5 and 2.2 ±
0.9:m proceeded relatively faster in comparison to
the microparticles of larger sizes (286.5 ± 63.2:m
and 68.4 ± 24.7:m). Although the autocatalytic ef-
fects were less pronounced in the smaller microparti-
cles, the polymer degradations were not significantly
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Figure 7. SEM images of the degrading MCA-loaded double-layered PLLA/PLGA micropar-
ticles. Particles of 286.5 ± 63.2:m after (a) 4 days and (b) 14 days in vitro. Particles of 68.4 ±
24.7:m after (c) 4 days, (d) 14 days, and (e) 18 days in vitro.

suppressed in the small-sized double-layered parti-
cles, as shown in Fig. 6b. As such, within this particle
size range (around 2–20:m), the effect of degradation
rates was overcompensated by the effects of increased
surface area-to-volume ratio and decreased diffusion
pathway lengths with decreasing system dimension
(Table 3), thus resulting in increasing drug release
rate with decreasing particle size.

CONCLUSIONS

Double-layered microparticles, composed of PLGA
core and PLLA shell, were fabricated using a one-step

emulsion solvent evaporation technique. Increasing
stirring speed and PVA concentration decreased par-
ticle sizes. When the particles size was further re-
duced to 2:m, increasing the oil-to-water ratio and
saturating the external aqueous phase with DCM
were required to achieve the double-layered struc-
ture. By decreasing particles sizes from 286.5 ±
63.2:m to 68.4 ± 24.7:m, the drug release rates
decreased due to slower degradation rates. However,
drug release rates increased for particles in the size
range of 2–20:m, as a result of drastically increased
surface area-to-volume ratios. These results provide
important insights into how various double-layered
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particle sizes can be achieved, and how their physical
dimensions can affect drug release kinetics.
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