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a b s t r a c t

Double-layered microparticles composed of poly(D,L-lactic-co-glycolic acid, 50:50) (PLGA) and
poly(L-lactic acid) (PLLA) were loaded with doxorubicin HCl (DOX) and paclitaxel (PCTX) through a
solvent evaporation technique. DOX was localized in the PLGA shell, while PCTX was localized in the
PLLA core. The aim of this study was to investigate how altering layer thickness of dual-drug, double-
layered microparticles can influence drug release kinetics and their antitumor capabilities, and against
single-drug microparticles. PCTX-loaded double-layered microparticles with denser shells retarded the
initial release of PCTX, as compared with dual-drug-loaded microparticles. The DOX release from both
DOX-loaded and dual-drug-loaded microparticles were observed to be similar with an initial burst.
Through specific tailoring of layer thicknesses, a suppressed initial burst of DOX and a sustained
co-delivery of two drugs can be achieved over 2 months. Viability studies using spheroids of MCF-7 cells
showed that controlled co-delivery of PCTX and DOX from dual-drug-loaded double-layered microparti-
cles were better in reducing spheroid growth rate. This study provides mechanistic insights into how by
tuning the layer thickness of double-layered microparticles the release kinetics of two drugs can be con-
trolled, and how co-delivery can potentially achieve better anticancer effects.

Statement of Significance

While the release of multiple drugs has been reported to achieve successful apoptosis and minimize drug
resistance, most conventional particulate systems can only deliver a single drug at a time. Recently,
although a number of formulations (e.g. micellar nanoparticles, liposomes) have been successful in deliv-
ering two or more anticancer agents, sustained co-delivery of these agents remains inadequate due to the
complex agent loading processes and rapid release of hydrophilic agents. Therefore, the present work
reports the multilayered particulate system that simultaneously hosts different drugs, while being able
to tune their individual release over months. We believe that our findings would be of interest to the
readers of Acta Biomaterialia because the proposed system could open a new avenue on how two drugs
can be released, through rate-controlling carriers, for combination chemotherapy.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Chemotherapy is an integral aspect of cancer treatment, both in
the early as well as in the advanced stages. First-line chemotherapy
necessitates the use of different drugs, either concurrently or
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Fig. 1. Internal and external structure of double-layered PLGA/PLLA microparticles. (Row 1: non-drug loaded PLGA/PLLA 3:1, Row 2: DOX-loaded PLGA/PLLA 3:1, Row 3:
PCTX-loaded PLGA/PLLA 3:1, Row 4: DOX–PCTX-loaded PLGA/PLLA 3:1, Row 5: DOX–PCTX-loaded PLGA/PLLA 6:1). Scale bar = 10 lm.
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sequentially, with regimens lasting for as long as 3–6 months.
However, such a treatment regimen would often demand high
parenteral dosage and this is frequently associated with systemic
toxicity [1,2].

Doxorubicin hydrochloride (DOX) and paclitaxel (PCTX) are two
of the most widely used drugs for cancer chemotherapy [3,4]. At
present, few drug delivery systems for cancer therapy using these
drugs are commercially available. Those commercially available
include Doxil�, Caelyx� and Myocet� – DOX-loaded liposomes.
However, issues of drug leakage and aggregation, which can affect
therapeutic efficacy, and difficulties with sterilization have not
been resolved. The phospholipids are thermo-labile and thus



Fig. 2. CLSM images of double-layered PLGA/PLLA microparticles. (a) A composite z-stack comprising five confocal sections was obtained for DOX (red) with a z-interval of
5.5 lm between images measured below and above the center plane of the DOX-loaded microparticles. (b) PCTX (green)-loaded microparticles. The insets are the differential
interference contrast image and the emission of dansyl chloride-tagged PCTX (green), respectively. (c) DOX-PCTX-loaded microparticles. The insets are the CLSM images of
DOX (red) and dansyl chloride-tagged PCTX (green). Scale bar = 30 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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preclude heat sterilization, while on the other hand, gamma-
irradiation and other chemical sterilizing agents can produce
residual toxic contaminants [5]. Furthermore, constituents such
as Cremophor EL and dehydrated ethanol, which are formulated
with Taxol� to enhance the solubility of PCTX, lack controlled
release capabilities and are associated with poor drug tolerability
[6]. In addition, since most current delivery systems deliver only
a single anticancer drug, they would have to be given in combina-
tion with other chemotherapeutics to achieve better anticancer
effects [3,7]. Therefore, a single carrier that simultaneously entraps
and releases more than one drug in a controlled and sustained
fashion would clearly be advantageous for cancer therapy.

While the release of different drugs with specific release kinet-
ics has been reported to achieve successful apoptosis and minimize
drug resistance [4,7–11], most conventional particulate systems
can only release one drug at a time. Recently, although some anti-
cancer formulations (e.g. micellar nanoparticles, liposomes) have
been successful in releasing more than one therapeutic agent, such
as small molecule drugs, siRNA, plasmid DNA or peptide [12–16],
sustained co-delivery of these agents remains inadequate due to



Table 1
Drug loading efficiencies (LE) (%) in the microparticles.

Samples DOX PCTX

DOX-loaded PLGA/PLLA 3:1 16.4 ± 3.3 –
PCTX-loaded PLGA/PLLA 3:1 – 90.5 ± 5.6
DOX–PCTX-loaded PLGA/PLLA 3:1 21.1 ± 1.5 87.9 ± 6.9
DOX–PCTX-loaded PLGA/PLLA 6:1 45.3 ± 3.3 90.1 ± 6.3
DOX-loaded PLGA 53.4 ± 3.9 –
PCTX-loaded PLLA – 85.4 ± 8.3
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the complex agent loading processes and rapid release of hydro-
philic agents that are adsorbed onto the surface. The encapsulation
and release of drugs with varying water solubilities generally
require multiple carriers or solvents. Therefore, to formulate mul-
tiple drug-loaded particles, while controllably releasing each drug
from this delivery system, is a challenge.

Biodegradable particulate systems are designed tomitigate drug
degradation, control drug release and improve treatment outcomes.
For example, mitoxantrone-loaded mono-layer microspheres
showed that continuous release of mitoxantrone resulted in greater
tumor growth suppression [17]. However, such monolithic particu-
late systems are limited by burst release, the difficulty in achieving
controlled release, and the inability to encapsulate more than one
drug due to possible drug-drug interactions. By virtue of the com-
partmentalized internal structure, multilayered polymeric
microparticles, on the other hand, have multidrug loading capacity
(through selective localization of drugs in specific layers), and can
be structurally tailored to control drug release kinetics. For example,
Matsumoto et al. [18] showed that multi-reservoir-type micro-
spheres can not only retard burst release of cisplatin but also pro-
vide a sustained release. Shi et al. [19] showed that double-walled
microspheres achieved a sustained and complete release of
hydrophilic bovine serum albumin and hydrophobic cyclosporin
A. Multilayered particles therefore have the potential to alter drug
release kinetics by manipulating drug-layer localization and struc-
tural attributes, such as layer thickness [20–22].

In this paper, the aim was to investigate how DOX–PCTX-
loaded, double-layered microparticles, and of differing layer
thickness, can further inhibit tumor growth against a single drug.
Here, the DOX-loaded shell was composed of poly(DL-lactic-
co-glycolic acid, 50:50) (PLGA), and the poly(L-lactic acid) (PLLA)-
core contained PCTX. It is hypothesized that two different drugs
can be timed-released from double-layered microparticles, provid-
ing a controlled and sustained drug release, along with enhanced
antitumor efficacy. In order to ensure that DOX would not exhibit
a prolonged lag in its release caused by a hydrophobic PLLA shell
[23,24], PLGA was chosen as the DOX-containing shell. Unlike
more complex electrohydrodynamic atomization and electrospray-
ing technique involving the use of syringe pumps, voltage genera-
tors and a series of concentric nozzles [24,25], the emulsion
solvent evaporation method used in this study is a convenient
one-step fabrication technique [26]. Polymer mass ratios can be
manipulated to alter layer thickness, which in turn modulates drug
release profiles. Subsequently, efficacy of these particulate systems
against spheroids, composed of MCF-7 cells, was investigated.
2. Materials and methods

2.1. Materials

Poly(L-lactic acid) (PLLA, molecular weight (MW): 360 kDa, Bio
Invigor), poly(DL-lactic-co-glycolic acid, 50:50) (PLGA, MW:
45 kDa, Bio Invigor) and poly(vinyl alcohol) (PVA, molecular
weight (MW): 30–70 kDa, Sigma–Aldrich) were used, as obtained
from the suppliers. Paclitaxel (PCTX) was bought from
International Laboratory (USA), and doxorubicin hydrochloride salt
(DOX) was bought from Xingcheng Chempharm Co., Ltd. (China).
Solvents used were tetrahydrofuran (THF), dichloromethane
(DCM), acetonitrile (ACN), and chloroform. These were obtained
from Tedia Company Inc. and were of High-Performance Liquid
Chromatography (HPLC) grade. For release studies, phosphate buf-
fered saline (PBS) solution and Tween 80 were supplied by OHME
Scientific and Sigma–Aldrich (both Singapore), respectively. More
information on the consumables used for spheroid study can be
obtained from Supplementary Information (SI).

2.2. Microparticle production

The microparticles comprising PLGA/PLLA were produced, and
loaded with drugs, through a previously established method
[27,28]. Firstly, PCTX was solubilized in PLLA (0.1 g)/DCM
(7.5% w/v) solution, and DOX was added to PLGA (0.3 g)/DCM
(7.5% w/v) solution, sonicated using an ultrasonic probe (Sonic
Vibra-cell VC 130) to break down the drug crystals. The theoretical
loading of PCTX and DOX were set at 1% w/w and 20% w/w, respec-
tively. Both solutions were then mixed together using ultrasound
for 1 min. This polymer solution was then added into 350 mL of
PVA solution (5.0% w/v) to achieve an oil-in-water emulsion.
An overhead stirrer (Calframo BDC1850-220) was used to stir
this emulsion at 2000 rpm for 4 h (25 �C). Here, DCM evaporates
to phase separate PLGA and PLLA, producing double-layered
microparticles [27]. The product was then washed with deionized
water, before freeze-drying and storing in a desiccator. Other
double-layered and single-layered particles were prepared using
similar method but the type of drugs loaded and the mass ratio
of polymers used were changed accordingly to obtain the desired
particle sample parameters.

2.3. Characterization

2.3.1. Particle size and morphology
The scanning electron microscope (SEM, JEOL JSM-6360A) was

used to ascertain particle structure, morphology and size. SEM
was operated at 5 kV. The particulate samples were cross-
sectioned by putting into liquid nitrogen before sectioning using
a razor blade, and coating with gold. Sizes of the particles were
analyzed with ImageJ software. The diameter of at least 30 parti-
cles on 2 random fields in independent SEMmicrographs was mea-
sured, and was expressed as mean ± standard deviation.

2.3.2. Drug distribution
The confocal laser scanning microscope (CLSM, LSM710) was

used to determine drug distribution within the particles. Here,
PCTX was tagged with dansyl chloride (green: excitation peak at
405 nm, emission wavelength of 500 nm), while DOX is fluorescent
(red: excitation peak at 488 nm, emission wavelength of 580 nm).
The aqueous suspension containing particles were drop-wise
added to a glass slide before sealing with a glass cover slip. All
images were obtained using 63�/1.40 oil objective lens, at a mag-
nification of �1, and the AxioCan MRm camera. Drug distribution
was determined at the center of the microparticles. To ensure con-
sistency, the same setting was used for all samples. Analysis of the
images was done with the ZEN 2011 software.

2.3.3. Drug loading efficiency
Drug loading efficiency (LE) was determined by taking mea-

sured drug amount loaded divided with theoretical amount. For
DOX, microparticles (3 mg) were first dissolved in DCM (1 mL).
After which, deionized water (10 mL) was added, whereby doxoru-
bicin preferentially partitioned into. This was vortexed, allowed to
phase separate, before collecting the aqueous layer. This was done



Fig. 3. Cumulative release of (a) DOX and (b) PCTX from single-layered and double-layered PLGA/PLLA microparticles.
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thrice to maximize extraction of DOX (�90%). The concentration of
DOX in water phase was compared against a calibration curve
obtained with an ultraviolet–visible (UV–vis) spectrophotometer
(Shimadzu UV-2501) at 480 nm. As for PCTX, similar method was
conducted except that ethanol (10 mL) was added, instead of
deionized water, to precipitate the polymers [29]. Centrifugation
was then conducted, before drying of the supernatant. Dried PCTX
was then dissolved in ACN for analysis with UV–Vis at 227 nm. The
calculated loading efficiency was corrected accordingly to over-
come extraction inefficiency. For this, the same above steps were
conducted for blank PLGA/PLLA particles, and for the mixture of
pure free drug (i.e. PCTX) with blank PLGA/PLLA particles, and
extraction efficiency was measured to be �90%. All measurements
were done in triplicate.

2.4. Drug release study

Microparticles (5 mg) were introduced to 5 mL PBS (pH 7.4)
with Tween 80 (0.05%) in vials, and agitated using a shaking incu-
bator at 37 �C (50 rpm) (n = 3). For each sample, 4 mL of medium
was withdrawn, at specific time points, before replenishing with
new medium (4 mL) to achieve sink condition. DOX concentration
was analyzed with UV–vis spectrophotometer at 480 nm. For
PCTX, it first underwent extraction with 4 mL of DCM. Extracted
PCTX after DCM evaporation was then introduced to a known
amount of ACN. PCTX concentration was measured with UV–vis
spectrophotometer at 227 nm, after subtracting for the background
[30–33]. This was done with blank particles that were incubated in
the medium, and using the same method above. Extraction effi-
ciency was determined by using pure PCTX, of a known mass,
and with the same extraction procedure, which was found to be
�70%. The amount of PCTX released was therefore corrected with
this percentage figure.

2.5. Degradation of microparticles

Microparticles (50 mg) were introduced to vials that contain
50 mL of PBS/Tween 80 (0.05%) (n = 3). These were incubated in a
shaking incubator at 37 �C. The particles were taken out at
specific time points, and washed with deionized water before
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Fig. 4. Average molecular weights of (a) PLGA and (b) PLLA from single-layered and double-layered PLGA/PLLA microparticles against drug release time.
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freeze-drying. Samples were imaged using SEM, CLSM and col-
lected for size-exclusion chromatography (SEC) analysis. SEC anal-
ysis (Agilent 1100 Series LC System) was used to ascertain the
average molecular weight of polymer (relative to polystyrene stan-
dards). Solvent used was chloroform, and analysis was performed
at 30 �C, flow rate of 1 mL min�1 and using a reflective index detec-
tor (RID). For double-layered microparticles, the polymers were
separated using the THF dissolution method [28,34], as only PLGA
is solubilized in THF. PLLA and PLGA were then separated by cen-
trifugation. PLGA and PLLA, after oven drying, were then dissolved
individually in chloroform (1 mL), followed by SEC analysis.

2.6. Effects on 3D spheroids

The materials and methods to generate the MCF-7 spheroids are
described in the SI. Magnetic spheroids (diameter size of �400 lm)
were introduced to either free drug (DOX or PCTX), or single-
drug microparticles, or DOX–PCTX-loaded microparticles (at
0.4 lg mL�1 DOX and 0.08 lg mL�1 PCTX). For the free drug group,
the amount of free drugs introduced to the spheroids was equiva-
lent to the total cumulative drug released from the particles after
28 days at 37 �C (from drug release study). Microparticles were
separated from the spheroids, to facilitate better imaging, by using
a Transwell-96 Permeable Support with 3.0 lm pore polycarbon-
ate membrane (Sigma CLS3385) [28]. The scheme of this setup is
shown in SI. For each test condition, the spheroids (n = 5) were
incubated for 28 days. The free drugs and the particles were added
just once to the media at day 0. For the free drug group, drug-
containing media were completely removed after 6 h before
replenishing with new medium. This simulates acute free drug
exposure and subsequent clearance during systemic administra-
tion, i.e. in vivo conditions. For the drug-loaded particles, they were
maintained in the culture media, as this models the controlled
release of drugs from the particles after they have been



Fig. 5. CLSM images showing the distribution of drugs in double-layered PLGA/PLLA 3:1 microparticles during drug release. (a) DOX-loaded microparticles after 30 days of
release. PCTX-loaded microparticles after (b) 5 days and (c) 12 days of release. The insets are overlays of differential interference contrast image and the emission of dansyl
chloride-tagged PCTX (green). (d) DOX–PCTX-loaded microparticles after 20 days of release. The insets are the images of red DOX and green dansyl chloride-tagged PCTX,
respectively. Scale bar = 30 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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administered in vivo. Over the entire experiment, cell culture
media were refreshed with dilution every 2 days, so as to mimic
systemic clearance of drugs released from the particles. Spheroid
size was measured from the orthogonal diameters of each spheroid
under bright field microscopy for volume calculation. Acid
phosphatase assay was performed, at the end, to assess spheroid
viability, as described in SI.
2.7. Statistical analysis

Comparisons of data obtained from different particle samples
were done using unpaired Student’s t-test and one-way ANOVA
analysis coupled with Tukey’s multiple comparison tests.
Statistically differences were verified when p 6 0.05.



Fig. 6. (a) Growth of spheroids exposed to free drug (DOX or PCTX) or blank particles or single-drug microparticles or DOX–PCTX-loaded microparticles over 28 days. (b)
Viability of spheroids as measured using acid phosphatase assay at the end of study (day 28).
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3. Results and discussion

3.1. Drug-loaded double-layered microparticles

The SEM images of the drug-loaded microparticles produced are
shown in Fig. 1 (Figs. S1 and S2 show numerous particles).
Spherical microparticles were obtained, with a double-layered
configuration. The particle sizes (i.e. diameter) of DOX–PCTX-
loaded double-layered PLGA/PLLA 3:1 microparticles measured
by SEM were found to be 34.7 ± 9.1 lm; all other samples had sim-
ilar particles sizes. These particle size ranges are suitable as drug
delivery depots [17,23,35], as they can be localized at the injection
site while offering better syringeability [20]. For DOX–PCTX-loaded
double-layered PLGA/PLLA 3:1 microparticles, the shell thickness
and core diameter were 8.1 ± 1.3 lm and 18.3 ± 2.8 lm, respec-
tively. Changing the polymer mass ratio was to PLGA/PLLA 6:1,
there was an increase in the PLGA shell thickness to
11.9 ± 1.7 lm due to a higher PLGA content, whereas the core
diameter of PLLA reduced to 13.3 ± 2.1 lm.

CLSM aided in determining drug localization within microparti-
cles. CLSM images obtained for DOX-loaded only, PCTX-loaded
only and DOX–PCTX-loaded double-layered microparticles are
shown in Fig. 2. For DOX-loaded microparticles (Fig. 2a), a compos-
ite z-stack comprising five confocal sections was captured. At the
center plane, red rings (DOX) were observed (z stack, center
image). The red rings became smaller and eventually disappeared
to form a solid circle when extended to the surface of the particle
(z-stack, bottom image). As such, the composite z-stack images



Fig. 7. Bright-field images of MCF-7 spheroids exposed to free drug (DOX or PCTX), blank PLGA/PLLA particles, single-drug microparticles, or DOX–PCTX-loaded
microparticles. Scale bar = 400 lm.
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depicted the localization of DOX in the PLGA shell. For PCTX-loaded
microparticles (Fig. 2b), when the optical image of fluorophore-
tagged PCTX (green) was overlaid with the differential interference
contrast (DIC) image, the fluorescence from PCTX did not exceed
the periphery of the PLLA core, suggesting PCTX localized within
the PLLA core. For DOX–PCTX-loaded microparticles, the specific
localization of two drugs in the layers can be seen from Fig. 2c,
as revealed from the color distribution of PCTX and DOX. Such drug
localization could be attributed to affinity between polymer and
drug [23,26,34]. Highly hydrophobic PCTX was preferentially local-
ized in hydrophobic PLLA, while hydrophilic DOX was localized
within the relatively more hydrophilic PLGA.

From the SEM images (Fig. 1), the existence of drugs in the par-
ticles was observed to affect the morphology of these drug-loaded
microparticles. Non-drug-loaded microparticles, as a reference,
exhibited smooth, non-porous interior and exterior morphologies.
PCTX-loaded microparticles yielded the same morphology as the
non-drug-loaded microparticles. Microparticles (PLGA/PLLA 3:1)
containing DOX, on the other hand, were observed to have porous
PLGA shell layers (both exterior and interior). This is likely due to
osmotic pressure whereby the dissolution of DOX salt drives water
from the surrounding into the emulsion droplets, thus causing the
leaching of DOX into the water phase. A much lower loading effi-
ciency (LE) of DOX was therefore achieved for PLGA/PLLA 3:1
microparticles than PLGA/PLLA 6:1 microparticles (Table 1). It is
believed that a higher content of PLGA (PLGA/PLLA 6:1) reduces
the leaching of DOX out of the emulsion droplets due to longer
mass transport pathway, thus forming a denser surface. This could



(a)

(b)

(c)

Fig. 8. CLSM images showing the penetration of DOX into the spheroids during drug release from double-layered DOX-loaded PLGA/PLLA 3:1 microparticles. (a) Represents
the control group (spheroid not treated with particles). (b) and (c) represent spheroids treated with particles after 3 days and 10 days, respectively. Left: fluorescence images
of red DOX; Center: differential interference contrast images; Right: overlays of differential interference contrast image and the emission of DOX (red). Scale bar = 100 lm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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be substantiated by the observation that DOX-loaded neat PLGA
microparticles yielded non-porous surface (Fig. S3) and higher LE,
in comparison to PLGA/PLLA 3:1 particles.

3.2. Drug release study

3.2.1. Single- vs. dual-drug-loading
Here, the effect of how one drug can influence the release of

another, from the same microparticle, was investigated. The
release of DOX from double-layered microparticles (DOX only)
and microparticles loaded with dual drugs (i.e. DOX and PCTX)
are plotted in Fig. 3a. DOX was initially localized within the PLGA
shell. For PLGA/PLLA 3:1 microparticles, it was evident that the
release profile of DOX was not influenced by the core-localized
PCTX of dual-drug-loaded microparticles. Similar DOX release pro-
files were achieved with microparticles loaded with DOX only and
DOX–PCTX-loaded microparticles (PLGA/PLLA 3:1) because of
comparable polymer degradation rates, as represented in
Fig. 4a and b. From Fig. 3a, it was also noted that both samples
(PLGA/PLLA 3:1) displayed a burst release (�35%) of DOX on the
first day, followed by a sustained release over 2 months. The burst
release could be due to the highly porous particle surface [36].
Some DOX was also observed to have diffused into the PLLA core,
as evidenced from the CLSM image of the double-layered
microparticles (DOX only) after 30 days of incubation (Fig. 5a),
which would further prolong the DOX release. The drug located
in the inner region of the particles takes a longer time to diffuse
before being released into the medium.

The PCTX release profiles of PCTX-loaded microparticles and
DOX–PCTX-loaded microparticles are reflected in Fig. 3b. The
graph shows that the slow degrading PLLA microparticles released
PCTX at the slowest rate. In contrast, for double-layered micropar-
ticles, the relatively hydrophilic PLGA shells underwent more rapid
degradation, accelerating the degradation of PLLA cores (Fig. 4b)
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[37], and thus a faster release of PCTX over 2 months. During the
early release period (up to day 10), a slower release of PCTX was
observed for PCTX-loaded double-layered microparticles, as com-
pared with DOX–PCTX-loaded double-layered PLGA/PLLA 3:1
microparticles (p < 0.05). As shown in Fig. 5b and a larger fraction
of PCTX was still dispersed within the PLLA cores in PCTX-loaded
microparticles after 5 days of incubation, affirming that the dense
particle morphology (Fig. S4a) served as a rate-limiting barrier
against PCTX release. After 12 days, an increase in porosity and
degradation of PLGA (Figs. 4a and S4b) accelerated the release of
PCTX. This is confirmed from a significant diffusion of green fluo-
rescence to the outer circumference of the particles (Fig. 5c).
Drastic PLGA degradation in the PCTX-only microparticles, as com-
pared with the DOX-containing particles (Fig. 4a), could be due to
acidic oligomers, as hydrolysis products, entrapped in the origi-
nally dense shell, leading to an autocatalytic degradation of PLGA.
For the multiple drug release from DOX–PCTX-loaded microparti-
cles (Fig. 5d), inward diffusion of some DOX from shell regions
occurred over the course of the release and thus sustaining its
release, while some PCTX diffused into the shell before being
released into the medium.

3.2.2. Double-layered microparticles: effect of layer thickness
The effect of layer thickness on drug release from dual-drug-

loaded microparticles was also investigated. For microparticles
with thicker shell (PLGA/PLLA 6:1), the DOX release profile was
more sustained, and with minimal burst release (Fig. 3a). This
difference can be attributed to surface porosities and layer dimen-
sions of PLGA/PLLA 3:1 and 6:1 microparticles. As a reference (i.e.
neat PLGA microparticles), DOX release was also sustained, which
could be due to the dense particle surface and uniform dispersion
of DOX within monolithic matrix. PLGA/PLLA 6:1 microparticles of
thicker shells showed significantly less porous surfaces relative to
the thinner shell 3:1 microparticles before degradation (Fig. 1) and
their relatively less porous surface was maintained even after
20 days of release period (Fig. S5). For PLGA/PLLA 6:1 microparti-
cles, a denser surface together with thicker shell aided in minimiz-
ing any initial burst of DOX, while sustaining its release over two
months. The existence of PLGA shell was observed after 40 days
of incubation, as the degrading PLGA was still detectable on the
SEC (Fig. 4a). PLGA is known to exhibit an exponential decrease
in the molecular weight with degradation time (pseudo-first-
order degradation kinetics) [38]. The degradation involves random
chain scission, where the molecular weights of polymers decrease
significantly with no appreciable mass loss in the initial stage. The
degrading PLGA shell served as a diffusion barrier against its
release from the inner region of the shell.

From Fig. 3b, increasing PLGA shell thickness (from PLGA/PLLA
3:1 to 6:1) gave a similar PCTX release rate for dual-drug-loaded
particles (p > 0.05). Here, the degradation of PLGA proceeded more
rapidly for the thicker shell with less porous surface (PLGA/PLLA
6:1) (Fig. 4a), likely due to the autocatalytic degradation caused
by immobilized acidic oligomers [39]. This accelerated degradation
would compensate for the longer diffusion pathways of PCTX
through the thicker shell, resulting in similar release rates, as sim-
ilarly reported by Klose et al. [40].

3.3. Efficacy against 3D multicellular tumor spheroids

Two-dimensional (2D) cell monolayers have been widely used
to evaluate drug efficacy over 24–72 h [41]. However, the 2D
monolayers poorly represent the complex 3D microenvironment
in which cells are in close contact and interact with other types
of cells and the extracellular matrix [42]. Three-dimensional cell
culture, on the other hand, can better model the actual in vivo
microenvironment [43]. Moreover, multicellular 3D spheroids pro-
vide a means for continuous and quantitative analysis in prolonged
studies of which the durations are similar to animal studies [44].
Using a platform developed recently [45], magnetic MCF-7 spher-
oids were exploited to elucidate the therapeutic benefits of drug-
loaded microparticles in a 28-day long study. These spheroids
enable facile media exchange as they respond to magnetic field
gradients [46,47]. For treatments with free drugs at 0.4 lg mL�1

DOX and 0.08 lg mL�1 PCTX concentrations, growth recovery of
spheroid was observed 7 days after the introduction of free drug
(Fig. 6a). This cellular recovery is likely due to acute free drug
exposure (6 h) and a reduction in drug penetration into the spher-
oids at lower drug concentrations, which result in lower diffusion
gradients within the spheroids [45,48]. Free drug-containing media
were removed after 6 h, so as to mimic acute free drug exposure
and subsequent systemic clearance after drug administration. It
was found that MCF-7 spheroids responded to the drugs in a
dose-dependent manner (Fig. S6), in which continuous growth
inhibition of spheroids occurred with drug treatment at higher
concentrations (p < 0.01 when comparing 4 lg mL�1 and
0.4 lg mL�1 for DOX and 0.4 lg mL�1 and 0.04 lg mL�1 for PCTX
at day 21). The growth of spheroids incubated with drug-loaded
particles was inhibited to a greater extent (p < 0.01 when com-
pared with free drugs at day 28) and no recovery of growth was
observed even after 28 days, implying continued exposure to ther-
apeutic doses due to the prolonged release of the chemotherapeu-
tics (Figs. 6a and 7). Bright-field images of MCF-7 spheroids (Fig. 7)
exposed to free drug or various particle groups are shown to visu-
alize the change in the spheroid sizes with time.

Simultaneous release of both DOX and PCTX from double-
layered microparticles significantly decreased spheroid growth
rate, as compared to PCTX-loaded PLGA/PLLA and DOX-loaded
PLGA microparticles (p < 0.01, Tukey’s multiple comparison tests)
(Fig. 6a). Notably, the release kinetics of these two single-drug
microparticle groups were similar to that of each drug from dual-
drug-loaded PLGA/PLLA 6:1 microparticles (Fig. 3). The initial slow
release of single drug from PCTX-PLGA/PLLA and DOX–PLGA
microparticles was shown to produce an insignificant reduction
in spheroid growth rate up to day 7. Better drug efficacy for
dual-drug PLGA/PLLA 6:1 microparticles could arise from the drug
combination of DOX and PCTX. The addition of relatively low
amount of PCTX resulted in a complementary cytotoxic effect
when both DOX and PCTX released from PLGA/PLLA 6:1 micropar-
ticles were delivered to the spheroids in a sustained manner. Early
presence of DOX released from the dual-drug-loaded particles effi-
ciently prevents the excess growth of tumor cells in the initial
stage by intercalating with DNA strands and inhibiting further
DNA and RNA biosynthesis [49]. A controlled and sustainable
release of PCTX can induce the apoptosis of tumor cells continu-
ously by stopping microtubules disassembly, thereby preventing
cell division [16,50]. Therapeutic efficacy can be maximized and
development of drug resistance can be minimized, when two
antitumor drugs with different physicochemical properties and
mechanisms are co-delivered to tumors [12,51]. Therefore, rate-
controlling delivery systems that employ multiple antitumor drugs
are advantageous to improve conventional approach through
monotherapy that only delivers a single drug in a bolus dose.
Clinical studies have also demonstrated that combination of DOX
and PCTX increased tumor regression rates relative to just the indi-
vidual drugs [3,7]. Results from the acid phosphatase assay also
indicated that dual-drug-loaded microparticles could cause a sig-
nificant decrease in spheroid viability (after 28 days) relative to
free drugs and single-drug-loaded particles (i.e. PCTX–PLGA/PLLA
and DOX–PLGA particles) (Fig. 6b).

Interestingly, a significant reduction in spheroid growth rate
and spheroid viability similar to dual-drug-loaded particles was
observed for DOX-loaded PLGA/PLLA 3:1 microparticles (p > 0.05
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when comparing DOX-loaded PLGA/PLLA 3:1 and dual-drug-
loaded PLGA/PLLA microparticles) (Fig. 6a and b). The initial burst
of DOX released from DOX-loaded PLGA/PLLA 3:1 microparticles
could impose significant toxicity to tumor spheroids, and slowed
the initial growth phase because the culture media for particle
groups were refreshed 2 days after drug treatment with subse-
quent dilution every 2 days. The released DOX from the initial
burst would have 2 days to exert its cytotoxic effect. Cells at the
outer circumference of the spheroids are more exposed to the
released drugs and therefore undergo apoptosis. Substantial apop-
tosis, arising from initial 2-day DOX exposure at considerably high
concentration, could expand the interstitial space along the cir-
cumference of the spheroids, thereby enhancing penetration of
DOX into the primed tumors [52]. The penetration of DOX into
the spheroids treated with DOX-loaded PLGA/PLLA 3:1 microparti-
cles is shown in the CLSM images (Fig. 8). The subsequent contin-
uous release of DOX could suppress the recovery of spheroid
growth. Nevertheless, a burst release from these PLGA/PLLA 3:1
microparticles in vivowould produce systemic toxicity and adverse
effects (e.g. toxicity to normal cells) [53]. Notably, tracking the vol-
ume of spheroids over the release period showed that those incu-
bated with dual-drug-loaded PLGA/PLLA 6:1 microparticles
displayed a similar reduction in growth rate (i.e. comparable effi-
cacy) relative to DOX and dual-drug-loaded PLGA/PLLA 3:1
microparticles (Figs. 6 and 7). The increased shell thickness for
PLGA/PLLA 6:1 was found to suppress the burst release of DOX
(Fig. 3a), and this could potentially minimize toxicity to surround-
ing normal cells and side effects. Since sustained and controlled
release of both DOX and PCTX is achievable with double-layered
microparticles (PLGA/PLLA 6:1), this particulate drug delivery
system would have great potential to inhibit tumor growth with
minimal systemic toxicity.
4. Conclusions

Dual-drug-loaded, double-layered PLGA/PLLA microparticles
were produced through a one-step fabrication process. DOX was
localized in the PLGA shell, whereas PCTX was localized in the PLLA
core. The drug release properties of dual-drug-loaded microparti-
cles were compared with those of single-drug-loaded microparti-
cles. Direct manipulation of polymer mass ratios produced
microparticles with different layer morphologies and drug encap-
sulation efficiencies, which resulted in variable release kinetics of
drugs. Controlled and sustained release of two drugs was observed
for PLGA/PLLA 6:1 particles when the shell thickness was
increased. Three-dimensional spheroid studies showed that release
of DOX and PCTX from dual-drug-loaded double-layered micropar-
ticles (PLGA/PLLA 6:1) achieved a therapeutic advantage over
single-drug microparticles, while having the potential to minimize
toxicity to the surrounding normal cells as well as side effects.
From this study, we presented a promising approach to tailor the
release rates of drugs from multidrug-loaded particles by manipu-
lating layer structures, thus allowing such ‘‘designer” release sys-
tem to find use in combination chemotherapy.
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