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 Inhibition of 3-D Tumor Spheroids by Timed-Released 
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Polymeric Microparticles  
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  1.     Introduction 

 The use of single chemotherapeutic drug (monotherapy) has 

shown limitations, such as low drug effi cacy and the develop-

ment of drug resistance in cancer therapy. The combination 

of two or more therapeutic agents provides a means to 
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 First-line cancer chemotherapy necessitates high parenteral dosage and repeated 
dosing of a combination of drugs over a prolonged period. Current commercially 
available chemotherapeutic agents, such as Doxil and Taxol, are only capable of 
delivering single drug in a bolus dose. The aim of this study is to develop dual-
drug-loaded, multilayered microparticles and to investigate their antitumor effi cacy 
compared with single-drug-loaded particles. Results show hydrophilic doxorubicin 
HCl (DOX) and hydrophobic paclitaxel (PTX) localized in the poly( dl -lactic-
 co -glycolic acid, 50:50) (PLGA) shell and in the poly( l -lactic acid) (PLLA) core, 
respectively. The introduction of poly[(1,6-bis-carboxyphenoxy) hexane] (PCPH) 
into PLGA/PLLA microparticles causes PTX to be localized in the PLLA and 
PCPH mid-layers, whereas DOX is found in both the PLGA shell and core. PLGA/
PLLA/PCPH microparticles with denser shells allow better control of DOX release. 
A delayed release of PTX is observed with the addition of PCPH. Three-dimensional 
MCF-7 spheroid studies demonstrate that controlled co-delivery of DOX and PTX 
from multilayered microparticles produces a greater reduction in spheroid growth 
rate compared with single-drug-loaded particles. This study provides mechanistic 
insights into how distinctive structure of multilayered microparticles can be designed 
to modulate the release profi les of anticancer drugs, and how co-delivery can 
potentially provide better antitumor response. 
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achieve a synergistic effect at lower drug doses. [ 1,2 ]  Theoreti-

cally, therapeutic effi cacy is maximized and drug resistance 

is less likely if two anticancer drugs with different physico-

chemical properties and action mechanisms are delivered 

simultaneously to tumor cells. [ 3 ]  As such, delivery systems 
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that incorporate different anticancer drugs have emerged to 

improve the approach in conventional single-agent cancer 

therapy. Recently, a number of formulations (e.g., micelle-

based capsules, liposomes) for cancer treatments have gar-

nered interest in delivering two or more therapeutic agents, 

that is, chemical drugs, siRNA, plasmid DNA or peptide. [ 4–7 ]  

For example, the co-delivery of the p53 gene and doxoru-

bicin using a cationic β-cyclodextrine-polyethylenimine car-

rier resulted in a synergistic effect on breast tumor in vivo, by 

sensitizing tumor cells with aberrant p53 function to the cyto-

toxic effect of doxorubicin. [ 8 ]  However, in such systems, the 

hydrophilic agents are typically left tethered to or adsorbed 

onto the surface of the carrier. This surface localization would 

result in a burst release of drugs from the surface and con-

sequently, the occurrence of adverse effects. In other studies, 

micellar biodegradable carriers loaded with doxorubicin and 

paclitaxel were shown to induce apoptosis more effectively in 

tumor cells than free drugs alone. [ 3,9 ]  However, these micellar 

nanoparticles only offer short-term release, and separate 

drug loading steps would add complexity to the processing 

of these delivery systems. [ 3,10 ]  Therefore, designing commer-

cially viable drug carriers that can simultaneously host dif-

ferent anticancer drugs, while controlling their individual 

release, remains a challenge. 

 The development of biodegradable polymeric micropar-

ticles for the co-delivery of two or more anticancer drugs 

allows sustained release of these drugs from a single admin-

istration, thus reducing the need for repeated dosing. Poly-

meric microparticles, as a depot formulation, would enable 

continuous release of drugs and ensure prolonged exposure 

of tumor cells to therapeutic levels of these drugs. Compared 

with conventional monolithic matrix-based carriers, multilay-

ered or multi-compartmented carriers hold better promise 

for controlled delivery, as the latter can be structurally 

manipulated. [ 11 ]  Such multilayered microparticles allow selec-

tive localization of drugs in specifi c layers; realizing a specifi c 

timed-release at different treatment periods. For instance, 

drugs localized within the inner cores of double-walled 

microspheres were shown to mitigate burst release, while 

providing a sustained release profi le. [ 12 ]  The sustained release 

of hydrophilic bovine serum albumin and hydrophobic cyclo-

sporin A was also demonstrated using poly( ortho  ester)–

poly(lactic- co -glycolic acid) double-walled microspheres. [ 13 ]  

Multilayered particles can therefore offer greater versatility 

in controlling drug release kinetics through the manipulation 

of structural confi gurations and polymer types. 

 The aim of this study was to develop dual-drug-loaded, 

multilayered microparticles and to evaluate their antitumor 

effi cacy compared with single-drug-loaded particles. These 

multilayered microparticles can be fabricated by a conven-

ient one-step process that allows various structural manipu-

lations, thus enabling better control of drug release kinetics. 

Herein, a one-step emulsion solvent evaporation technique 

was employed to fabricate multidrug-loaded multilayered 

polymeric microparticles, with each drug localized in specifi c 

polymer layers. At the same time, the drug-layer confi gura-

tion and the release profi les of different drugs from double-

layered microparticles comprising poly( dl -lactic- co -glycolic 

acid, 50:50) (PLGA) and poly( l -lactic acid) (PLLA) can 

be altered when these drug carriers are transformed from a 

binary-polymer to a ternary-polymer system, by adding a sur-

face-eroding poly[(1,6- bis -carboxyphenoxy) hexane] (PCPH) 

polymer. The model anticancer drugs used in this study were 

hydrophilic doxorubicin HCl (DOX) and hydrophobic pacli-

taxel (PTX). They are amongst the most commonly used 

anticancer drugs for chemotherapy, particularly in the treat-

ment of breast cancer. Clinical studies have demonstrated 

that incorporation of DOX and PTX increases tumor regres-

sion rates relative to the individual drugs. [ 14,15 ]  The effi cacy 

of this delivery system was subsequently tested for tumor 

growth inhibition against three-dimensional (3D) human 

breast cancer (MCF-7) spheroids.  

  2.     Results and Discussion 

  2.1.     Formation of Dual-Drug-Loaded, Multilayered 
Microparticles 

 PLGA/PLLA and PLGA/PLLA/PCPH microparticles 

were fabricated and characterized, before their drug release 

profi les were assessed. The scanning electron microscopy 

(SEM) images of non-drug-loaded and dual-drug-loaded 

multilayered microparticles are shown in  Figure    1  . The 

microparticles were spherical in shape, and particle sizes 

of DOX-PTX-loaded PLGA/PLLA/PCPH microparticles 

were 37.7 ± 9.4 µm in diameter. Particle sizes, across all the 

sample groups, were kept similar for unbiased comparisons. 

An average particle diameter of about 30 µm was chosen as it 

has better syringability, and is suitable in drug-delivery depot 

applications (e.g., post-surgical chemotherapy through intra-

tumoral or intraperitoneal injection and cancer treatment 

through intramuscular injection). [ 16–18 ]   

 From the Raman mapping results ( Figure    2  a), it was 

evident that the PLGA/PLLA microparticles had a PLGA 

shell–PLLA core morphological structure. During fabrica-

tion, binary-phase PLGA/PLLA solution (above cloud point) 

was poured into an aqueous PVA solution, and the immis-

cible polymers immediately phase separated as coacervate 

droplets; coalescing with their respective polymers within 

the emulsion droplets. [ 19 ]  A core-shell structure was obtained 

with a higher mass polymer (PLGA) forming the outer layer 

(i.e., shell), while engulfi ng the polymer phase (PLLA) of 

lower mass (i.e., core). [ 20,21 ]  For PLGA/PLLA/PCPH micro-

particles (Figure  2 b), the presence of PCPH was found to 

change the overall distribution of PLGA and PLLA observed 

for PLGA/PLLA microparticles. For this confi guration, mul-

tiple distinctive layers were observed whereby PLGA still 

formed the shell, but now PCPH formed the second layer 

and PLLA the third. The core was observed to be composed 

of a mixture of two polymers – PCPH and PLGA, with a 

larger amount of PCPH distributed at the periphery, and a 

larger amount of PLGA localized at the innermost region 

of the core. Although it was reported that PLGA and PCPH 

are macroscopically immiscible, there remains some degree 

of miscibility between these two polymers, [ 22,23 ]  resulting in 

such distribution. The scheme of the formation of a multilay-

ered PLGA/PLLA/PCPH particle from an emulsion droplet 
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is shown in Figure  2 c. During the early stages of solvent 

extraction, the PLGA shell (of higher mass) predominantly 

consisted of PLGA and a smaller fraction of PCPH, whereas 

the core (the lowest polymer mass used) was predominantly 

composed of PCPH and a smaller amount of PLGA. When 

the polymer solution concentration increased (due to solvent 

evaporation), reaching a critical point at which the miscibility 

between PLGA and PCPH greatly reduced, these two poly-

mers started to phase separate and to coalesce within their 

respective regions. [ 24 ]  At the shell, since PCPH is relatively 

more hydrophobic than PLGA, PCPH would move away 

from the external aqueous phase, forming the second layer. 

At the core, the larger phase (PCPH) would therefore engulf 

the minor phase (PLGA). The layer confi guration of PLGA/

PLLA/PCPH microparticles was therefore 

dictated by two independent factors, that 

is, ratio of polymer masses and inter-misci-

bility of PLGA-PCPH.  

 Confocal laser scanning microscope 

(CLSM) was subsequently used to verify 

the localization of drugs in these multi-

layered microparticles. Dansyl chloride-

tagged PTX (green) and fl uorescent DOX 

(red) were used to attain a clearer visual 

discernment of drug localization within 

the microparticles. For PLGA/PLLA 

microparticles, specifi c drug localization 

in different layers is shown in  Figure    3  a. 

PTX (green) was observed in the PLLA 

core, while DOX (red) was in the PLGA 

shell. For PLGA/PLLA/PCPH microparti-

cles, CLSM image (Figure  3 b) shows that 

the DOX (red) was not just localized in 

the outermost PLGA shell, but also in the 

innermost core. As discussed earlier, some 

PLGA particulates were also embedded 

in the innermost core, allowing some 

DOX to be similarly localized in the core. 

Such PLGA-DOX affi nity arises from 

hydrophilic-hydrophilic interactions, from 

amongst two other more hydrophobic pol-

ymers. [ 20,25 ]  CLSM image (Figure  3 b) also 

shows that PTX (green) was co-localized 

in both the PLLA and PCPH layers, again 

arising from polymer–drug affi nity. [ 13 ]  

The images verify that highly hydro-

phobic PTX had preferential interactions 

with hydrophobic polymers (PLLA and 

PCPH), whereas hydrophilic DOX was 

distributed within the more hydrophilic 

PLGA. [ 25 ]    

  2.2.     Drug Release and Degradation 
Mechanism of Multilayered Microparticles 

 The release profi les of DOX from PLGA/

PLLA and PLGA/PLLA/PCPH micro-

particles are plotted in  Figure    4  a. PLGA/

PLLA microparticles exhibited an initial burst release of 

DOX, of nearly 35% at day 1, whereas the release of DOX 

from PLGA/PLLA/PCPH microparticles was observed to 

be more sustained, with a highly suppressed initial burst. The 

differences in the release profi les can be explained from the 

extent of surface porosity. As observed from Figure  1 , PLGA/

PLLA/PCPH microparticles had a relatively dense shell, 

while PLGA/PLLA microparticles had a highly porous shell. 

A porous shell would increase water penetration, causing 

a rapid dissolution and release of hydrophilic DOX from 

the shell. [ 26 ]  This porous morphology arises possibly from 

the leaching of hydrophilic DOX drug into the surrounding 

aqueous phase during the fabrication process. This phe-

nomenon resulted in a much lower encapsulation effi ciency 
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 Figure 1.    External and internal morphologies of the multilayered microparticles. (Row 1: Non-
drug-loaded PLGA/PLLA, Row 2: DOX-PTX-loaded PLGA/PLLA, Row 3: Non-drug-loaded PLGA/
PLLA/PCPH, Row 4: DOX-PTX-loaded PLGA/PLLA/PCPH).
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(EE) of DOX in PLGA/PLLA microparticles, as com-

pared with PLGA/PLLA/PCPH microparticles ( Table    1  ). 

For PLGA/PLLA/PCPH microparticles, a denser shell 

together with the localization of DOX in both the shell and 

the innermost core aid in suppressing burst release, while 

providing a sustained release; with the middle layers (i.e., 

PLLA and PCPH) serving as diffusion barriers against its 

release from the core. 
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 Figure 2.    Pure component Raman spectra estimates and their associated score images obtained via BTEM from a) a PLGA/PLLA microparticle, 
b) a PLGA/PLLA/PCPH microparticle. c) Schematic illustration (not to scale) of the proposed mechanism involved in the formation of the PLGA/
PLLA/PCPH microparticles.
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   For PTX, both PLGA/PLLA and PLGA/PLLA/PCPH 

microparticles had similarly high EE (Table  1 ). The release 

profi les of PTX from these microparticles are shown in 

Figure  4 b. A short initial lag in the release of PTX was 

observed for PLGA/PLLA/PCPH microparticles. A non-

porous shell along with the co-localization of PTX in both 

semi-crystalline PLLA and hydrophobic PCPH in PLGA/

PLLA/PCPH microparticles slowed the initial release of 

PTX. As can be seen from the CLSM image ( Figure    5  a), 

PTX was still predominantly localized within the PLLA and 

PCPH layers even after 5 days of incubation (no observable 

green fl uorescence in the shell). After 8 days, the release of 

PTX from PLGA/PLLA/PCPH microparticles proceeded 

more rapidly. A spread of green fl uorescence along the cir-

cumferential regions of the particles suggests the diffusion 

of PTX (Figure  5 b). From SEM images ( Figure    6  a), the mor-

phology of PLGA/PLLA/PCPH microparticles was relatively 

dense at day 5, which aids in retarding the diffusion of PTX. 

Subsequently, the formation of pores (Figure  6 b,c) together 

with substantial polymer degradation (Figure S1, Supporting 

Information) of PLGA/PLLA/PCPH particles accelerated 

the release of PTX. The extensive degradation of PLGA/

PLLA/PCPH particles was also clearly evident from confocal 

imaging (Figure  5 b), showing signifi cant pore formation. The 

massive degradation of PLGA in the PLGA/PLLA/PCPH 

microparticles (Figure S1a, Supporting Information) could 

be attributed to acidic degradation products trapped within 

the relatively dense shell layer and inner core, thus acceler-

ating the hydrolysis of PLGA (i.e., autocatalytic effect). The 

faster degradation of PLLA (Figure S1b, Supporting Infor-

mation) with signifi cant formation of pores in PLGA/PLLA/

PCPH microparticles could be explained by the fact that the 

rigid aromatic rings of PCPH outer layer retarded the out-

ward diffusion of acidic degradation products from PLLA 

layer, thus acid-catalyzing the degradation process. [ 27 ]  As 

similarly reported by Pollauf et al., although PCPH is a slow 

degrading, surface-eroding polymer, it had been reported that 

the relatively thin (≈10 µm) PCPH layers could not prevent 

water penetration, and the degradation of inner polymer 

layer with the diffusion of small drug molecules could not 

be retarded. [ 22 ]  In contrast, it was observed that PLGA/

PLLA microparticles exhibited porous shells before degra-

dation (Figure  1 ) and their morphology remained relatively 

unchanged even after 40 days of degradation (Figure  6 d), 

thus leading to a consistent release rate of PTX. Nevertheless, 

it is worth mentioning that the time-delayed release obtained 

for PLGA/PLLA/PCPH microparticles would be benefi cial 

for drugs that have a high fi rst-pass effect (i.e., drugs admin-

istered for diseases with chronopharmacological behaviour), 

and in cases where a lag time dosing is required. The duration 

of this lag phase could be adjusted by tuning layer dimension 

and polymer degradation rates. [ 28,29 ]    

 The proposed mechanism for the release of DOX and 

PTX from microparticles is shown in  Figure    7  . Before incu-

bation, PTX was loaded in the PLLA core surrounded by 

a PLGA shell loaded with DOX for PLGA/PLLA micro-

particles (Figure  7 a, Stage I), whereas PTX was localized in 

both the PLLA and PCPH mid-layers and DOX was found 

in the PLGA shell and PLGA core for PLGA/PLLA/

PCPH microparticles (Figure  7 b, Stage I). By day 1, PLGA/

PLLA microparticles exhibited burst release of DOX due 

to high porosity of the shell layer (Figure  7 a, Stage II), 

while PLGA/PLLA/PCPH microparticles, with a rela-

tively denser shell, suppressed any initial burst (Figure  7 b, 

Stage II). During the latter stage (Figure  7 b, Stages III-

IV), the hydrophobic PLLA and PCPH middle layers 

served as an additional barrier for hydrophilic DOX to 

diffuse from the core of PLGA/PLLA/PCPH microparti-

cles. For PTX release, during the initial period of incuba-

tion from 0 to 8 days, the dense polymer layers of PLGA/

PLLA/PCPH microparticles mitigated any premature 

release of PTX (Figure  7 b, Stages I-III). In contrast, the 

highly porous PLGA shell of PLGA/PLLA microparticles 

aided in the release of PTX (Figure  7 a, Stages I-III). After 

8 days of incubation, the morphology of PLGA/PLLA 

microparticles remained relatively unchanged (Figure  7 a, 
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 Figure 3.    CLSM images of a) PLGA/PLLA microparticles and b) PLGA/PLLA/PCPH microparticles. The large images are the overlaid representation of 
all components. The insets are the confocal images for DOX (red) and dansyl chloride-tagged PTX (green), respectively. Scale bar = 30 µm.
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Stage IV), whereas PLGA/PLLA/PCPH microparticles 

had numerous pore formation (Figure  7 b, Stage IV). Sub-

sequent rapid degradation of PLGA/PLLA/PCPH micro-

particles accelerated the release of PTX after the lag phase 

period.   

  2.3.     Effi cacy on Three-Dimensional MCF-7 Spheroids 

 Drug effi cacy experiments are usually conducted over 

24–72 h on two-dimensional (2D) cell monolayers. [ 30 ]  On the 

other hand, multicellular 3D spheroids provide the possibility 

of prolonged studies on controlled release therapeutics since 

they can be cultured for much longer than 72 h. [ 31 ]  MCF-7 

spheroids in a prolonged study of 25 days were used to elu-

cidate the effi cacy of these drug-loaded microparticles. Drug-

loaded particles were able to exert an inhibitory effect on 

the growth of spheroids ( Figure    8  a), as compared with blank 

particles (without any loaded drugs). As shown in Figure  8 b, 

small 2014, 10, No. 19, 3986–3996

  Table 1.    Encapsulation effi ciencies (EE) of drugs in the microparticles.  

Samples DOX 
[%]

PTX 
[%]

DOX-PTX-loaded PLGA/PLLA 21.1 ± 1.5 87.9 ± 6.9

DOX-PTX-loaded PLGA/PLLA/PCPH 48.2 ± 3.4 89.1 ± 6.1

 Figure 4.    Release profi les of a) DOX and b) PTX from PLGA/PLLA microparticles and PLGA/PLLA/PCPH microparticles.
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co-delivery of DOX and PTX from multilayered micropar-

ticles signifi cantly reduced spheroid growth rate, in com-

parison with single-drug-loaded particles ( p  < 0.05, Tukey’s 

multiple comparison tests), demonstrating the synergistic 

effi cacy of DOX and PTX. It is to be noted that the release 

profi les of single-drug-loaded microparticles resembled that 

of each drug from dual-drug-loaded PLGA/PLLA/PCPH 

microparticles (Figure S2, Supporting Information). As such, 

higher drug effi cacy observed for dual-drug-loaded PLGA/

PLLA/PCPH microparticles could be attributed to the 
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 Figure 5.    CLSM images depicting the distribution of drugs in the PLGA/PLLA/PCPH microparticles during the drug release process. a) After 5 days 
and b) after 40 days of incubation. The large images are the overlaid representation of all components. The insets are the confocal images for DOX 
(red) and dansyl chloride-tagged PTX (green), respectively. Scale bar = 30 µm.

 Figure 6.    SEM images of the degrading DOX-PTX-loaded PLGA/PLLA/PCPH microparticles after a) 5 days, b) 12 days, and c) 40 days in vitro. d) SEM 
image of the degrading DOX-PTX-loaded PLGA/PLLA microparticles after 40 days in vitro.
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complementary effect of DOX and PTX. The monitoring 

of spheroid volumes over the treatment duration showed 

that spheroids incubated with dual-drug-loaded PLGA/

PLLA/PCPH microparticles exhibited a slower growth rate 

relative to dual-drug-loaded PLGA/PLLA microparticles 

(Figure  8 b). This result could be attributed to the controlled 

and sustained release of DOX and PTX from PLGA/PLLA/

PCPH microparticles. The acid phosphatase assay also indi-

cated that the PLGA/PLLA/PCPH microparticles managed 

to cause a substantial decrease in overall spheroid viability 

at the end of the experiment (Figure  8 c) due to the more 

substantial release of both DOX and PTX at the latter stage. 

One should note that although DOX- and PTX-containing 

media were removed from the free drug controls after short 

and acute free drug exposure, no signifi cant cellular recovery 

was observed for these free drug treated groups. It is believed 

that the initial drug concentrations could be suffi cient to 

cause signifi cant cell death due to drugs accumulated within 

the spheroids during treatment. [ 31,32 ]  Cells in the outer rim of 

spheroids usually take in most of the drugs and then undergo 

apoptosis. The signifi cant apoptosis could expand interstitial 

space in the outer rim of spheroids, thus promoting penetra-

tion of drugs into the primed tumors. [ 33 ]  The drug clearance 

within the spheroids could be further hindered as a result of 

the absence of capillaries for in vitro conditions. [ 34 ]  The accu-

mulated drugs would have almost 4 weeks to exert their cyto-

toxic effect, whereby PTX was reported to be more potent 

than DOX. [ 35,36 ]  Nevertheless, it is noteworthy that adminis-

tration of a relatively high initial free drug concentration or 

burst release from particles in vivo would likely cause serious 

systemic toxicity and adverse effects. [ 37 ]  Since sustained and 

controlled drug release can be achieved with multilayered 

microparticles (PLGA/PLLA/PCPH), such a delivery system 

has the potential to increase therapeutic 

effi cacy with minimal systemic toxicity.    

  3.     Conclusions 

 Dual-drug-loaded multilayered micro-

particles were fabricated using a one-step 

emulsion solvent evaporation technique. It 

was found that DOX and PTX were local-

ized in the PLGA shell and in the PLLA 

core, respectively. The inclusion of PCPH 

polymer was shown to affect the drug-

layer confi guration, whereby PTX was 

localized in both the PLLA and PCPH 

mid-layers and DOX was found to be in 

the PLGA shell and PLGA core. Release 

profi les of PLGA/PLLA/PCPH micropar-

ticles were compared with those of PLGA/

PLLA microparticles. PLGA/PLLA 

microparticles yielded an initial burst 

release of DOX, whereas the denser shell 

of PLGA/PLLA/PCPH helped retard 

this burst. A delayed release of PTX was 

observed for PLGA/PLLA/PCPH, but not for PLGA/PLLA 

microparticles. Three-dimensional MCF-7 spheroid studies 

demonstrated the effi cacy of drug-loaded microparticles in 

reducing tumor growth rate. In addition, co-delivery of DOX 

and PTX from multilayered microparticles showed a thera-

peutic advantage over single-drug-loaded particles. Multi-

layered microparticles may hold great promise for use in 

controlled delivery of multiple anticancer drugs in combina-

tion chemotherapy.  

  4.     Experimental Section 

  Materials : PLLA (intrinsic viscosity (IV): 2.38, Bio Invigor), 
PLGA (IV: 1.18, Bio Invigor), PCPH (Aldrich) and poly (vinyl alcohol) 
(PVA, molecular weight (MW): 30–70 kDa, Sigma-Aldrich) were 
used without further purifi cation. DOX and PTX were purchased 
from Xingcheng Chempharm Co. Ltd. (Zhejiang, China) and Inter-
national Laboratory (USA), respectively. Dichloromethane (DCM), 
acetonitrile (ACN), tetrahydrofuran (THF) and chloroform from Tedia 
Company Inc. were of High-Performance Liquid Chromatography 
(HPLC) grade. Phosphate-buffered saline (PBS) solution of pH 7.4 
was purchased from OHME Scientifi c, Singapore. Polysorbate 80 
(Tween 80) was purchased from Sigma-Aldrich. Materials used for 
spheroid study can be found in the Supporting Information (SI). 

  Fabrication of Microparticles : An (oil/water) emulsion solvent 
evaporation method was used to prepare the PLGA/PLLA/PCPH 
microparticles. Briefl y, polymer solution (7.5% w/v) was pre-
pared, whereby PLGA (0.15 g), PLLA (0.05 g) and DOX were dis-
solved in DCM. Another polymer solution (0.35% w/v) containing 
PCPH (0.005g) and PTX was prepared. The theoretical loading of 
DOX and PTX were set at 20% w/w and 1% w/w, respectively. 
These two polymer solutions were mixed and ultra-sonicated for 

 Figure 7.    Schematic illustration (not to scale) of the proposed mechanism for the release 
of DOX and PTX from a) PLGA/PLLA and b) PLGA/PLLA/PCPH microparticles. PLGA, PLLA and 
PCPH are represented by light, dark brown and orange, respectively, while DOX and PTX 
molecules are represented by red and green dots, respectively. Stage I: Initial microparticles 
before degradation. Stage II: Water penetration into the microparticles. Stage III: Polymer 
degradation with little change in particle morphology. Stage IV: Increase in the number and 
size of pores of the microparticles.
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a min using an ultra-sonic processor (Sonic Vibra-Cell VC 130). 
After which, the homogenized polymer solution was poured into 
PVA aqueous solution (350 mL, 2% w/v). The emulsion was 
formed using an overhead stirrer (Calframo BDC1850–220) at 
1600 rpm for 4 h at room temperature (25°C). The evaporation 
of DCM resulted in the phase separation of PLGA, PLLA and PCPH, 
yielding multilayered microparticles. Lastly, the particles were 
centrifuged, rinsed with deionized water, lyophilised and stored 
in a desiccator. For the fabrication of PLGA/PLLA microparti-
cles, a similar method was employed but with different polymer 
masses (i.e., 0.3 g PLGA and 0.1 g PLLA) at 7.5% w/v. DOX and 
PTX were dissolved in PLGA/DCM solution and PLLA/DCM solu-
tion, respectively. 

  Morphological Analysis : The surface and internal morpholo-
gies of microparticles were analyzed using a scanning electron 
microscope (SEM, JEOL JSM-6360A) at 5 kV. The samples were 
submerged in liquid nitrogen before being cross-sectioned with 
a razor blade. Each sample was then coated with gold using a 
sputter coater (SPI-Module). For every sample batch, since par-
ticle morphologies were found to be consistent among at least ten 
microparticles, only one representative SEM micrograph is shown. 
Particle size was analyzed using the ImageJ software. 

  Determination of Polymer Distribution : Raman mapping was 
utilized to verify the polymer distribution within the microparticles. 
Microparticles that had been pre-sectioned were placed under a 
microscope objective with a laser power of up to approximately 
20 mW. Raman point-by-point mapping measurements were per-
formed in both the  x  and  y  directions using a Raman microscope 
(In-Via Refl ex, Renishaw) equipped with a near-infrared enhanced 
deep depleted thermoelectrically Peltier-cooled CCD array detector 
(576×384 pixels) and a high-grade Leica microscope. The sample 
was irradiated with a 785-nm near-infrared diode laser, and an 
objective lens was used to collect the backscattered light. Meas-
urement scans were collected using a static 1800-groove-per-mm 
dispersive grating in a spectral window from 300 to 1900 cm −1 , 
and the acquisition time for each spectrum was approximately 
35 s. Raman mapping data were further analyzed using the band 
target entropy minimization (BTEM) algorithm to reconstruct pure 
component spectral estimates. [ 38 ]  

  Determination of Drug Distribution : The drug distribution 
within the microparticles loaded with dansyl chloride-tagged PTX 
and fl uorescent DOX was examined using a confocal laser scan-
ning microscope (CLSM, LSM710). A few droplets of the aqueous 
particle suspension were placed directly onto a microscope 
glass slide and sealed with a glass cover slip. The images were 
captured with 63×/1.40 oil objective lens, ×1 zoom and AxioCan 
MRm camera. Optical cross-sections were taken at various depths 
to determine drug distribution at the centerline of the microparti-
cles. For dansyl chloride-tagged PTX (green), the excitation peak 
was centered at 405 nm, with an emission peak wavelength of 
500 nm. For DOX (red), the excitation peak was centered at 488 
nm, with an emission peak wavelength of 580 nm. The distinc-
tive detection range for emission of each fl uorophore allows the 
discrimination of possible overlapping emission of multiple fl uo-
rophores. These settings were used for all the samples to ensure 
consistency. Further analysis of the image was conducted using 
ZEN 2011 software. 

 Figure 8.    a) Growth monitoring of spheroids treated with free drug (DOX 
or PTX) or blank particles or single-drug-loaded microparticles or DOX-
PTX-loaded microparticles over the course of study. b) A close-up of 
growth curve of spheroids treated with free drug or single-drug-loaded 
microparticles or DOX-PTX-loaded microparticles ( *  p  < 0.05 for the 
comparison between DOX-PTX-loaded PLGA/PLLA and DOX-PTX-loaded 
PLGA/PLLA/PCPH microparticles). c) Viability of spheroids as assessed 
using the acid phosphatase assay at the end of study.
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  Drug Encapsulation Effi ciency : Encapsulation effi ciency is cal-
culated by dividing the actual drug loading with theoretical drug 
loading within the microparticles. For DOX, microparticles (3 mg), 
in triplicate, were dissolved in DCM (1 mL). Upon complete disso-
lution, deionized water (10 mL) was added and the mixture was 
vortexed and left to phase separate. The DOX concentration in the 
aqueous layer was determined using an ultraviolet-visible (UV-vis) 
spectrophotometer (Shimadzu UV-2501) at 480 nm. For PTX, micro-
particles (3 mg), in triplicate, were fi rst dissolved in DCM (1 mL). 
After which, ethanol (10 mL) was added to precipitate polymers. [ 39 ]  
The mixture was centrifuged and the supernatant was dried. ACN 
was then added to dissolve the solid PTX for UV-vis spectropho-
tometer analysis at 227 nm. A correction of the calculated encap-
sulation effi ciency would be needed as ineffi cient extraction may 
exist. The same extraction procedure was carried out using blank 
particles and physical mixture of pure drug and blank particles. 
The extraction recovery effi ciency was close to 90%. 

  In Vitro Drug Release : Drug-loaded microparticles (5 mg) were 
placed, in triplicate, in vials containing medium (5 mL) of PBS 
(pH 7.4) and Tween 80 (0.05%). The samples were incubated at 
37 °C in a shaking incubator (50 rpm). At predetermined time 
points, the release medium (4 mL) from each sample was with-
drawn and fresh medium (4 mL) was replenished to maintain sink 
condition. The concentration of DOX was directly analyzed using 
UV-vis spectrophotometer at 480 nm. PTX in the release medium 
was fi rst extracted with DCM (4 mL). The extracted PTX was subse-
quently reconstituted with a known amount of ACN, after DCM had 
fully evaporated. The concentration of PTX was then determined 
by UV–vis spectrophotometer at 227 nm with proper background 
subtraction. [ 40–43 ]  Background absorbance was subtracted using 
non-drug-loaded particles in the medium dealt with the same 
procedure mentioned above. Determination of the extraction effi -
ciency was done by using known mass of pure PTX for the same 
extraction procedure. The determined extraction effi ciency was 
≈70%, and the released amount of PTX was corrected accordingly. 

  Hydrolytic Degradation : Microparticles (50 mg) were placed, in 
triplicate, in vials containing PBS/Tween 80 (50 mL) under moderate 
shaking and maintained at 37 °C. Microparticles were removed from 
the vials at predetermined time points, and rinsed with deionized 
water, followed by freeze-drying. Size-exclusion chromatography 
(SEC) (Agilent 1100 Series LC System) was used to determine the 
molecular weight of polymer, which was performed at 30 °C with 
chloroform as solvent, using a refl ective index detector (RID), and 
the fl ow rate used was 1 mL min −1 . The polymers were separated 
by the THF dissolution method, [ 44 ]  where PLGA is soluble in THF, 
while PLLA and PCPH are not. Microparticles (8 mg) were initially 
immersed in THF (1 mL) to dissolve the PLGA constituent. The PLLA/
PCPH remnants and PLGA solution were subsequently separated 
by centrifugation. Afterwards, the oven-dried PLGA and PLLA/PCPH 
were dissolved separately in chloroform (1 mL), and tested with SEC. 
Since PCPH is not soluble in chloroform, fi ltering was done before 
performing SEC. Molecular weights of samples were obtained rela-
tive to the calibration curve using polystyrene standards. 

  Effi cacy on 3D Spheroids : Magnetic MCF-7 spheroids 
(≈400 µm) were treated with free drug (DOX or PTX) or single-
drug-loaded microparticles or DOX-PTX-loaded microparticles 
(at 2 µg mL −1  DOX and 0.4 µg mL −1  PTX). Equivalent amounts of 
free drugs corresponding to the amounts of drugs released from 
the particles (from in vitro release profi les) were administered. To 

facilitate imaging, the spheroids were separated from the micro-
particles through the use of a Transwell-96 Permeable Support 
with 3.0 µm pore polycarbonate membrane (Sigma CLS3385). 
Schematic representation of the Transwell setup is shown in the SI. 
The spheroids ( n  = 6) for each condition were incubated at 37 °C 
for 25 days. For free drug controls, DOX- and PTX-containing media 
were removed after 6 h incubation and fresh medium was replen-
ished. For all the spheroids, culture media were changed every two 
days. Spheroid size was monitored by bright fi eld microscopy by 
measuring the orthogonal diameters of each spheroid to calculate 
its volume. At the end of experiment, the acid phosphatase assay 
was performed to assess spheroid viability, as described in the SI. 

  Statistical Analysis : Data from different sets of particles were 
compared by unpaired Student’s  t -test and the one-way ANOVA 
analysis coupled with Tukey's multiple comparison tests. Statisti-
cally signifi cant differences were verifi ed when  p  ≤ 0.05.  
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