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This paper demonstrates a proof-of-concept approach for encapsulating the anticancer drug

tamoxifen, Fe3O4 nanoparticles (NPs) and CdTe quantum dots (QDs) into size-controlled

polycaprolactone (PCL) microcapsules utilizing microfluidic emulsification, which combined magnetic

targeting, fluorescence imaging and drug controlled release properties into one drug delivery system.

Cross-linking the composite PCL microcapsules with poly(vinyl alcohol) (PVA) tailored their size,

morphology, optical and magnetic properties and drug release behaviors. The flow conditions of the

two immiscible solutions were adjusted in order to successfully generate various sizes of polymer

droplets. The result showed superparamagnetic and fluorescent properties, and was used as a controlled

drug release vehicle. The composite magnetic and fluorescent PCL microcapsules are potential

candidates for a smart drug delivery system.
1 Introduction

The unique and tunable optical, magnetic, and chemical features

of inorganic components such as magnetic nanoparticles (NPs)

and quantum dots (QDs) are increasingly finding use in the field

of medicine. Magnetic NPs have been widely studied because of

their potential application in the biomedical field, such as

biomolecular separation and magnetic resonance imaging.1 They

also offer exciting new opportunities for developing effective

drug delivery systems.2 An external localized magnetic field

gradient may be applied to a chosen site to attract drug-loaded

magnetic nanoparticles via the blood circulation system, thereby

reducing the side effects of conventional chemotherapy by

reducing the systemic distribution of drugs as well as lowering the

doses of the cytotoxic compounds. QDs have gained increasing

attention in technological applications and fundamental studies.3

Their size-controlled fluorescence properties, their high fluores-

cence quantum yields, and their stability against photobleaching

make QDs suitable as light-emitting materials for biolabeling

applications.
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In the past decades, biodegradable and biocompatible poly-

mers have received significant attention because they are envi-

ronmentally friendly and they are extensively used in biomedical

applications. Polycaprolactone (PCL), a semi-crystalline linear

resorbable aliphatic polyester, is subject to biodegradation

because of the susceptibility of its aliphatic ester linkage to

hydrolysis, and it can be used as the matrix for bone substitutes,

scaffolds, and drug carriers for controlled release.4 Extensive in

vitro and in vivo biocompatibility and efficacy studies have been

carried out, resulting in US Food and Drug Administration

(FDA) approval of a number of medical and drug delivery

devices. For drug delivery vehicles, a uniform size of the micro-

capsules is crucial, because the drug release kinetics can be

manipulated, making it easier to formulate more sophisticated

systems.

Microfluidic devices are ideal for obtaining uniform-size

microcapsules since they have the advantage of continuous,

reproducible and scalable production.5 Microfluidic systems are

becoming increasingly useful for a range of analytical and

chemical processes, especially for producing droplets with highly

uniform size, which are being developed by a number of research

groups.6 However, less attention has been paid to acquiring

microcapsules containing both anticancer drugs and functional

nanomaterials.7 In this work, a novel drug delivery system has

been developed, based on magnetic and fluorescent multifunc-

tional PCL microcapsules, combining magnetic targeting,

fluorescent imaging and drug controlled release properties into

one drug delivery system.
2 Results and discussion

The fabrication process of a polydimethylsiloxane (PDMS)

microfluidic platform is shown in Fig. 1a. The microfluidic chip

consists of three inlet ports, an outlet port, a cross-junction
Lab Chip, 2009, 9, 961–965 | 961
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Fig. 1 (a) Scheme depicting the fabrication process of a microfluidic

chip (side view). (b) Photograph of a microfluidic device illustrating the

channel layout and the connection inlet and outlet (top view). (PMMA:

polymethyl methacrylate; PDMS: polydimethylsiloxane).
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channel and an observation chamber (Fig. 1b). Fig. 2 shows the

transmission electron microscope (TEM) images which reveal the

size distribution of Fe3O4 NPs and CdTe QDs with an average

size of 5.5 � 1.0 nm and 4.5 � 0.5 nm, respectively. High reso-

lution TEM (HRTEM) images of Fe3O4 NPs and CdTe QDs
Fig. 2 Transmission electron microscope (TEM) micrographs of (a)

Fe3O4 nanoparticles (NPs) (inset: the corresponding high resolution

transmission electron microscope (HRTEM) image), and (b) CdTe

quantum dots (QDs) deposited from dispersions in chloroform (inset: the

corresponding HRTEM image).

962 | Lab Chip, 2009, 9, 961–965
have been improved to demonstrate their lattice fringes, and are

shown in the inset.8

The microfluidic emulsification method is based on the

competition between two opposite processes, drop breakage and

drop–drop coalescence in the bulk solution. Both processes are
Fig. 3 (a) Schematic drawing in top view of the formation of droplets in

a cross-junction microchannel (not to scale). By applying microfluidics to

exert control over the shear focusing force, a large set of uniform self-

assembling PCL droplets can be obtained. (b) Photograph at the cross-

junction microchannel: a PCL droplet is generated (scale bar is 200 mm).

(c) Photograph at the observation chamber: PCL droplets encapsulating

the anticancer drug tamoxifen, Fe3O4 NPs and CdTe QDs (scale bar is

350 mm). (PCL: polycaprolactone; PVA: poly(vinyl alcohol)).

This journal is ª The Royal Society of Chemistry 2009
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Table 1 The relationships among the average droplet diameter, the relative sheath/sample flow velocities at various driving frequencies, and the
entrapped composition of per PCL capsule.

Flow rate of dispersed
phase (mL/min)

Flow rate of continuous
phase (mL/min)

Droplet Concentration

Average size (mm) RSDa (%) CdTe (mole) Fe3O4 (mole) Tamoxifen (mole)

0.02 0.8 319 3.2 4.10 � 10�12 1.92 � 10�11 1.11 � 10�11

0.9 315 0.2 3.95 � 10�12 1.85 � 10�11 1.06 � 10�11

1 274 1.3 2.60 � 10�12 1.22 � 10�11 7.01 � 10�12

0.03 0.8 353 0.1 5.57 � 10�12 2.61 � 10�11 1.50 � 10�11

0.9 346 0.1 5.22 � 10�12 2.45 � 10�11 1.41 � 10�11

1 323 0.3 4.24 � 10�12 1.99 � 10�11 1.14 � 10�11

0.04 0.8 361 0.1 5.94 � 10�12 2.79 � 10�11 1.60 � 10�11

0.9 346 0.3 5.23 � 10�12 2.45 � 10�11 1.41 � 10�11

1 338 0.1 4.88 � 10�12 2.29 � 10�11 1.31 � 10�11

0.05 0.8 438 0.1 1.06 � 10�11 4.97 � 10�11 2.85 � 10�11

0.9 400 0.2 8.06 � 10�12 3.78 � 10�11 2.17 � 10�11

1 378 0.1 6.83 � 10�12 3.21 � 10�11 1.84 � 10�11

a RSD: relative standard deviation.

Fig. 4 Schematic illustrations of the PCL microcapsules formation in

the reservoir.

Fig. 5 Microscope images of various uniform PCL microdroplets (a)

and (c), and PCL microcapsules (b) and (d). (b) is the photo image after

evaporation of chloroform in (a). (d) is the photo image after evaporation

of chloroform in (b). (All scale bars are 200 mm).
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promoted by the intensive stirring of the oil–water mixture inside

the emulsification chamber and result in considerable poly-

dispersity of size distribution. Fig. 3a shows the top view of

a microfluidic chip with a cross-junction. In this study, oil-in-

water (o/w) emulsions are formed by shearing one liquid into

a second immiscible one, and regular-sized emulsions are then

generated in the microfluidic platform. As shown in Fig. 3b, two

different fluids were supplied simultaneously to the microfluidic

system: the PCL solution (dispersed phase which composed of

PCL, tamoxifen, CdTe QDs and Fe3O4 NPs in chloroform) was

supplied from the central inlet channel, and the poly(vinyl

alcohol) (PVA) solution (continuous phase) was supplied from

two side channels of the microfluidic device. PVA was utilized as

a hydrophilic additive to improve the hydrophilicity of the PCL

microspheres. The regular emulsion droplets composed of

tamoxifen, CdTe QDs and Fe3O4 NPs were detected in the

observation zone (Fig. 3c). The broadened channel (600 mm in

width, downstream of the cross channel) at the observation

chamber was designed to slow down the flow and to enhance the

observation.

The size of the droplet can be easily modulated by adjusting

the flow condition in the microchannels. Table 1 illustrates

the relationships between the flow speed (average velocity)

of the phases and the droplet size. For a given 1 mL/min of the

continuous phase flow, the droplet size increases as the average

velocity of the dispersed phase (PCL solution) flow increases. For

a given 0.04 mL/min of the dispersed phase flow, the droplet size

decreases as the average velocity of the continuous phase

increases. In each flow condition, the droplets have a relative

standard deviation (RSD) of less than 4%. In addition, the

proposed microfluidic device shows a good linear correlation

between droplet size and flow rate. This is very important for its

practical application in quantitative analysis.

After the microfluidic synthesis of the PCL droplets, the

schematic illustration of the PCL microcapsules formation was

carried out using the solvent evaporation process (Fig. 4). During

this process, the removal of chloroform was accompanied by

shrinkage of the microcapsules because of the progressive cross-

linking of the PCL matrix. Fig. 5a and 5c are typical optical

microscopy images of PCL microdroplets composed of
This journal is ª The Royal Society of Chemistry 2009
tamoxifen, CdTe QDs and Fe3O4 NPs. These microdroplets

form a hexagonal closely packed structure typical for a microgel,

and exhibit excellent size uniformity. After removal of the

chloroform through evaporation, the PCL microcapsules

(Fig. 5b and 5d) are allowed to shrink further and form smaller

and denser matrices. The shrinkage (mean 16%) of the PCL
Lab Chip, 2009, 9, 961–965 | 963
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Fig. 6 The photo images of the functional PCL microcapsules

composed of tamoxifen, CdTe QDs and Fe3O4 NPs are observed in the

collection reservoir. (a) Bright-field optical and (b) fluorescent micro-

scope images taken through a 10� microscope objective.

Fig. 7 In vitro release profile of tamoxifen from the PCL microcapsules.

Data represent mean � SD, n ¼ 3.

Fig. 8 (a) Magnetic measurements of the triple-functional PCL micro-

capsules showing the magnetization–applied magnetic field and (b)

a photograph of the microcapsules attached to the side of the vial by an

external magnetic field.
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microcapsules is believed to be due to the removal of the chlo-

roform content during the evaporation procedure.

After exciting at 350 nm (frequency tripled Surelite I-10

Nd:YAG laser emission), the imaging shows that the fluores-

cence signals are across the internal areas of each PCL micro-

capsule, demonstrating the encapsulation of QDs in the

microcapsule’s interior (Fig. 6b). The particle size of Fig. 6 is 67

� 6.2 mm in diameter. A variation in particle size (after evapo-

ration of the chloroform) of <10% was observed in the proposed

system, which is larger than the variation in droplets (before

evaporation of the chloroform, <4%). In addition, a general

reduction in the spherical quality of the particles was observed.

For the CdTe QDs, the extinction spectrum remains nearly

unchanged before and after embedding them in PCL micro-

spheres. This demonstrates that each microsphere entraps

numerous QDs in a protective PCL matrix.

The PCL microcapsules of 50–200 mm with narrow size

distribution are useful carriers for drug release systems since they

provide transportation for various drug forms. Like most low

molecular weight drugs, tamoxifen has a short blood circulation

time, which reduces tumor uptake and intracellular DNA

binding. The encapsulation of tamoxifen in PCL microcapsules

provides micro-environmental protection, benefits from pro-

longed blood circulation and reduces dose-limiting toxicities. It

was expected that in this microfluidic system the entire amount of

tamoxifen could be entrapped in the PCL droplets without

partitioning it into the immiscible phase, because o/w emulsions

are formed by shearing one liquid into a second immiscible one.

Fig. 7 shows the tamoxifen release curves of the PCL micro-

capsules (60 mm). About 78% of the entrapped drug was released

in the first 24 h, and 100% was released within 2 days. The

tamoxifen release profile of the PCL microcapsules expresses two

stages: burst release (17% of the tamoxifen encapsulated) and

sequential slow release. The burst release may be due to some

tamoxifen imbedded in the PCL microcapsule surface or in the

incomplete solidified surface of the microcapsule. According to

the review by Huang and Brazel,9 diffusion and migration of

tamoxifen may occur during the drying process as chloroform

moves to the gel surface and evaporates. Drugs may diffuse by

convection with water, leaving an uneven drug distribution

across the gel, with higher concentrations at the surface. The

initial burst release can provide a loading dose for tamoxifen

rapidly reaching the therapeutic window. The mechanism of this

slow release may involve: (1) biodegradation of PCL, (2) PCL

microcapsules swelling, and (3) diffusion of tamoxifen molecules
964 | Lab Chip, 2009, 9, 961–965
through the swollen PCL microcapsule. The results of the drug

release pattern indicate that the release rate of the tamoxifen

achieved the objective of the sustained release dosing protocol

for clinical use.

To assess the magnetic properties of the functional PCL

microcapsules, we investigated their response when subjected to

an external magnetic field. The magnetic properties of the

functional PCL microcapsules were recorded using a super-

conducting quantum interference device (SQUID) magnetom-

eter with fields up to 70 KOe. Hysteresis loops of the samples

were registered at temperatures of 10 and 300 K (Fig. 8a). The

saturation magnetization value of functional PCL microcapsules

is 42 and 33 emu/g at 10 K and 300 K, respectively. The zero

coercivity and the reversible hysteresis behavior indicate the

superparamagnetic nature of the functional PCL microcapsules.

The magnetic separability of these functional PCL microcapsules

was tested in ethanol by placing a magnet near the glass bottle.

The black particles were attracted toward the magnet within 60 s

(Fig. 8b), clearly demonstrating that the functional PCL micro-

capsules possess magnetic properties. This provides an easy and
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b814952f


D
ow

nl
oa

de
d 

by
 I

-S
ho

u 
U

ni
ve

rs
ity

 o
n 

06
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
9 

D
ec

em
be

r 
20

08
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
81

49
52

F

View Article Online
efficient way to separate the functional PCL microcapsules

from a sol, or suspension system, and to carry drugs to targeted

locations under an external magnetic field.

3 Conclusion

We successfully proposed a facile and one-pot method for

producing functional PCL microcapsules, entrapping anticancer

drug, fluorescent and superparamagnetic NPs via the o/w emul-

sion system in a microchannel cross-junction. In this microfluidic

system, the entire amount of the anticancer drug and various

nanoparticles can be entrapped in the PCL phase without par-

titioning into the immiscible phase caused when o/w emulsions

are formed by shearing one liquid into a second immiscible one.

The size-controllable PCL microcapsule can be created from

270 mm to 440 mm in diameter with a size distribution (within

�4%) by altering the ratio of the flow rate. A production rate of

on average 300 mg/hour of PCL microcapsules can be obtained

by the proposed microfluidic system. For the purpose of mass

production, Nisisako and Torii reported a co-flow module

microfluidic device for the mass production of particles (� 0.3 kg/

hour).10 In our future work we will attempt to employ a massive

parallelized microfluidic device to prepare functional PCL micro-

capsules to prove the practicality of our process. As a consequence

of these distinct properties, a combination of fluorescent and

magnetic properties in one PCL microcapsule enables simulta-

neous biolabeling and target-drug delivery. In the future our

method can be used to fabricate various size-controlled composite

microparticles to act as a smart drug delivery system.
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