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Design and Fabrication of Magnetically Functionalized
Core/Shell Microspheres for Smart Drug Delivery
By Xiuqing Gong, Suili Peng, Weijia Wen,* Ping Sheng, and Weihua Li
The fabrication of magnetically functionalized core/shell microspheres by

using the microfluidic flow-focusing (MFF) approach is reported. The shell of

each microsphere is embedded with magnetic nanoparticles, thereby

enabling the microspheres to deform under an applied magnetic field. By

encapsulating a drug, for example, aspirin, inside the microspheres, the drug

release of the microspheres is enhanced under the compression–extension

oscillations that are induced by an AC magnetic field. This active pumping

mode of drug release can be controlled by varying the frequency and

magnitude of the applied magnetic field as well as the time profile of the

magnetic field. UV absorption measurements of cumulative aspirin release

are carried out to determine the influence of these factors. The drug

release behavior is found to be significantly different depending on

whether the applied field varies sinusoidally or in a step-function manner with

time.
1. Introduction

Microcapsules or vesicles prepared by ‘‘smart’’ materials are
receiving increasing attention owing to their capability of
targeting a specific organ/tissue and triggering drug release
through the application of an external stimulus.[1–4] These
materials are stimuli-sensitive and can experience changes in
either their structure or chemical characteristics, thereby offer the
merits of a modulated drug release rate and a shortened tolerance
time accompanying a constant drug release rate. Examples of
smart materials that can be stimuli-sensitive include block
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copolymers,[5] polyelectrolyte multilayers,[6]

and phospholipids.[7] The environmental
triggering signals can arise from changes
in temperature,[8] pH values,[9] electric
field,[10] light,[11] or certain chemicals.[12]

Another example of smart materials is
magnetic material based composites. Exten-
sive research efforts have been put into the
development of magnetic drug carriers in
clinical medicine. These carriers can interact
with an external magnetic field positioned at
a specified area targeted for drug delivery
andmagnetic resonance imaging.[13,14] Here
we report the stimuli- sensitive shape change
of magnetic particles as a new way in
modulating drug release rate. We address
the fabrication of core/shell microspheres
that comprise magnetic shells encapsulating
some water-soluble drug; these core/shell
microspheres can respond to an AC mag-
netic field through oscillating shape varia-
tions that can in turn enhance the release of
the encapsulated drug. The shell is composed of magnetite
nanoparticles embedded in glutaraldehyde-crosslinked chitosan.
This type of organic/inorganic magnetic shell shows interesting
structural deformation under the application of a magnetic field.
The compression–extension oscillations are controllable by
varying the frequency, amplitude, and time profile of the
alternating electric current applied to an electromagnet. As a
consequence of such structural deformations, the drug release
rate can be actively modulated. We carried out these experiments
by using an aspirin solution as the encapsulated core of the
microspheres to determine the drug release efficiency that can be
realized.

To fabricate the core/shell microspheres, we use the
microfluidic approach that has been popular for generating
single- or multi-phase emulsions, for example, W/O/W (water/
oil/water), O/O/W, and O/W/O emulsions.[15,16] The first step of
the microfluidic approach is normally the formation of
symmetric droplets in a two-phase or three-phase system by
using either a T-junction geometry[17,18] or a microfluidic
flow-focusing (MFF) device.[19,20] To obtain solidified particles,
an interfacial chemical reaction or physical dewetting is induced
to trap the droplets once they are formed. The interfacial
solidifying methods include photopolymerization,[21–23] hydro-
lysis and condensation,[24] dewetting coacervation,[25] or other
chemical reactions.[19,26] Here ‘‘dewetting’’ means drawing the
solvent out of the droplet’s outer layer so as to separate the inner
and outer phases and to form a thin layer of polymersome. This
approach exploits the molecular diffusion through a thin film
Adv. Funct. Mater. 2009, 19, 292–297
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either by evaporation[25] or by osmotic pressure.[19] In this work,
we employed the MFFmethodology to create a core/shell double
emulsion, and then used the dewetting effect to dehydrate the
outer layer of the emulsion. A crosslinking reaction helped to
increase the mechanical strength of the core/shell structure.[27,28]

The resultant magnetic core/shell microspheres were shown to
exhibit magnetoelastic functionality.
2. Results and Discussion

To obtain the core/shell double emulsion, we first fabricated an
MFF chip with polydimethylsiloxane (PDMS) by using soft
lithography (Fig. 1).[29,30] It consists of a main flow channel with
five inlets and a T-type side channel (labeled 4 in Fig. 1a). The
channels are 200mm in both depth and width. We used an
aqueous solution of aspirin (1%, w/v) as the model drug to be
infused through the middle channel (Fig. 1a, labeled 3). The
aspirin solution injected was enveloped by streams composed of
modified magnetite particles (2.5 g) in 150mL of acetic acid (2%
aqueous, w/v) and high molecular weight chitosan (1.5%, w/v)
from two neighboring channels (Fig. 1a, labeled 2). The chemical
hexadecane, with span-80 (0.5%, w/v), was used as the carrying
fluid and injected through the outermost two channels (Fig. 1a,
labeled 1). With proper control of the relative flow rates of the
Figure 1. a) A schematic picture and a photograph (inset) of the MFF

device; b–e) The formation process of the core/shell double emulsion. The

width of the main channel shown in the figure is 200mm.
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different streams, the innermost stream (aspirin solution)
became unstable and broke into uniform droplets.[31] The
core/shell double emulsion comprising an inner core of aspirin
solution and an outer shell of high molecular weight chitosan,
embedded with magnetic nanoparticles, was thus formed (Fig. 1e
and Fig. 2a).

We employed the dewetting effect[25] and a crosslinking
reaction to solidify the outmost layer/shell of the microspherical
droplets. An additional channel (labeled 4 in Fig. 1a) was used to
inject the dewetting solvent n-butanol and crosslinking reagent
glutaraldehyde (10%, w/v, glutaraldehyde in butanol). The
solubility of n-butanol in water is 9.1mL/100mL at room
temperature. When the core/shell droplets (Fig. 2a) flowed
through the mixture of glutaraldehyde and butanol, water in the
droplets was gradually drawn out by butanol and, thus, a thin
layer was visible (Fig. 2b and c). We also tried ethanol, 1-
propanol (both are fully miscible in water), and 1-pentanol
(3.3mL/100mLwater) as the dewetting reagent. The time that the
dewetting agent can fully dehydrate droplets varied (for ethanol
and 1-propanol, the time was less than 5 s; for n-butanol and
1-pentanol, the required times were 20 and 60 s, respectively). In
this experiment, the calculated residence time of droplets
flowing in the channel is 5–10 s; thus, we used n-butanol to
partially absorb the water. The produced particles were further
baked at 60 8C for 2 h to facilitate the Schiff’s base reaction
between glutaraldehyde and chitosan (Fig. 2f). A crosslinked
layer was eventually formed (Fig. 2d, e, and h). FTIR has
confirmed the primary amide bands of chitosan at 1655 cm�1

split into peaks at 1635 and 1650 cm�1 (both are assigned to the
C––N imine absorption[32,33]). The increased intensity of C–H
stretching vibration frequency at 2936 cm�1 can also reflect the
contribution of the glutaraldehyde molecules in the crosslinked
chain (Fig. 2g).

If the residence time is much longer than the dehydrating
time, over-permeation of water can occur, leading to the complete
shrinkage of the core/shell microspheres (Fig. 2i). To prevent
over-dehydration of the droplets, a quenching process was
necessary to absorb butanol by adding a solution of oleic acid in
hexane (30%, v/v). We used three syringe pumps to control the
flow rates of the different liquids. The droplet sizes were
adjustable in the range between 40 to 200mm by varying the
relative flow rates.

To confirm that we have fabricated the core/shell particles
emulsion, we substituted the aspirin core with fluorescein
isothiocyanate (FITC) solution. By detecting their fluorescence,
we observed a fluorescent core and a nanoparticle-embedded
shell (Fig. 3a). The particle has a soft shell of about 1mm in
thickness and a hollow core after freeze-drying (Fig. 3b and c).
From the FTIR result, not all the chitosan has undergone the
crosslinking reaction as evidenced by the free amines at
1560 cm�1.[30] We suspect residual chitosan may exist in the
interior of themicrospheres as we can see a rough interior surface
in the scanning electron microscopy (SEM) images. To confirm
the existence of free chitosan, we mixed the particles with FITC
solution. After stirring, we detected absorption at 495 nm, which
is assigned to the maximum absorption wavenumber of FITC.
This is based on the reaction between the isothiocyanate group of
FITC and the primary amino group of chitosan.[34] The magnetic
response of our core/shell microspheres is shown in Figure 3d.
ag GmbH & Co. KGaA, Weinheim 293
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Figure 2. Structural evolution from double emulsion to core/shell particles: a) double emulsion,

b) initial core/shell structure caused by the ‘‘dewetting’’ effect, c) dynamic permeation of water

from inside the particle, d) a transparent outer layer formed through the crosslinking reaction.

Cartoons in the top panel illustrate the process, and the pictures in the lower panel are the

corresponding optical microscopy images of the droplets/particles. e) Schematic diagram

indicating the structure of the microspheres. f) After the crosslinking reaction, the high molecular

weight chitosan molecules are linked together by glutaraldehyde through a Schiff reaction. g) FTIR

spectra between 3000 and 1000 cm�1. h) Monodispersed particles corresponding to (d). i) Full

shrinkage of particles leads to a brown color and reduced size.
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Superparamagnetic behavior of the microspheres is evident from
the measured results, where the saturation magnetization is
approximately 12 emu g�1.

It is interesting that the microspheres can change their shapes
from spherical to spheroidal under an ACmagnetic field. Figure 4
shows the elongation of the microspheres under 100, 200, and
300 G (1 G¼ 10�4 T) magnetic fields when the frequency is 5Hz.
The degree of extension can be adjusted by varying the strength of
the magnetic field.[35] We counted 50 microspheres and plotted
their aspect ratios as a function of the magnetic field. It was
observed that when the microspheres changed their shapes from
spherical to spheroidal, the aspirin solution was released through
the crosslinked shell, detailed below.

To investigate the drug release efficiency through the micro-
spheres’ magnetically induced oscillatory deformations, magnetic
fields of different strength, frequency, and time variation profile
was applied to the sample. In the experiment, we used the dialysis
technique[36] and thepercentageof cumulatively released aspirinC
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
can be defined as:
i

a

� 100 (1)
Here Ci is a cumulative amount of released
aspirin for each measurement, while Ca is the
total amount of aspirin—the encapsulated
amount. We define the total amount of aspirin
as that in a 1mL syringe which is 10mg, as for
each measurement 1mL syringe of aspirin
solution was used to make one dialysis bag.
Each measurement was repeated three times
and the average value was calculated.

The drug release characteristics of the core/
shell microspheres under magnetic field are
shown in Figure 5a and b, where it can be seen
that when the frequency is fixed at 5Hz, the
applied magnetic field can enhance the drug
release rate/efficiency as the strength varied
from 0 to 300 G (Fig. 5a). Likewise, when the
strength is fixed at 300 G, a higher frequency
can increase the drug release rate/efficiency
when the frequency was varied from 0 to
20Hz (Fig. 5b). Hence, a stronger magnetic
field at higher frequency implies a higher
release rate. It can be seen from the insets in
Figure 5a and b that, after 6 h, 9% of the
enhanced drug release amount can be
achieved by varying the strength. This should
be compared with 26% by varying the
frequency. Tables 1 and 2 list the amount of
aspirin released under different magnetic
fields and frequencies.

Figure 5c and d shows the effect of the time
variation profile of the magnetic field on the
drug release rate. Two types of voltage profiles,
step function (inset of Fig. 5c) and sinusoidal
(inset of Fig. 5d), were applied. In Figure 5c, it
can be observed that both can result in a linear enhancement of
drug-release percentage when the field strength was raised at a
fixed frequency (20Hz). But the step-function time profile shows
a higher slope than the sinusoidal time profile. By fixing the
magnetic field strength at 300 G, the two different time profiles
yield almost the same aspirin release percentages for frequencies
up to 5Hz, as seen from Figure 5d, but beyond that the step-
function time profile has a clear advantage in enhancing the
aspirin release rate. From this experiment it is clear that the drug
release rate is sensitive to sudden changes in themagnitude of the
applied field, which is present in the step-function time profile
but not in the sinusoidal profile.
3. Conclusion

We used the MFF approach to prepare core/shell microspheres
encapsulated with an aqueous solution of aspirin. The resultant
Adv. Funct. Mater. 2009, 19, 292–297
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Figure 3. a) Core/shell double emulsion with a fluorescent core.

b) Optical microscopy image of particles after freeze-drying. c) Scanning

electronmicroscopy (SEM) imageof theparticle’s cross section. Thicknessof

the thin layer labeled is about 1mm. Unreacted chitosan and magnetite are

located on the inner surface (indicated by the white arrow). d)Magnetization

curve of the magnetic chitosan capsule.

Figure 4. The aspect-ratio variation as a function ofmagnetic field obtained

by analyzing 50 microspheres. The insets are the optical images of the

microsphereswhen100G,200G,and300Gfieldwereapplied.Elongationof

the microspheres is visible as digits marking the reference points.

Figure 5. a) Cumulative aspirin release plotted as a function of time, for va

magnetic field strengths. The frequency was fixed at 5Hz. The inset shows the

dependence at 6 h. b) The same as (a), but the field strength was fixed at 3

frequency was varied. The inset shows the frequency dependence at 6 h. c) A

percentage after 6 h, plotted as a function of magnetic field. The frequency was

One is for a step-function time variation of the magnetic field, the other is a si

variation. The inserted picture shows a time profile of step function wher

switched on and off. d) Aspirin release percentage after 6 h, plotted as

frequency. The field strength was kept at 300 G. The inset is a profile of t

variation of the field.
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particles were demonstrated to be magnetically responsive. The
aspirin release rate was measured by varying the strength of the
applied magnetic field, its frequency, and its time profile. A
particularly interesting conclusion is that a step-function time
rious applied

magnetic field

00 G and the

spirin release

fixed at 20Hz.

nusoidal time

e the field is

a function of

he sinusoidal

ag GmbH & Co. K
profile for the appliedmagnetic field is always more
effective in enhancing the aspirin release rate.
4. Experimental

Materials: Low molecular weight chitosan, with a

viscosity of 20 cps (1 cps¼ 10�3 Pa s) and a 75% degree
of deacetylation, was employed to modify the magnetite
particles; while high molecular weight chitosan, with a
viscosity of 800 cps and a 75% degree of deacetylation,
was infused to form the outer layer of the double
emulsion. Hexadecane, with 0.5% (w/v) span-80 was used
as the carrying fluid and a 1% (w/v) aqueous solution of
aspirin was used as the test drug. 0.2% (w/v) FITC (þ95%
isomer, International Labrotary, USA) in a phosphate
buffer solution (PBS) at pH 7.0 (Radiometer Copenhagen,
Denmark) was used as a substitute to the aspirin solution.
Butanol, used as the dewetting reagent, can allow the
diffusion of water through droplets. A 70% aqueous
solution of glutaraldehyde, which can react with chitosan,
was employed as the crosslinking reagent [37, 38]. 30%
(v/v) oleic acid in hexane was prepared to absorb butanol,
with the purpose of quenching water diffusion induced by
the dewetting effect. A silicon elastomer base and curing
agent (Dow Corning Corporation, USA) were used to
prepare the MFF chip. Cellulose membrane dialysis
tubing, with a molecular weight cutoff of 12 000Da
(Sigma–Aldrich, USA), was used for the in vitro release
study using the dialysis technique [36]. PBS, at pH 7.0, was
chosen as the receiver solution to determine the aspirin
amount diffused through the dialysis tubing. Milli-Q water
(Millipore, USA) was used throughout the process.

Magnetic Nanoparticle Preparation: Magnetite nano-

particles were prepared by the coprecipitation method
detailed by Massart [39]. Briefly, an aqueous solution
containing 2 M hydrochloric acid and ferrous chloride was
firstmixed with 1 M ferrite chloride. 0.7 M ammonia solution
GaA, Weinheim 295
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Table 1. The amount of aspirin [mg] released from the microspheres under
different magnetic fields (1G¼ 10�4 T) when the frequency is 5Hz.

Time [h] 0G 50G 100G 150G 200G 250G 300G

1 2.51 2.56 2.60 2.62 2.64 2.74 2.84

2 3.47 3.56 3.65 3.69 3.73 3.89 4.06

3 4.18 4.27 4.37 4.44 4.50 4.64 4.78

4 4.64 4.71 4.79 4.88 4.96 5.08 5.20

5 5.05 5.12 5.18 5.27 5.36 5.53 5.70

6 5.38 5.48 5.59 5.70 5.81 5.90 5.98

Table 2. The amount of aspirin [mg] released from the microspheres under
different frequencies when the magnetic field is 300G.

Time [h] 0Hz 5Hz 10Hz 15Hz 20Hz

1 2.52 2.66 2.81 2.94 3.07

2 3.47 3.76 4.03 4.25 4.46

3 4.18 4.54 4.91 5.23 5.57

4 4.65 5.20 5.50 5.92 6.37

5 5.05 5.70 6.00 6.51 7.06

6 5.38 5.98 6.45 6.98 7.56
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was thenadded.Themixturewas stirred for 30minandcentrifugedat a speed
of 10 000 rpm; the supernatant solution was removed by decantation. The
precipitates were rinsed with deionized water until pH 7 was achieved and
then freeze-dried. The magnetic nanoparticles were dispersed by an
ultrasonic treatment for 3 h in an aqueous solution (100mL) that comprised
low molecular weight chitosan (1.5 g) and 2% (w/v) acetic acid. The
suspension was subsequently centrifuged and freeze-dried to obtain the
modified nanoparticles.

FITC-Labeled Microspheres: Freeze-dried microspheres (5 g) were added
into methanol (25mL) with FITC (25mg); the mixture was stirred at room
temperature for 24 h in the dark. After centrifugation, the sediment
obtained was washed with methanol and water to remove the unreacted
FITC. The obtained FITC-labeled particles were dissolved in 1% (w/v) acetic
acid aqueous solution for measurement.

Characterization: The Fourier transform IR (FTIR) transmission
spectrum was recorded on a Bio-Rad FTS6000 spectrometer with a DTGS
detector. The number of scans was 32 with a spectral resolution of 4 cm�1.
The morphology of the microspheres was visualized with a JEOL-6700F
scanning electron microscope with a target acceleration voltage of 5 kV. To
prepare the SEM sample, we embedded microspheres (1 g) into a mixture
(25:3 by volume) of epoxy resin and hardener (Struers A/S Company,
Denmark). After solidification, we loaded it on a grinder–polisher (Buehler,
USA) and polished it with a silicon carbide 800/2400 grit to observe
the cross section. Microscopic analysis was carried out with a charge-
coupled device (CCD) camera (DP70, Olympus) mounted on an inverted
microscope (IX70, Olympus). Fluorescence observations were performed
on a reflected fluorescence system equipped with a U-LH100HGAPO lamp
housing and a IX2-RFACA motorized fluorescence mirror unit cassette
(Olympus).

Measurements: Aspirin release characteristics were determined by UV-
vis spectroscopy carried out using a Perkin–Elmer Lambda 20UV/VIS
spectroscope, where the aspirin concentration indication line was
chosen at the maximum absorption wavelength of 296 nm. [40] For each
measurement, microspheres (2 g) were stored in a dialysis bag
(4 cm� 4 cm). The drug release efficiency was accessed in 3mL PBS. In
order to study the drug release activated under an applied magnetic field,
an electromagnet with two parallel poles (Phewy Products, Germany) was
used to generate a homogeneous magnetic field, in which the dialysis bag
was placed. A function generator (PM 5139, Philips) and stereo power
amplifier (216 THX, Lucasfilm Co.) were used to create pulsed signals.
Absorption measurements were performed on an ND-1000 spectro-
photometer at an excitation wavelength lex¼ 495 nm (DIAMed).
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