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Bio-inspired controlled release through
compression—-relaxation cycles of microcapsules

Yue Long!, Chuanyong Liu?, Bin Zhao?, Kai Song!, Guoqgiang Yang?> and Chen-Ho Tung?

The aim of microencapsulation is to achieve controllable and sustainable release at the desired site. Despite the many methods
developed in recent years, there is still a need to advance the strategies for higher controllability and scalability. Taking
inspiration from the heart, which pumps blood by continual contraction of muscles, we demonstrate a novel releasing method, in
which the core release is controlled by the compression—-relaxation cycles of microcapsules upon the application of a magnetic
field. This idea is realized by embedding Fe30,4 particles into a polymer shell. When the magnetic field is applied, the Fe304
particles align along the field direction and stretch the shell, resulting in compression of the microcapsules and release of the
core contents; the shape is restored after the field is removed. We demonstrated various release patterns by altering the strength
of the magnetic field and the compression frequency. This release method provides repeated and pulsatile delivery, enhanced
spreading distance and ejection speed, and is site specific and proactive, providing a new option for controlled release

applications.
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INTRODUCTION

In microencapsulation research, the optimum goal is to release the
core contents at the appropriate time and place and in a controlled
manner. Considerable effort has been devoted to achieving this
goal via incorporation of functional materials or nanoparticles into
the microcapsule shell to control the release of the contents of the
microcapsules through the application of an external stimulus,'~ such
as pH,‘H temperature,s’10 light,“’”’ ultrasound, 417 glucosel&19 and
magnetic field,?*?? at the appropriate time. Significant progress has
been achieved to develop such controlled release methods; however,
methods with better controllability are still in demand. Until now, two
strategies have been used for initiating changes in a microcapsule shell,
thereby controlling the release. The first strategy is diffusion based that
focuses on switching or tuning the size of pores in the shell to
influence the diffusion rate of the contents of the core; the second
strategy is mainly based on the destruction of the shell, resulting in a
near instantaneous core release, that is, a burst release. However, in
certain application areas, a release system that has a relatively higher
release velocity compared with passive diffusion and better controll-
ability over the burst release is especially desired.??

Undoubtedly, the most direct way to release the core contents for a
liquid-containing object with a permeable shell is to compress the
container and force the core to flow through the holes. If the
compression force is well controlled, then sustained release is
achievable. In the blood circulation system, the heart pumps the
blood out by continual contraction of muscles to maintain the blood

flow. Similar phenomena can be widely found in organisms that inject
liquids by contracting muscles and deforming part of the body or the
entire body. Nevertheless, because of the microscaled size, the force
required for compressing a single microcapsule is 0.1-100 uN.242>
Such small forces make it difficult to precisely control the deformation
of the microcapsules without rupturing the shell. Recently, a technique
utilizing an atomic force microscopy cantilever with a glass bead
attached to its tip to compress an individual microcapsule to release
the core contents was developed.?®2® Being different from passive
diffusion-based or burst release, this approach provides the possibility
of accelerating the release of microcapsules in a controlled
manner, while maintaining the integrity of the shell. Furthermore,
pressurized release enabled larger spreading distances and anisotropic
release.? Nevertheless, because of its cantilever-based operating
system, this technique is only limited to the study of single
microcapsules.

In this study, being inspired by the heart, composite microcapsules
with Fe;Oy4 particles embedded in the elastic polymer shell were
fabricated. Under the application of a magnetic field, microcapsules
are compressed to release the core contents; when the field is removed,
the shape is restored. Thus, this cycle could be performed consecu-
tively to provide repeated and pulsatile delivery during the releasing
process, similar to the manner that the heart contracts and pumps
blood out. Thus, the release rate of the core contents can be well
controlled by the frequency of the compression—relaxation cycles or/
and the degree of deformation of the microcapsules.
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EXPERIMENTAL PROCEDURE

Chemicals

Ferric chloride (FeCls, anhydrous) and sodium acetate (anhydrous, NaAc) were
purchased from Acros (Beijing, China). N-isopropylacrylamide (NIPAm), N,
N’-methylenebisacrylamide (MBAm), fluorescein isothiocyanate (FITC)-dex-
tran (molecular weight 40K) and 2,2’-azobis(2-methylpropionamidine)dihy-
drochloride (AIBA) were purchased from Sigma-Aldrich (Shanghai, China).
Ethylene glycol, ethanol, oleic acid and hexane were purchased from Beijing
Chemical Works (Beijing, China). Polyethylene glycol (molecular weight
~2000) was purchased from Alfa Aesar (Shanghai, China). All the chemicals
were used as received. The water used throughout all the experiments was
purified using the Millipore system (Beijing, China).

Preparation of Fe3;0, microparticles

In a typical synthesis of Fe;0, microparticles, NaAc (2.7 g) was dissolved in
ethylene glycol (20 ml), and the solution was kept in a water bath at 50 °C.
FeCl; (0.811 g) was dissolved in ethylene glycol (10 ml) to form a clear solution,
followed by the addition of polyethylene glycol (0.75¢g), and water (0.54 ml)
was added into the resulting solution after polyethylene glycol was dissolved
completely. Next, the mixture was poured into the NaAc solution slowly while
stirring vigorously in the water bath at 50 °C, and the stirring was maintained
for 2h. The resulting brownish-yellow solution was sealed in a Teflon-lined
stainless-steel autoclave and then kept at 200 °C for 4 h in the oven. After being
cooled to room temperature, the dark products were collected by a magnet and
washed with ethanol and water (1:1) several times until the supernatant was
clear. The products were then transferred to pure ethanol (30 ml). To the
resulting dispersion, oleic acid (1 ml) was added to render hydrophobicity to
the particles. Next, the mixture was sonicated for 30 min before being placed in
the Teflon-lined autoclave and heated in the oven at 70°C. After 2h, the
products were cooled to room temperature and then washed with ethanol and
water (1:1) before drying in air.

Preparation of the microcapsules

Fe;0,4 microparticles (0.05 g) were dispersed in hexane (6 ml) and sonicated for
10 min at room temperature. An aqueous solution (0.9 ml) of NIPAm (33 mg),
MBAm (3.3 mg) and AIBA (1.67 mg) was poured into the Fe;O, dispersion,
followed by emulsifying for 2 min by manual shaking. The resulting water-in-
oil (w/o) emulsion was deoxygenated by bubbling through nitrogen gas for
20 min at room temperature before increasing the temperature to 60 °C; the
temperature was maintained for 6 h. The dark dispersions were then cooled to
room temperature and washed with ethanol 3 times. Finally, the resulting
products were transferred into water.

Controlled release of the microcapsules

The microcapsules were transferred into an aqueous FITC—dextran solution
and kept in the dark. After 12 h, the microcapsules were washed several times
with pure water until the fluorescence intensity of the supernatant was nearly
zero. In a release test without applying a magnetic field, an aqueous dispersion
of microcapsules (3 ml) was placed in the dark; the sample was shaken to
ensure that the dispersion was well mixed, and then an aliquot (0.2 ml) was
taken from the supernatant solution at various time intervals between 1 and
60 min after the microcapsules sunk to the bottom of the container, which only
took a few seconds. The fluorescence intensity of the solution was examined
using a fluorometer. The release of the microcapsules with an external magnetic
field was performed the same way, with the only exception being that a
permanent magnet was held under the sample vial for 2 min and then removed
for ~30s before subjecting the sample to the magnetic field again. This cycle
was repeated during the measurement. For the multi-stage release experiment,
for each compression cycle, the magnetic field was applied for 30 s and then
relaxed for another 30 s in the magnetic field ON state.

Characterization

X-ray diffraction analysis was performed with a D/Max 2500V/PC X-ray
diffractometer in the 20 range of 10-70° using Cu-K, radiation (A =1.54056 A).
Scanning electron microscope images were obtained using a JEOL S-4800 field
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emission scanning electron microscope (Tokyo, Japan). Transmission electron
microscope (TEM) images and high-resolution TEM images were taken using a
JEOL JEM-2100F TEM. The magnetic properties were investigated using a
SQUID vibration sample magnetometer (Lake Shore Cryotronics, Westerville,
OH, USA). The fluorescence intensity was examined using a fluorometer
(Hitachi, F-2500, Tokyo, Japan). The fluorescence of the microcapsules was
visualized using a fluorescent microscope (Olympus, BX53, Tokyo, Japan).

RESULTS
Preparation of the magnetic microcapsules
In this study, the microcapsules of sub-millimeter size were fabricated
to facilitate the optical observation of the magnetic field-induced
deformation and release, whereas nano-scaled microcapsules are more
suited for in vivo delivery and will be investigated in subsequent
studies. The Fe;O4 particles used to form the Pickering emulsion were
prepared using a solvothermal method. The average diameter of the
produced particles is ~ 600 nm, and the particles exhibited a magnetic
saturation of 82.4emug~! (details regarding the characterization of
the Fe;O, particles are available in the Supplementary Information S1,
including scanning electron microscope and TEM images, X-ray
diffraction patterns and magnetization curve of the Fe;O, particles).
Composite microcapsules were prepared by utilizing Pickering
emulsion as a template to embed colloidal particles in the shell.
A microcapsule prepared in such a manner is also called a ‘colloido-
some’.2? Here, as shown in Figure 1, an aqueous solution of NIPAm
monomer, initiator and crosslinker was first mixed with a hexane
dispersion of hydrophobic Fe;O, particles. After vigorous shaking, a
w/o emulsion was formed with the Fe;O, particles located at the w/o
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Figure 1 Schematic representation of the preparation of the composite
microcapsules. The inset is an enlarged illustration of the partial entrapment
of Fe304 microparticles in the poly(N-isopropylacrylamide) (PNIPAm)
shell. AIBA, 2,2'-azobis(2-methylpropionamidine)dihydrochloride; MBAm,
N, N'-methylenebisacrylamide; NIPAm, N-isopropylacrylamide.
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Figure 2 (a) Overview scanning electron microscope (SEM) image of the composite microcapsule with magnetic particles embedded in the shell.

(b) Magnified SEM image of the microcapsule shell.
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Figure 3 Deformation of microcapsules under an external static magnetic
field. (a) Deformation of microcapsules as a function of a magnetic field (30
microcapsules were measured for each sample). The insets are optical
microscopic images of the microcapsules under different magnetic field
strengths. (b) Schematic representation of the deformation mechanism of
microcapsules under the magnetic field. All the scale bars in the inset
images are 500 pm.

interface. Upon increasing the temperature, NIPAm monomers in the
water droplet started to polymerize. As a well-known thermosensitive
polymer, poly(N-isopropylacrylamide) (PNIPAm) exhibits a hydro-
philic—hydrophobic transition at its lower critical solution tempera-
ture of 32°C. Hence, at elevated temperatures, the polymerized
hydrophobic PNIPAm would migrate and deposit onto the oil/water
interface, locking the Fe;O, particles within the polymer network to
produce the composite microcapsule shell.

Morphology of microcapsules

An optical microscopic image of microcapsules dispersed in water
(available in Supplementary Figure S2) reveals that they are spherically
shaped and can be transferred into the aqueous phase without any
deformation or rupturing. In addition, the scanning electron micro-
scope image shown in Figure 2a indicates that the shell is completely
overlapped after losing its core contents in the sampling process. This

result is because of the soft and thin polymer membrane that cannot
hold its original shape after losing the core contents; the image also
proves the hollow structure of microcapsules. A closer inspection of
the microcapsule shell in Figure 2b reveals that the Fe;0, particles are
densely packed with some particles embedded, and the other particles
are attached to the surface of the polymer membrane. From the folded
part, the thickness of the shell can be roughly calculated. As the width
of the folding shell is ~2pm, the average diameter of the Fe;O4
nanoparticles is ~ 600 nm, and the thickness of the polymer is only a
few hundred nanometers or even less. This delicate thin shell enables
the microcapsule to exhibit flexibility and softness, essential for
deformation of the shell.

Deformation of microcapsules under a static magnetic field
Deformation (D= (a—b)/R, where a and b are the semi-major and
semi-minor axes of the resulted ellipsoid, respectively, and R is the
radius of the original sphere) of the microcapsules as a function of the
magnetic field is plotted and shown in Figure 3a. As demonstrated by
the insets, the spherical microcapsules elongated along the magnetic
field direction when applying a static magnetic field. The micro-
capsules deformed further as the strength of the magnetic field
increased, until reaching its maximum deformability at 1800 G.
A further increase in the magnetic field above 1800 G was observed
to not further deform the microcapsule. Neglecting the expansion of
the surface area of the shell, any deformation of the microcapsule from
the spherical shape will decrease the volume and consequently increase
the inner osmotic pressure. At 1800 G, the deformation is ~0.5.
Assuming the deformed shape is a standard ellipsoid, the volume at
this stage is ~72% of the initial shape. Upon removal of the field, the
microcapsules returned to their initial shape within a few seconds.
Such a rapid restoration of shape endows the possibility of circulatory
compression to the microcapsules during the release. The plot from
Figure 3a also reveals that the deformation is proportional to H?, in
agreement with the previous theoretical study.’® The deformation of
the microcapsules with different wall thicknesses was also monitored
(experimental details are shown in Supplementary Information S3,
and videos of the deformation of different microcapsules are available
in Supplementary Movies S1-S3. The direction of the applied
magnetic field in the movie is orthogonal to the focal plane; hence,
deformation of microcapsules manifests as shrinkage). The results
indicate that microcapsules fabricated by the current method
displayed the optimum deformability without destroying the shell.
Microcapsules with a thicker wall exhibited smaller deformation, and
those with a thinner wall were easily damaged during the washing and
deformation processes.

w
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Figure 4 Fluorescent microscopic images of the release of fluorescein isothiocyanate (FITC)-dextran from the microcapsules. (a) A single microcapsule before
application of a magnetic field; curves 1 and 2 are the fluorescence intensity distributions of the areas covered by lines 1 and 2, respectively. (b) After
applying a magnetic field of 1800 G, curves 3 and 4 are the fluorescence intensity distributions of the areas covered by lines 3 and 4. All the scale bars are

100 pm.

The mechanism of microcapsule deformation is presented in
Figure 3b. The driving force of this deformation is believed to be
because of the induced magnetic dipole moment formed when a
paramagnetic particle is placed in an external magnetic field that
orients the particle parallel to the direction of the magnetic field.
When the external magnetic field was of sufficient strength, the
magnetic moment of the particle reached a saturated value. This
induced dipole moment resulted in an attractive dipole—dipole force
along the field direction that drove the particles to form a one-
dimensional chain-like structure along the dipole moments. When the
magnetic particles were enwrapped in the polymer, this alignment of
the particles caused the elongation of the microcapsule along the field
direction, resulting in contraction in the perpendicular direction to
maintain the same surface area. Upon removal of the field, the
magnetic dipole moment quickly randomized, and the magnetization
reduced to zero; as a result, the arrangement of the Fe;0, particles in
the polymer shell recovered and allowed the fluid from the outer bulk
phase to flow back into the microcapsule through the pores in the
shell, thereby enabling the microcapsule to return to its initial shape.

Release

A dye, FITC—dextran, was used as a model drug to monitor the release
of magnetically controlled microcapsules. Fluorescent microscopic
images of the microcapsules were obtained, as shown in Figure 4, to
visually monitor the deformation-induced release. Because of the close
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packing of the Fe;O, nanoparticles in the membrane, both the
incident and fluorescent light of the core are shielded; as a result,
only released fluorescent core material can be seen from the image. As
shown in the images, two directional lines (indicated by the arrows)
are drawn across the microcapsule, and the fluorescence intensities
along each line were measured and plotted below each image. The two
peaks of the curves correspond to the strongest fluorescence intensities
at the edges of the microcapsule. Before application of the magnetic
field, slow release of the fluorescent core contents was observed, with
the highest intensity of 40-60 (Figure 4a). From the figure, the two
distribution curves in both directions (lines 1 and 2) are very similar,
indicating the uniform release around the microcapsule shell. In
contrast, when the magnetic field was applied (Figure 4b), the
microcapsule started to deform. The direction of the applied field in
this image was orthogonal to the focal plane to facilitate the
observation of the release; as a result, the deformation was manifested
as shrinkage of the microcapsule rather than elongation. The image in
Figure 4b was obtained as the deformation reached the maximum,
occurring a few seconds after being subjected to the magnetic field
(a video of the deformation release of the microcapsule is available in
Supplementary Movie S4).

In addition, as evidenced by the fluorescent image, upon deforma-
tion, more of the encapsulated fluorescent dye extruded out of the
microcapsule in an anisotropic manner, with the right side appearing
brighter than the other parts. This release pattern is also confirmed by
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Figure 5 Release curve of microcapsules under a pulsed magnetic field at
1800G with 2min intervals between each application, as shown by the
ON/OFF bar on the top, compared with the release curve of microcapsules
without a magnetic field applied.

the intensity curve presented below the image (lines 3 and 4). The
fluorescence intensities of the peaks were found to be all higher than
those without the magnetic field in both directions. The highest
fluorescence intensity that appeared on line 3 is 156, which is
~3 times the intensity value in the same position of line 1. In
addition, the span of this peak is ~6 times larger than the peak
without the magnetic field.

The larger spreading area of the core contents is a direct indication
of the higher internal osmotic pressure and higher flow rate because of
deformation. In accord with the visual observation, both the intensity
and the span of the peak of line 3 are considerably larger than the
other peaks, supporting the fact that the core contents were released
from the deformed microcapsule in an anisotropic manner. This
anisotropic phenomenon was observed in most of the microcapsules,
and this can be attributed to the nonuniform thickness of the
membrane shell during the formation process. This anisotropic release
was not observed in the diffusion-based release (Figure 4a), whereas it
was enhanced under the effect of the magnetic field; this anisotropic
release might be useful for directional release in potential applications.
Note that wrinkles appeared on the surface of the microcapsule shell
during the deformation, a strong indication of the volume reduction
of the microcapsule.

To further quantify the effect of the magnetic field on the release of
the microcapsules, the sample was subjected to a magnetic field of
1800 G with a 2-min interval between each application. The release
was studied via time-resolved measurement of the fluorescence
intensity of the outer bulk solution over 23 min using a fluorometer
(Figure 5). The percentage release of core contents is calculated by
Equation (1):

M,
M = 37 100% (1)
where M, is the amount of FITC—dextran released at time ¢ and M, is
the total encapsulated FITC-dextran in the microcapsules (M, is
evaluated by breaking the microcapsules via ultrasonication and then
measuring the fluorescence intensity of the supernatant solution).
The curves in Figure 5 reveal that core release exhibits sharp
amplifications in response to each magnetic field application. This
sudden increase in the release rate is believed to be induced by
deformation, which agrees with the observation described above. In
comparison with the release curve without the stimulation of a
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Figure 6 Release profile of the microcapsules. (a) Accumulated release of
microcapsules under magnetic field strengths of 0, 1200, 1800 and 1800 G
with fast compression. (b) Release rate calculated from the release curves of
(@). The graphs indicate that both a higher magnetic field and faster
compression speed lead to more rapid release.

magnetic field, the core release reached ~92% in 23 min, whereas
only ~24% of the core was released from the control sample (0 G).
This multi-stage release is believed to be highly valuable in certain
application areas, such as drug delivery. The ability to deliver
therapeutic agents to a patient in a multi-staged release profile is
considered to be more advantageous compared with the immediate
burst release or the diffusion-based release. Multi-staged release offers
better patient compliance, longer treatment duration and reduced side
effects, thereby optimizing the therapeutic efficacy of drugs.

The release of microcapsules under different magnetic fields and
different compression frequencies was also investigated. First, static
magnetic fields of 0, 1200 and 1800 G were applied separately, and the
accumulative release curves were recorded, as shown in Figure 6a. For
each sample, 25 dye-containing microcapsules were randomly col-
lected for the fluorescence measurement. During the 60 min release
process, the accumulated release of core contents reached 42% at 0 G.
However, it only took 6 min to achieve 42% release under a magnetic
field of 1200G and <4 min when an 1800 G magnetic field was
applied. When the concentration of the inner core and the outside
bulk solvent becomes similar, the release slows down and eventually
stops. The curves of 1800 and 1200 G indicate that the release reached
a plateau at ~24min (98% release) and ~44 min (90% release),
respectively. In comparison, at 0 G, the intensity of the outer bulk
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phase increased continuously during 60 min, indicating that the release
had not yet reached its equilibrium.

To further study the effect of compression frequency on the release
rate, microcapsules were more frequently compressed and relaxed at
1800 G, with each of the cycle taking ~10s (5s of compression and
5s of relaxation, denoted as 1800 G-fast), and the release curve is
shown in Figure 6a. The faster compression was found to lead to a
quicker release and a shorter time period to reach the equilibrium.
This result was expected because more frequent compression pro-
motes a more rapid exchange between the inner and outer fluids,
accelerating the rate of release.

The various release kinetics of the microcapsules shown in Figure 6a
were determined with the aim of quantifying the release of micro-
capsules under various magnetic stimuli. As shown in Figure 6a, the
concentration of FITC—dextran in the outer bulk solution increased
exponentially with time. Assuming that the volume released and
refilled for each compression-relaxation process is the same, the
exchange rate law can be presented as:?®

AV(t) = Vo — Voexp(%t) )

where AV is the exchanged volume in each cycle, V, is the total
volume and 7 is the time constant. After taking the time derivative of
Equation (2), the volume flow rate Q can be expressed by:

Q) =22 exp(~) ()

The plots of Equation (3) for microcapsules under different applied
magnetic fields are presented in Figure 6b (calculations are available in
Supplementary Information S4). From the equation, the initial flow
rate of 25 microcapsules was obtained (the total volume of the
microcapsules was calculated by multiplying the average volume of the
microcapsules by the number of microcapsules, whereas the average
volume of the microcapsules was obtained from measurements of 100
microcapsules): 0.11, 0.68, 1.78 and 2.54 ul min~! for microcapsules
at 0, 1200, 1800 and 1800 G-fast, respectively (calculations are shown
in Supplementary Information S4). It can be seen that the initial flow
rate increased by 6-, 16-, and 23-fold because of the effect of the
magnetic fields of 1200, 1800, and 1800 G-fast, respectively. This
result suggests that the velocity of release was significantly affected
and controlled by the magnetic field; small changes in the field
strength can result in large impacts on the release rate. After 60 min of
the compression—relaxation process, all the microcapsules were
found to retain their spherical shapes; this result demonstrates the
good mechanical stability of the shell and is essential for future
applications.

CONCLUSIONS

Microcapsules with Fe;O, microparticles embedded in the PNIPAm
polymer shell were fabricated based on the Pickering emulsion
method. Upon application of the magnetic field, accelerated discharge
of the core contents and enlarged spreading area were observed. The
results also revealed that an increase in the magnetic field strength
and/or compression frequency enables the increase in the release
velocity. Compression—relaxation cycles could be consecutively per-
formed during the release, acting as a magnetic pump, and the
microcapsules can also be recycled by a magnetic field after the
treatment. Therefore, for the first time, to our knowledge, we report
the release of microcapsules controlled by compression—relaxation
cycles through a magnetic field that mimics the muscle contraction of
the heart. In comparison with the previous release approaches, this
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method endows sustained and pulsatile delivery and enhanced
controllability over the release speed and is both safe and localizable.
The results of this work will open a new path in utilizing magnetically
responsive microcapsules in controlled delivery applications.
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