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We explored using a magnetic field to modulate the permeability of polyelectrolyte microcapsules prepared
by layer-by-layer self-assembly. Ferromagnetic gold-coated cobalt (Co@Au) nanoparticles (3 nm diameter)
were embedded inside the capsule walls. The final 5 yum diameter microcapsules had wall structures
consisting of 4 bilayers of poly(sodium styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH), 1
layer of Co@Au, and 5 bilayers of PSS/PAH. External alternating magnetic fields of 100—300 Hz and 1200
Oe were applied to rotate the embedded Co@Au nanoparticles, which subsequently disturbed and distorted
the capsule wall and drastically increased its permeability to macromolecules like FITC-labeled dextran.
The capsule permeability change was estimated by taking the capsule interior and exterior fluorescent
intensity ratio using confocal laser scanning microscopy. Capsules with 1 layer of Co@Au nanoparticles
and 10 polyelectrolyte bilayers are optimal for magnetically controlling permeability. A theoretical
explanation was proposed for the permeability control mechanisms. “Switching on” of these microcapsules
using a magnetic field makes this method a good candidate for controlled drug delivery in biomedical

applications.

Introduction

Layer-by-layer (LbL) assembly can construct an ul-
trathin film via alternate adsorption of oppositely charged
polyions, nanoparticles, and biomolecules.! The obtained
films have thicknesses in the nanometer range and tunable
properties to their surroundings, such as permeability,
solubility, and morphology.! The development of poly-
electrolyte microcapsules is based on LbL assembly on
nano- or microscale cores, for instance, cells and inorganic
or organic particles, including drugs, which have recently
gained intensive attention.2”* Cores, with diameters
ranging from nanometers to microns, are coated with
alternating layers of linear polycations, polyanions, and
other materials. After dissolving the cores, hollow mi-
crocapsules were gained with ordered walls of needed
composition and thicknesses in the range of 20—100 nm.
The capsules have tunable permeability for molecules of
different sizes on the basis of open-and-close mechanisms
by adjusting the environmental stimuli.>~® These cap-
sules offer broad perspectives in encapsulation, transport,
and controllable delivery of drugs, minerals, and proteins.
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Changing the pH value of solutions induces the formation
of tiny pores in the nanometer range, which allows
macromolecules to pass through the capsule walls;®
adjusting solution ionic strength or adding organic solvent
will also influence permeability.”® These permeability
controls are achieved by changing the charge densities of
linear polyelectrolytes, which results in relaxing the
capsule walls. However, the austere conditions of these
methods limit the utilization of them in the biomedical
field for controlled drug delivery applications because they
are often not consistent with physiological conditions that
occur within the human body.

Another promising way to achieve permeability control
is to embed ferromagnetic nanoparticles into capsule walls.
The capsules might be modulated by an external oscillating
magnetic field to control the permeability when needed
and thus control the release of the substances in the
capsules. Numerous studies have been conducted on
applying magnetic particles to treat human diseases, such
as cancer.” > A new concept for targeted as well as
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Figure 1. Scheme ofthe assembly and permeability test for microcapsules embedded with Co@Au nanoparticles under an oscillating

magnetic field.

controlled release of anticancer drugs, using magnetic
nanoparticles within a polymeric shell, has been recently
proposed.’* The magnetic fluid hyperthermia (MFH)
method applies a high-frequency alternating magnetic
field to heat superparamagnetic nanoparticles localized
in a tumor to destroy diseased cells without damaging
healthy tissue.®'® Magnetic particles, with diameters
ranging from nanometers to millimeters, were also studied
to be embedded inside alginate or liposome matrixes
combined with drugs and tested for their controllable drug
release behavior using a low-frequency external magnetic
field.!12 Magnetic particles of interest include magnetite,
strontium ferrite, manganese ferrite, and others.1%13"
However, up to now, there is no study about embedding
magnetic nanoparticles into walls of hollow capsules,
thereby modulating the permeability and release behavior
of the capsules. In this work, ferromagnetic cobalt
nanoparticles coated with gold shells (Co@Au nanopar-
ticles) were embedded into polyelectrolyte capsules fab-
ricated with layer-by-layer assembly of poly(sodium
4-styrene sulfonate) and poly(allylamine hydrochloride)
(Figure 1). Application of low-frequency alternating
magnetic fields to such magnetic capsules resulted in an
increase of their wall permeability; therefore, external
magnetic fields may “switch on” unloading of these
microcapsules.

Experimental Section

Materials. Poly(sodium 4-styrene sulfonate) (PSS, MW
70 000), poly(allylamine hydrochloride) (PAH, MW 70 000), and
poly(diallyldimethylammonium chloride) (PDDA, MW 1 000 000)
were used for LbL assembly. Fluorescein isothiocyanate (FITC)
and rhodamine B isothiocyanate (RBITC) were used to label
dextran and PAH, respectively, following the procedure de-
scribed in ref 2¢, which helps with capsule visualization under
confocal laser scanning microscopy (CLSM). FITC—dextran (MW
2 000 000) was used for capsule permeability tests. Cobalt
chloride (anhydrous, beads, 99.99%, packaged under argon in
ampules), potassium tetrachloroaurate(III) (99.999%), tetrahy-
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drofuran (THF, 99.9%, inhibitor free, packaged under nitrogen),
lithium hydrotriethyl borate (superhydride) as 1 M solution in
THF, dodecyldimethyl (3-sulfopropyl) ammonium hydroxide
(SB12), and ethanol (reagent grade, anhydrous, water < 0.003%)
were used for the synthesis of Co@Au nanoparticles. All the
chemicals were purchased from Sigma-Aldrich and used without
further treatments.

Co@Au Nanoparticle Fabrication and Characterization.
The Co@Au nanoparticles were fabricated using a chemical
reduction method.?? The Co particles were fabricated using
3-(N,N-dimethyldodecylammonio) propanesulfonate (SB12) as
the surfactant to prevent agglomeration and lithium hydrotri-
ethyl borate (LiBEt3H, superhydride) as the reducing agent. To
prevent Co nanoparticles from oxidization, a novel gold
shell was formed around the Co particles by a displacement
method in THF (tetrahydrofuran) media based on the following
reaction:?!

KAuCl, + Co,-SB12 — Co@Au-SB12 + KCl

In a typical procedure, the precursor cobalt nanoparticles were
added to 50 mL KAuCly (0.024 M) in THF solution under
untrasonication and inert atmospheric conditions. The initially
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brown solution changed to blue, indicating that the gold ions
oxidized the cobalt surface atoms on the cobalt nanoparticles.
The reaction was continued for an additional 1 h, and the core—
shell nanoparticles were washed thoroughly with THF and dried
under vacuum. The resulting nanoparticles were characterized
using transmission electron microscopy (TEM, JEOL 2010) with
an accelerated voltage of 200 kV and a zeta potential analyzer
(Zeta Plus, Brookhaven Instruments Corp.).

Co@Au nanoparticles were tested using a SQUID magnetom-
eter (Quantum Design Inc., model MPMS 5S) to analyze the
magnetic properties of the nanoparticles. The samples for
magnetic measurements were prepared in powder form in gelatin
capsules. The temperature-dependent magnetization process was
investigated using the zero field cooled (ZFC) and field cooled
(FC) methods.?? ZFC was done by cooling the sample first to 4
K without a field; then magnetization changes were recorded
with the temperature increasing from 4 to 300 K with an applied
field of 100 Oe. FC was recorded immediately after ZFC by
decreasing the temperature from 300 to 4 K with a constant field
of 100 Oe. Field-dependent magnetization was tested for two
temperatures: 10 and 300 K. To test the oxidative stability of
the cobalt cores, both the zero field cooled and field cooled methods,
with an applied field of 30 kOe at 10 K, were recorded.

Capsule Preparation. Hollow polyelectrolyte microcapsules
were prepared using manganese carbonate cores!® with an
average core diameter of about 5.5 um. First, 200 uL negatively
charged PSS solution and positively charged PAH solution, with
concentrations of 2 mg/mL, were absorbed alternatingly on cores
in 10 mL, 1 mg/mL MnCOj core aqueous suspensions. For each
polyelectrolyte layer, washing with deionized (DI) water three
times was carried out to remove excess polyelectrolytes after a
15 min absorption period. Layer forming continued until four
bilayers of PSS and PAH were absorbed on the cores. Then, after
another layer of PSS was adsorbed, 500 #L of 1.2 mg/mL Co@Au
nanoparticle solution was added into the MnCOjs core suspension.
After a 30 min adsorption period, the cores with adsorbed Co@Au
nanoparticles were washed three times using DI water, and the
MnCOs cores with adsorbed Co@Au nanoparticles were separated
from the free (unabsorbed) nanoparticles in the solution by the
precipitation method. The free nanoparticles precipitate much
slower than the cores with nanoparticles adsorbed. Four to eight
PSS/PAH bilayers were assembled to wrap up the nanoparticles
sequentially after the desired number of Co@Au layers were
coated on the MnCOs; cores. The assembly of layers can be
confirmed by zeta potential changes of the core surface and quartz
crystal microbalance (QCM) resonance frequency changes (USI-
Systems, Japan).

The manganese carbonate cores were dissolved using 0.1 M
EDTA disodium salt solution at a pH of about 4.5 for 3—4 h.15
After dissolving, the capsules obtained were centrifuged and
washed using DI water three to four times and stored in DI
water.

Capsule Permeability Test. Hollow capsules were washed
using pH 7.5, 0.02 M Tris buffer three times and then kept in
the same buffer overnight to ensure the capsules are in a close
state.?® CLSM was used to check the permeability of capsules
tomacromolecules before and after applying alternating magnetic
fields. FITC—dextran, with a molecular weight of 2 000 000, was
used as a fluorescence indicator for diffusion tests. An alternating
electromagnetic field, with frequencies ranging from 20 to 2000
Hz and a magnetic induction of 1200 Oe, was applied to oscillate
and disturb the Co@Au nanoparticles embedded inside the
capsule walls. The magnetic capsules were kept inside the
alternating magnetic field for 5—30 min before checking the
permeability change of their walls. The ratio of fluorescence
intensities inside and outside of the capsules was selected as a
measurement for the capsule permeability change. It is considered
in this paper that the capsules are impermeable if the fluorescence
intensity inside the capsules is 0.5 (I/I, = 0.5, where I is the
internal fluorescence intensity inside the capsules, and I is the
external intensity outside the capsules) less than that outside
of the capsules after adding fluorescence dye for 15 min.

Capsule Characterization. Two kinds of capsules were
checked using scanning electron microscopy (SEM, AMRAY
1830): capsules with and without embedded Co@Au nanopar-
ticles. Samples were prepared by drying capsules on 1 x 1 cm
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silicon wafers. After drying, platinum sputtering was used to
apply an ultrathin metal layer (~0.5 nm) to enhance the image
quality taken in the experiments.

CLSM and atomic force microscopy were used to investigate
the size, morphology, and structure of hollow microcapsules
embedded with Co@Au nanoparticles and capsule permeability
changes before and after applying an alternating magnetic field.
For microcapsule checking with atomic force microscopy (AFM),
the Q-Scope 250 Quesant instrument with intermittent-contact
mode was used. The samples were prepared by adding about 10
uL nanoparticle suspensions on a 1.5 x 1.5 cm mica slide and
dried for 24 h before checking. To allow CLSM to check the
capsules and their loading, the capsules were fabricated using
RBITC-labeled PAH, and fluorescent FITC—dextran (MW
2 000 000) was used as the macromolecule for the permeability
tests. Before applying an alternating magnetic field, 20 uL capsule
suspensions were mixed with 20 4L, FITC—dextran solution (0.5
mg/mL, pH 7.5) and checked by CLSM for fluorescence intensity
changes inside the capsules every 5 min up to 1 h. Then, 50 4L
capsule suspensions were mixed with 50 uL. FITC—dextran
solution. The mixture was put in an alternating magnetic field,
and the fluorescence intensity was checked every 5 min. The
solution pH values were kept at 7.5 all the time during the
experiments. The instrument used in this work is a confocal
laser scanning microscope (Leica-SP2, Germany) with a 63 x oil
immersion objective.

Results and Discussion

Co@Au Nanoparticle Characterization. Figure 2a
shows the UV—vis spectrum of Co@Au core—shell nano-
particles in ethanol solution. The presence of an absorption
peak at 585 nm due to the gold plasmon resonance is
indicative of the formation of a Au shell around the cobalt
nanoparticles. It was reported that the Co nanoparticles
have no plasmon resonance peak at the UV region.?? A
large red shift of the plasmon absorption, when compared
with that of pure gold nanoparticles (~530 nm),?% could
be attributed to the presence of a cobalt core and also
indicate that almost no free gold nanoparticles were formed
in the displacement reaction, which is consistent with the
literature report on gold-coated silver nanoparticles.?®
Such a shift was previously noticed for gold-coated y-FesO3
core—shell nanoparticles, gold-coated silver nanoparticles,
and a silver shell around a silica core.?42>

Figure 2b shows a TEM bright-field micrograph of the
Co@Au core—shell nanoparticles. The nanoparticles were
found to be nearly monodisperse with a diameter of 2.7
nm + 0.5 nm (the diameter was calculated using Scion
software from Scion Corp. for counting more than 150
nanoparticles). The image contrast, which is directly
related to differences in the atomic number or projected
specimen mass thickness, has been used as a distinguish-
ing criterion for the core—shell structure.?® The high-
resolution TEM (HRTEM) image in Figure 2b (inset) shows
the contrast difference between the cobalt core and the
gold shell. It can be inferred from the HRTEM image that
even though the thickness of the gold shell around the
cobalt core was not uniform, it appeared to completely
coat the cobalt core. The formation of a more spherical
shell, rather than other shapes, is due to its lower surface
energy compared with other shapes, or the Ostwald
ripening process.?> The gold shell thickness was also
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Figure 2. (a) UV/vis spectrum and (b) TEM and HRTEM (inset) images of Co@Au nanoparticles (instruments used: UV/vis,
Thermo Spectronic, model Genesys 10-S; TEM, JEOL 2010). (c) Hysteresis loops of the Co@Au nanoparticles recorded in ZFC mode
at 300 and 10 K and FC (H = 30 kOe) mode at 10 K (ref 23). (d) The temperature dependences of the magnetic moment measured

in ZFC and FC modes for the Co@Au nanoparticles.

estimated based on the weight percentage of gold in the
core—shell nanoparticles (Au wt % = 38.1, determined
from atomic absorption analysis) and the particle size from
TEM, assuming bulk density and standard spherical shape
with symmetric structure. The thickness of the shell was
calculated to be 0.7 nm, which is in agreement with the
value obtained from the HRTEM image.

The blocking temperature (T), determined at the
maximum of the ZFC curve, characterizes the transition
temperature between the superparamagnetic state and
the ferromagnetic state. At temperatures below the
blocking temperature, materials show ferromagnetic
properties, whereas at temperatures above the blocking
temperature, materials show paramagnetic properties,
otherwise known as superparamagnetism. The blocking
temperature for Co@Au nanoparticles is above room
temperature (Figure 2d), unlike the blocking temperature
for the precursor pure cobalt nanoparticles (124.0 K,
superparamagnetic), indicating that the core—shell nano-
particles are ferromagnetic.2? The coercivity of a hysteresis
loop is the strength of a magnetic field needed to reduce
the magnetization of a ferromagnetic material to zero after
ithasreached saturation.?’® A hysteresis observed at room
temperature is a direct confirmation of the ferromagnetic
nature of the Co@Au nanoparticles. The reason for the
ferromagnetic nature of the Co@Au nanoparticles will be
discussed later.
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Layer-by-Layer Assembly on QCM Electrode and
Microcores. Co@Au nanoparticles (DI water, pH ~ 7.0)
were first checked using zeta potential analysis; the
obtained surface potential is +15 + 5 mV for different
nanoparticle batches. That indicates the surface charges
of the nanoparticles are positive, so negatively charged
PSS was selected to assemble alternatingly with the
Co@Au nanoparticles.

First, we elaborated the assembly conditions on QCM
resonators monitoring the process by the weight addition
on every deposition cycle. Two bilayers of PSS/PDDA were
used as precursor layers. The results are shown in Figure
3a. The plot shows a stable growth of nanoparticle layers
on the QCM resonator. From the QCM frequency shift
plot, one can see formation of the multilayer corresponding
to the planned composition of microcapsule walls: first,
a four-step precursor layer, and then three bilayers of
nanoparticles and PSS. Considering the Co density of 8.7
g/em® and a particle packing coefficient of ca. 52%, the
estimated monolayer thickness for Co@Au nanoparticles
is ca. 4—6 nm. Here, each nanoparticle in the monolayer
(the nanoparticles were considered to form a monolayer
on the surface of the resonator with a simple cubic (SC)
structure) was considered as a sphere, which occupies
52% of a cubic structure as shown in the following
formulation: 4nr3/3a® = 4na®/a’2? = 47/24 ~ 0.52, where
ais the length of the cube and r is the radius of the sphere
(r = a/2). This is just an estimated value. This thickness
was obtained from the corresponding frequency shift using
the Sauerbrey equation supported with experimental
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Figure 3. (a) Frequency change of a 9 MHz QCM resonator by alternating adsorption of Co@Au nanoparticles with PSS polymer.
(b) Zeta potential changes by alternating adsorption of Co@Au with PSS on MnCOs cores. (¢) Confocal image of RBITC-labeled
microcapsules with one layer of embedded Co@Au. The capsule structure is (PSS/PAH)4(PSS/Co@Au),(PSS/PAH)s.

scaling.’® This value is consistent with the particle
diameter obtained from transmission electron microscopy
(Figure 2).

After elaboration of the assembly on planar QCM
resonators, a similar nanocomposite shell was assembled
on manganese carbonate microcores: 4 bilayers of PSS/
PAH + 1-2 layers of nanoparticles + 2—10 bilayers of
PSS/PAH to cover the nanoparticles. The layers were
prepared in aqueous solution with suspended MnCOj3 cores
as mentioned in the Experimental Section. The final
capsule wall composition is (PSS/PAH),(PSS/Co@Au);—»-
(PSS/PAH)s—10. These capsules were used to evaluate their
permeability changes under an external alternating
magnetic field in the next sections. The influence of the
capsule structure differences on the capsule permeability
was also investigated. Figure 3b shows the zeta potential
changes for Co@Au layers alternated with PSS on MnCOj4
microcores. First, we have regular alternation of surface
potential with +45 + 5 mV for PAH and —30 £+ 5 mV for
PSS. After assembling one layer of Co@Au nanoparticles,
the surface charge became positive, +14 mV, and the next
PSS layer reverses it to negative, —40 mV. Then, again
+8 mV for Co@Au and —42 mV for PSS. This is consistent
with the general rule of LbL assembly based on alternation
of the surface charge after every deposition step.!

After formation of the shells, the template cores were
dissolved and hollow microcapsules were obtained, which
were studied using confocal and atomic force microscopy.
Figure 3c shows the image of the fluorescently labeled
magnetic capsules under CLSM; the average capsule
diameter is about 5.5 um. The capsules were labeled with
RBITC dye. The fluorescence emitting wavelength of the
dyeis ~580 nm under CLSM. This allows us to clearly see
the capsule walls outlined in a red color. The capsule wall
surface is rather rough with some aggregates, which
indicates that more than one monolayer of Co@Au
nanoparticles were adsorbed.

AFM study gave us information on the capsule wall
thickness with and without magnetic nanoparticles:
capsules with a wall composition of (PSS/PAH),(PSS/
Co@Au);(PSS/PAH)¢ and similar capsules without Co@Au
were dried and checked with AFM. The resulting average
wall thickness of the dried magnetic capsules was ca. 500
nm, referring to the thickness of the entire composition
of two overlapped capsule walls, including the polyelec-
trolyte bilayers. This can be compared to the usual
microcapsule thickness of 200 nm (overlapped capsule
walls composed of 10 polyelectrolyte bilayers without
embedded nanoparticles). Therefore, an average thickness
of one Co@Au layer on the cores may be estimated as ca.

150 nm. The aggregation of magnetic nanoparticles was
considered to be the main contribution of such a large
thickness. It is reasonable that we saw aggregation of
nanoparticles in our case. Even with charges on their
surfaces, particles in the nanoscale have a tendency to
aggregate due to their large surface area, high interfacial
energy, and hydrophobic effects,?? especially for magnetic
nanoparticles such as Co@Au because they tend to
agglomerate more due to their magnetic interactions.

SEM images in Figure 4 visually show the difference
between hollow capsules with and without embedded
Co@Au nanoparticles. One can see a structured surface
of magnetic microcapsules as compared with smoother
and thinner nonmagnetic capsules (10 bilayers of PSS/
PAH form the walls). The dried capsules without Co@Au
nanoparticles are rather thin, with smooth surfaces. Some
wrinkles indicate the folding of capsule walls during
drying. Figure 4b shows the morphology of dried capsules
embedded with one layer of Co@Au nanoparticles. The
average capsule diameter is about 6 ym with a thickness
of ca. 0.5 um; this is consistent with the AFM results. The
bulges on the capsules also indicate the aggregation of
Co@Au nanoparticles during LbL assembly. This is
different from LbL assembly of nanoparticles on a planar
surface like QCM resonators where an overall growth step
for Co@Au nanoparticles was 5 + 1 nm. We assume that
drying of the sample on QCM resonators produces better
layer organization due to capillary force ordering.'” These
aggregates increased the amount of Co@Au adsorbed on
the capsule walls and resulted in a rougher topology of
the magnetic microcapsules.

Magnetic Field Modification of Capsule Perme-
ability. It is assumed in our work that the alternating
electromagnetic field influences the Co@Au nanoparticles
embedded in the capsule walls. Because the Co@Au
particles are ferromagnetic, the oscillating magnetic field
will twist and shake the nanoparticles with a frequency
corresponding to the frequency of the applied field. This
particle agitation will disturb the structure of the sur-
rounding polyelectrolyte layer, which will result in layer
structure distortion (some theoretical estimations of
corresponding processes are given in the next section).
This may result in loosening of the capsule walls and will
allow macromolecules to diffuse through the capsule walls.

(28) (a) Sobolev, V. L., et al. Chin. J. Phys. 1993, 31, 403—419. (b)
Comstock, R. L. Introduction to Magnetism and Magnetic Recording;
Wiley: New York, 1999; pp 1-130. (¢c) Meiklejohn, W. H., et al. Phys.
Rev. 1957, 105, 904—913.

(29) Myers, D. In Surfaces, Interfaces, and Colloids: Principles and
Applications, 2nd ed.; John Wiley & Sons: New York, 1999; Chapter
10.
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Figure4. (a) SEMimage of hollow capsules with (PSS/PAH)1;
and (b) SEM image of magnetic capsules with one layer of
embedded Co@Au [(PSS/PAH)4(PSS/Co@Au)(PSS/PAH)g] (both
in a dry, collapsed state).

Thus, the permeability of the magnetic microcapsules may
be “switched” after applying an alternating magnetic field
with relatively low frequencies. We believe we may be
able to greatly increase the “switching” rate by finding
the resonant frequency of the capsule structure and
applying an alternating magnetic field at this resonant
frequency.

In our experiments, confocal microscopy was used to
check the capsule permeability changes under an alter-
nating magnetic field. Before the experiment, the pH value
of the capsule suspension was adjusted to about 7.5 to
ensure the capsule walls were in a close, nonpermeable
state.?®To check the permeability, FITC-labeled dextran
(MW 2 000 000, pH 7.5,1 mg/mL)was added to the capsule
suspension by 1:1 volume ratio. Figure 5a shows the
capsule/FITC—dextran mixture confocal image before
applying an alternating magnetic field. The capsules with
awall structure of (PSS/PAH)(PSS/Co@Au)(PSS/PAH)s
were investigated here. The interior of the capsules is
dark even after 1 h of mixing. From the fluorescence
intensity profile shown in the image, one can see no FITC—
dextran diffused into the capsules after 1 h of incubation;
the average fluorescence intensity ratio inside and outside
of the capsules is less than 0.2 (I/I, = 0.2). Therefore, the
permeability of the capsules before applying alternating
magnetic fields is negligible, and FITC—dextran was
blocked from diffusion into the capsules. After applying
an alternating electromagnetic field (1200 Oe, 150 Hz) to
the capsule/FITC—dextran mixture for 30 min, the
capsules became permeable (Figure 5b). The image shows
that the fluorescence intensity inside the capsules became
the same as in bulk solution, and the average fluorescence
intensity ratio inside and outside of the capsules is about
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1.1 (I/I,=1.1), which proves there is a large enhancement
of FITC—dextran diffusion into the capsules. The fluo-
rescence intensity in the capsule walls is much higher
because the capsule walls are constructed from charged
polyelectrolytes, which adsorb more FITC—dextran than
theinterior of the capsules. By checking the capsules using
CLSM, 99% of the capsules analyzed were filled with
FITC—dextran after applying an alternating magnetic
field for 30 min. The same permeability experiments were
run four separate times with similar results. The experi-
mental results supported the assumption that a low-
frequency alternating magnetic field changes the per-
meability of magnetic capsules, allowing the macro-
molecules, which are usually excluded from the capsules,
to penetrate into the capsules. The permeability control
mechanism is given in more detail in the theoretical
considerations section.

Another part of our work had to do with moving and
focusing the magnetic microcapsules with a permanent
external magnetic field (~3 kG). This was done first by
placing a permanent magnet near the Co@Au nanopar-
ticles suspended in DI water. After 5 min, all the
nanoparticles migrated to the magnet and the bulk
solution turned from a murky color to transparent. Then,
similar experiments were done with capsules embedded
with Co@Au nanoparticles with analogous results. This
shows that the microcapsules embedded with Co@Au
nanoparticles can be concentrated using a permanent
magnet. Therefore, we may suggest any one approach,
both “focusing” of the capsules to a specificlocation followed
by “switching” them to release their contents.

Temperature, Frequency, and Layer Composition
Optimization. During the application of an alternating
magnetic field, we observed a 10—20 °C increase in
temperature for the sample as is shown in Figure 6a.
Therefore, we have to separate the two phenomena
possibly contributing to the changing of the polyelectrolyte
wall permeability: heating of the sample and disturbing
ofthe capsule walls. From the literature,? it is known that
heating provides an opposite effect, decreasing wall
permeability. Even so, we designed an experiment to rule
out the temperature influence on the capsule permeability.
In this experiment, magnetic capsules were mixed with
FITC—dextran and heated to 50 °C for 30 min (which
were typical conditions when applying a magnetic field).
The permeability was checked (Figure 6b), and the
capsules were found not to be permeable; the FITC—
dextran remained excluded from the capsules even after
30 min and longer, and the average fluorescence intensity
ratio inside and outside of the capsules (I/Iy) is less than
0.2. Thus, one can conclude that the temperature’s
influence on the permeability of capsules is negligible and
even may oppose the magnetic effects; the influence of
magnetic fields is the major factor contributing to the
capsule permeability change.

The influence of frequencies of electromagnetic fields
on the permeability of capsule walls was also studied.
The applied frequencies ranged from 100 to 1000 Hz, while
the strength of the magnetic field was kept constant at
1200 Oe. For frequencies beyond 300 Hz, the diffusion of
FITC—dextran into capsules is negligible, even after
keeping the mixture for 1 h in the magnetic field. For
frequencies less than 300 Hz, there is a tendency for faster
diffusion of FITC—dextran with lower frequencies. It
seems that the increase of frequency reduces agitation
effects of the magnetic field on the Co@Au nanoparticles
embedded in the capsule walls, which reduces the perme-
ability of the magnetic capsules. This is consistent with
ourideathat agitating magnetic forces have to correspond
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Figure5. CLSM image of magnetic capsules [(PSS/PAH)4(PSS/Co@Au),(PSS/PAH )¢] mixed with FITC—dextran (a) without applying
an alternating magnetic field for 1 hour and (b) after applying an alternating magnetic field for 30 min. The corresponding optical

density profiles are also shown.

Tem perature vs. Time in 1,200 Oe Magnetic Field

&

4
o A0

(Temperature (*C)
® & &

8

(3~
o
'
—
=]
e

&

[s~]
(=]

T T T

10

(=]
o

15 20
Time (minutes)

el

12

Distance (pm)

Figure 6. (a) Temperature increase tendency of the capsule suspension when applying a magnetic field. (b) CLSM image of the
magnetic capsule [(PSS/PAH)4(PSS/Co@Au)(PSS/PAH)el/FITC—dextran mixture after heating to 50 °C for 30 min.

with mechanical properties of the magnetic particles and
surrounding elasticity. Our search of a resonant frequency,
which may drastically enhance the effect, is in progress.

Optimization of the Capsule Wall Composition. The
increase in the number of Co@Au nanoparticle layers
significantly reduced the permeability of the capsules.
After coating two layers of Co@Au nanoparticles, the
capsules were not permeable to FITC—dextran in any case;
therefore, the use of more than one layer of Co@Au
nanoparticles is unsuitable for our experiments. The
influence of the number of PSS and PAH layers on capsule
permeability was also investigated. The permeability
change of the capsules was evaluated using the fluores-
cence intensity ratio inside and outside the capsules after
adding FITC—dextran into the capsule suspension as the

above section described. The line with triangle markers
in Figure 7 shows the permeability change tendency with
changes in the number of polyelectrolyte bilayers for
capsules without embedded nanoparticles. The capsules
with less than 4 bilayers are easily permeable to FITC—
dextran (I/I, > 0.9). The permeability is gradually reduced
as the number of bilayers is increased, and the capsules
are totally impermeable to FITC—dextran with more than
8 bilayers (I/I, < 0.1). The line with square markers in
Figure 7 shows the permeability changes of capsules with
one layer of embedded Co@Au nanoparticles. The perme-
ability of the magnetic capsules is enhanced when
compared to that of the capsules without nanoparticles,
but the general behavior is the same. It was also found
that, in an alternating electromagnetic field, the mag-
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Figure 7. Influence of polyelectrolyte bilayer numbers on the
permeability of capsules with and without an embedded layer
of Co@Au nanoparticles at pH 7.5 (no magnetic field applied).

netic capsules will not be open for FITC—dextran if
more than 12 polyelectrolyte bilayers (PSS/PAH) are
assembled.

Theoretical Considerations. It is easy to show that
ideal isolated hcp (hexagonal-close packed) Co nanopar-
ticles, with a diameter of ~3 nm, should be superpara-
magnetic at room temperature with blocking temperature
Tg ~ 4 K from the equation

Ty ~ KV/25k, (1

where K ~ 10° erg/cm? (anisotropy constant), V is the
particle volume, and kg is the Boltzmann constant. Such
nanoparticles should have a very low magnetic moment
at room temperature in reasonable magnetic fields. In
reality, the situation is even worse because it is difficult
to expect perfect crystallinity for particles of 3 nm in
diameter. Moreover, in our case partial oxidation of cobalt
takes place. A typical shift of the hysteresis loop along the
H axis for nanoparticles cooled to 30 kOe due to unidi-
rectional anisotropy, which is a result of the formation of
an oxide layer,?” was observed (Figure 2¢). The oxidation
should also decrease the magnetic moment of the nano-
particles. However, magnetic data obtained for dried, as-
prepared Co@Au nanoparticles show that they behave as
typical ferromagnetic materials (Figure 2d). The only
possible explanation of this fact is aggregation of the
Co@Au nanoparticles. Due to the magnetostatic interac-
tion between nanoparticles, aggregations became ferro-
magnetic. Correlation of magnetic moments of chaotically
oriented particles leads to a fairly narrow hysteresis loop
at room temperature (Figure 2c¢). Thus the resulting
volume of the aggregates should be at least a hundred
times the volume of the individual nanoparticles (i.e., the
diameter of the aggregate would be at least 6 times larger
than that of the Co@Au nanoparticle). These aggregates
play a major role in the permeability of polyelectrolyte
microcapsules under the application of an alternating
magnetic field.

Let us consider the action of alternating magnetic fields
on polyion capsules with embedded Co-ferromagnetic
nanoparticles. There are several mechanisms, which can
lead to formation stresses inside of the shell. One such
mechanism is that the deformation of the capsule could
lead to a decrease of the viscous interaction due to a
decreasing cross-sectional area. However, we cannot
expect considerable gradients of the magnetic field (0H/
0x). The magnetic force, F = MV(6H/dx), where M is the
mean magnetization of the capsule and V is the volume,
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will be negligible. Another mechanism is that the capsule
in the magnetic field tried to stretch itself along the field
direction because it leads to a decrease of magnetostatic
energy,

E_.= 1/2(N, — N)M*V 2)

where N, and Np are demagnetizing factors in the
directions parallel and perpendicular to the magnetic field.
Taking into account real physical parameters of the
capsules, one can show that the influence of this should
also be negligible.'8719 Besides, the increase of the thick-
ness of the nanoparticle layer in this case would lead to
an increase of the influence of the magnetic field.

Shape and magnetocrystalline anisotropy of individual
nanoparticles also cannot affect the permeability of the
capsules. The arising forces will be too low for substantial
deformation of the capsule walls. However, this is not the
case for aggregations of nanoparticles. Magnetostatic
interactions inside the aggregations will lead to an
appearance of fairly large demagnetizing fields. In a
magnetic field, they will try to align their easy axis along
the direction of the magnetic field. This results in the
formation of rather large stresses inside the capsule walls.
Such stresses can lead to an increase of pore size in the
capsule walls, and in some cases even rupture the walls.
All this speculation is true for separated aggregates;
otherwise, magnetostatic interactions between the ag-
gregates would suppress the demagnetizing factors of the
individual aggregates.!

As for the frequency behavior of the permeability, the
aggregates rotate, or oscillate, under the action of the
magnetic field with the elastic deformation of the capsule
walls. At high frequencies, they will not follow the variation
ofthe magnetic field and the deformation will be minimal,
which leads to a decrease in permeability. This corresponds
to the forced oscillation of a pendulum at frequencies above
the resonance frequency. Unfortunately, it is impractical
to calculate theoretically elastic forces for such a complex
system and eigen-frequencies could be determined from
experiment only.

Conclusion

The synthesized 3 nm diameter ferromagnetic Co@Au
nanoparticles are positively charged in DI water (~pH 7)
and can be successfully absorbed on planar and spherical
surfaces in alternation with anionic polyelectrolyte layers.
Also, 5.5 um diameter microcapsules with nano-organized
polymer walls embedded with Co@Au nanoparticle layers
were successfully fabricated. They form a stable aqueous
dispersion. Applying external alternating electromagnetic
fields of 100—300 Hz and 1200 Oe strength disturbed the
capsule wall structures and drastically increased their
permeability to macromolecules. Capsules with 1 layer of
Co@Au nanoparticles and 10 polyelectrolyte bilayers are
considered optimal for controlling permeability with
alternating magnetic fields. This work supports our
hypothesis of using magnetic nanoparticles embedded in
polyelectrolyte capsules for controlled release of sub-
stances and offers a promising technology for microcapsule
“focusing” and “switchable” drug release in the biomedical
studies by using an external magnetic field to displace
and open the capsules at designated places within the
body.
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