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Stimuli-responsive controlled release drug from polymeric
devices has been received great attention, as it provides
advantages such as better delivery efficiency and site-specific
therapy over the conventional routes of drug delivery. By
making use of these advantages, a number of studies have been
successfully proposed to integrate active drug molecules and
host materials, to manipulate drug release desirably. Many
previous studies have been reported in response to specific
stimuli, such as temperatute? pH,*® electric field®” mechan-
ical signal® and ultrasound.A very recent achievement of a
protein-containing hydrogel, reported by Ehrick et'8lad-
dressed the stimuli-sensitive hydrogel that can be triggered as
a result of the conformational change of the embedded calm-
odulin protein interacting to bioactive agents. Such a transfer
from sensing actuation to mechanical action is novel, but it may
be hard for it to reach high accuracy and sensitivity in
therapeutic dosing as a burst-controlled drug delivery system.
The use of a magnetic field to modulate drug release from
polymeric matrices was previously develogédt® Saslawski
et al. reported the alginated microspheres for pulsed release of
insulin by an oscillating magnetic fielt. The release rate of
insulin from alginate-strontium ferrite microspheres was
enhanced in the absence of a magnetic field. Recently, a
polyelectrolyte microcapsule embedded with Co/Au used ex-
ternal magnetic fields of 168300 Hz and 1200 Oe to increase
its permeability to macromoleculé.In previous studies, a
ferrogel with direct current (dc) magnetic-sensitive properties
has been characterized and the amount of drug released from
the ferrogel was effectively restricted while applying an external
dc magnetic field81” So far, little investigation has been
addressed on the controlled drug release under high-frequency
magnetic fields (HFMF). A real-time burst release of drug needs
a fast-responsive drug release system to “inject” a precise dose
of drug when the body needs it and to “stop” or “slow” the
release right after the injection; however, it is hard to easily
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achieve this with traditional stimuli-responsive hydrogels. A Figure 1. () SEM, (b) TEM, and (c) XPS analyses of ferrogels
composed of iron oxide nanoparticles and a gelatin matrix.

controllable pulsatile-type drug delivery device with repeatable
dosing ability in therapeutically effective precision is clinically
desirable. Therefore, in this communication, a high-frequency
magnetic field (HFMF) triggered pulsatile drug delivery ferrogel
with a mechanically reliable and flexible hybrid structure
composed of gelatin and magnetic nanoparticles (nanomagnets*':
of 10—250 nm in diameter is reported. Furthermore, under cyclic
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Figure la illustrates the SEM images of one of the ferrogels
shaping in cylindrical geometry, namely 40nm@GE ferrogel,
where 40nm@GE represents the ferrogels with gelatin cross-
nked with genipin, reinforced by 2 wt % chitosan, and 3%
;04 magnetic nanoparticles (hanomagnets) of average 40 nm

exposures to the high-frequency magnetic stimuli, a highly in diameter. Chitosan provides several functions in the final
controllable and repeatable burst release with desirable precisioryPrid structure, such as (1) matrix for drug encapsulation, (2)
from the ferrogels is achieved.
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materials to provide deformation motion. and (3) binder to link
the nanoparticles. As shown, the iron nanoparticles were
embedded into the polymer matrix and the nanomagnets
displayed a uniform spherical size and dispersed well in the
ferrogel. TEM image, i.e., Figure 1b, exhibits that the gelatin
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one phase to the other at a nanometric level. This also ensures
fast-responsive properties of the ferrogels that can be achieved
as disclosed in the forthcoming analysis.

E_‘H,_} The nanomagnets were essentially chemically bounded with
the gelatin matrix to form the ferrogel, which further evidenced
from XPS analysis, in Figure 1c. The binding energy af ®
T i detected from 527.0 to 537.0 eV, and the peak of iron oxide
,:;;i!ﬂ:'}! was at 529.3 eV, which is reasonably consistent with literature
report, i.e., 528531 eV. A peak at 530.4 eV for the gelatin
r*’*H indicates its carboxylic acid group; however, a shifting to higher
energy region (531.4 eV) when the iron oxide particles were
incorporated, implying that the carboxylic acid was chemically
bonds or immobilized, onto the nanomagnet surface. The higher
binding energy is believed to be a result of esterification between
0 ) 20 i 40 ’ 60 ) 80 ) 100 ) hydroxide moiety on the surface of the MNPs and carboxylic
) ] acid group of gelatin, forming a CO€Fe bonding, indicating
Time (mln) an excellent chemical affinity between both participating phases
and a mechanically strong solid network of the ferrogels is

0.4 achieved.
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from the ferrogels was demonstrated in Figure 2a. The ferrogels
0.34| —*—250nm@GE with different particle sizes of the nanomagnets showed different
—4—20nm@GE — release rates even though they possessed the same concentration
L —v—Pure GE of the nanomagnets. In comparison, pure polymer gelatin
0.2- e orF C showed faster drug release rate than that of the ferrogels,
i:*—’ indicating the nanoparticles are acting as physical barriers to
/* inhibiting the diffusion of the drug molecules. After the initial
time period (50 min) of slow release, the high-frequency
. magnetic field (HFMF) was applied to the ferrogels for 10 min,
— T and then was removed. The amount of drug release from the
(b) 40nm@GE ferrogel burst to a level as high as about 63%,
compared to 12% during the first 50-min release in the absence
' CAn AR An  AE  an  aE of the HFMF. The finding strongly indicates that the applied
0 > 10 1.5 20 .25 30 35 40 HFMF accelerated considerably the drug release from the
Time (mln) ferrogels of 40nm@GE composition by as large as 5 times. More
Figure 2. (a) Drug release behaviors of the ferrogels under a 10 min specifically, the amounts of drug release from the ferrogels with
exposure of high-frequency magnetic field (HFMF) and (b) the-on  different particle size were increased in the order of 40nm@GE
off s_W|tch operations of high-frequency magnetic fleld‘ (HFMF) > 20nm@GE> 250nm@GE> 10nm@GE> pure gelatin
manipulating the cumulative drug release of the ferrogels with different o .
sizes of the hanomagnets. under the same magnetic stimulus. However, the relea_se profiles
after the 10-min burst, restored almost completely right after
was intimately attached to the surface of the nanomagnets, andemoval of the high-frequency magnetic stimulus, and behaved
the nanomagnet particles also percolated as a continuous phas@&lmost exactly the same as those at the initial 50-min period. A
indicating the resulting ferrogels are virtually an interpenetrating real-time, fast-responsive drug delivery ferrogels can be achieved
network composites. This also suggests that the physical orand the faster responsivity of the ferrogels with respect to the
thermal interactions between these two closely contact, inter- HFMF stimulus offers greater potential for an in-time drug
penetrating phases can be easily triggered and accessible frommelease device for medical applications.
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Figure 3. Schematic drawing of structures of ferrogel which exhibited a triple-helix structure to restrict the drug molecules to release. While
applying the high-frequency magnetic field (HFMF), the magnetic nanopatrticles provides the heat energy to release the structures and twist and
shake the polymer molecular chains to effectively accelerate drug release rate.



6788 Communications to the Editor

0.8+
0.71
0.64
0.5
0.4
0.31
0.24
0.14
0.0

Release Rate (%/min)

R N IRl

100 200 300 400 500 600 700 800
Time (min)

Figure 4. Cyclic drug release rates of 40nm@GE ferrogels under a

5-min period of HFMF stimuli and a long 180 min switching duration,

where a longer switching time period ensures the drug to reach a

kinetically favorable distribution in the ferrogel for a subsequent burst
release.
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Upon tripled on-off operations of the HFMF to the ferrogels,
Figure 2b shows that reproducible slow-to-burst release profiles
while consecutively applying the magnetic stimulus at a 5-min
switching time period and the release profile restored im-
mediately when the stimulus was removed. The findings imply
two important characteristics underlying the drug release pattern
of the high-frequency-induced ferrogels: first, under a short time
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under a 5-min duration of HFMF stimuli, where a gradual
reduction in the burst release rate was detected with time. Even
though the longer switching time period of the high-frequency
magnetic stimulus ensures a kinetically favorable drug migration,
the insufficient drug amount in the ferrogel can hardly sustain
the same burst release rate. However, a relatively slow to near-
zero release rate was detected immediately after removal of the
HFMF and kept relatively constant during the time duration,
i.e., 180 min, between each stimulus. The same scenario of burst
and slow release profiles repeated accurately for a time period
of 840 min of drug release operation proved that the ferrogels
exhibited an excellent elastic deformation property. This allows
consecutive operation for a continuously controlled burst release
of a drug into a patient’s body to maintain a therapeutically
effective dose in the body for a longer period of time to
efficiently treat the disease locally or systemically. One clinically
important advantage of this high-frequency-modulated fast-
acting drug delivery ferrogel over other existing drug delivery
devices is that it can potentially meet immediate urgent
physiological needs and, with dosing, compatibly match chro-
nological changes in patients’ bodies.

Supporting Information Available: Text giving experimental
details and effect of magnetic partical sizetwét a figure showing

“on—off” exposure of the magnetic stimulus, the ferrogels the latter. This material is available free of charge via the Internet
followed exactly the signals switching from burst to slow release at http://pubs.acs.org.

of the drug instantly, and second, the amounts of drug bursting
from the ferrogels maintained accurate dosing under cycli€ on
off operations of the HFMF. The latter suggests the ferrogels
prepared deformed elastically and showed potential antifatigue
behavior, while the former indicates a fast-acting response of
the ferrogels that can be technically achieved with desirable
stimuli-sensitive control of drug delivery through the incorpora-
tion of 40 nm nanomagnets (average diameter).

The bursting release of the drug from the ferrogels is indica-
tive of a mixture of mechanical actions imposed by the ferrogels,
which may include (1) an “open” configuration of the network
structure and (2) an elastic deformation (i.e., contractile deforma-
tion) of the ferrogels, while being subject instantly to the HFMF
stimulus. Under HFMF, the nanomagnets were activated kinetic-
ally and possibly thermally (for larger nanoparticles), and they
transformed the structural or molecular configuration of the
ferrogels upon microstructural deformation (shrinking) of the
gelatin matrix. Gelatin is considered to be a thermosensitive
polymer since its conformation is a coil in the warm watedQ
°C) but turns into a gel structure involving triple-helix sequences
on cooling!®1°® Among the ferrogels prepared, magnetization
evaluation (see Supporting Information, Figure S1) showed
40nm@GE composition exhibiting the broadest hysteresis loop

compared to the others, indicating more energy can be generated (15)

instantly under the high-frequency magnetic stimulus. In other
words, the 40nm@GE ferrogel was effectively thermally
activated, where a rapid change in molecular conformation of
the gelatin matrix from denser to looser configuration, as
schematically illustrated in Figure 3, is expected in the ferrogels
by a high-frequency magnetically induced thermal variation near
the nanoenvironment surrounding the nanomagnets.
For a long HFMF switching duration, i.e., 180 min, Figure 4

illustrates a series of bursts started after a first 3-h slow release,
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