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ABSTRACT: We report the facile synthesis and easy
operation of a smart delivery system based on core—shell
structured magnetic mesoporous silica nanocomposites
covalently grafted with light-responsive azobenzene derivatives,
which integrates magnetic targeting and stimuli-responsive
release property. Irradiation with visible light triggers the
release of guest molecules loaded in the mesopores.
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In the development of efficient and safe drug delivery systems
that provide therapeutic levels of drugs in specific organs,
tissues, or even cellular structures, where and when required has
received much attention in recent years." The release
mechanism of many conventional biodegradable delivery
systems relies on hydrolysis-induced erosion of carrier
structure, so the release of these matrix-encapsulated
compounds usually takes place immediately upon dispersion
of these composites in water.” However, the delivery of many
toxic antitumor drugs requires “zero release” before reaching
target cells or tissues. Therefore, it is highly desirable to design
delivery systems that can be activated by stimuli to control the
release of guest molecules and stable enough under
physiological conditions. To achieve this goal, we consider
the delivery system to consist of both a stimuli-responsive
component and an appropriate container.

The use of stimuli-responsive component offers an
interesting opportunity for delivery system to become an active
participant, rather than passive vehicle. Recently, controlled
release delivery systems have been reported responding to a
range of stimuli, including light, pH, competitive binding,
enzymes, redox activation and so on.’> For therapeutic
applications, light is preferable as an external and noninvasive
method of actuation. Such a release mode is advantageously
independent of the conditions of biological environment,
enabling a precise and explicit of release. Many light-sensitive
molecules have been used to construct light-responsive
systems.*Among them, azobenzene derivatives are very
attractive because of their easy trans/cis isomerization, and
particularly they can be operated in aqueous environments. For
example, they have been utilized as useful photoactivated
gatekeepers in pure mesoporous silica materials.” However,
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pure mesoporous silica-based devices are difficult to simulta-
neously achieve targeting and controlled release because of
their limited functions, which compromises their practical
application in drug delivery systems. In addition to the
controlled release of drugs, the targeted delivery is also vitally
important to reduce toxic side effects of drugs and enhance
drug efficacy.

As a family of novel functional nanomaterials, magnetic
nanocomposites with ordered mesoporous silica structures are
very useful containers for molecules because of their unique
features such as stable mesoporous structure, large surface area,
tunable pore size and volume for hosting molecules with
various sizes, shape, functionality, and especially well-defined
magnetic property that is very desirable for site-specific
delivery.’ It is believed that the combination of magnetic
mesoporous silica nanocomposites with stimuli-responsive
component in a single nanovehicle can potentially construct a
delivery system with the ability to control the location, time,
and amount of drug released. Recently, Zhao and co-workers
have explored biomedical applications of ligand exchange
triggered drug delivery system based on magnetic mesoporous
microspheres capped with nanoparticles.” Despite these
achievements, as far as we know, core—shell magnetic
mesoporous silica nanocomposites with light-responsive
character for controlled-release targeted delivery system have
rarely been reported.

Herein, we report azobenzene-modified core—shell magnetic
mesoporous silica nanocomposites that can be used as a
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Scheme 1. Fabrication Strategy and Controlled-Release Procedure of the Targeted Delivery System

o - ®
—_— =

FE;Oq @%K);

TEOS, CTAB,
—_—
Azo-Si

Extraction of
CTAB

Intensity (a.u.)

(100)  [200)

s

3 4 5 6
20 (degrees)

®

200

5

g

Volumn Adsorbed (em’/g)

2

I 4 6. 8 I
Lo Diametee o

02 04 06 08 10
Relative Pressure (P/P,)

0.0

Figure 1. SEM image of (a) Fe;0, and (b) Azo-MMS, TEM images of (c) Azo-MMS and (d) its magnified view, (e) the low-angle XRD pattern of
the Azo-MMS, and (f) nitrogen adsorption—desorption isotherms and (inset) pore size distribution of Azo-MMS.

photocontrolled release targeted system for guest molecule.
The fabrication and controlled-release procedures of the
delivery system are shown in Scheme 1. The as-prepared
magnetic Fe;O, nanoparticles were treated by a modified
Stober procedure to prepare the nonporous silica coated Fe;O,
(denoted as Fe;0,@nSi0,). Subsequently, 4-phenylazoaniline
covalently grafted to 3-(triethoxysilyl)propyl isocyanate (de-
noted as Azo-Si) was used as the sol—gel precursor, TEOS was
used as silica source, and cetyltrimethylammonium bromide
(CTAB) was selected as the organic template for the formation
of the outer mesoporous silica layer.® Finally, the template was
removed by solvent extraction to realize the formation of
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azobenzene-functionalized core—shell magnetic mesoporous
silica nanocomposites (denoted as Azo-MMS). FT-IR analysis
(see the Supporting Information, Figure S1) shows the as-
synthesized and surfactant-extracted Azo-MMS, indicating that
the template has been successfully removed and Azo group in
the Si—O-—Si framework remains intact after both the
hydrolysis—condensation reaction and surfactant extraction.
This synthetic procedure is fast, simple and low cost. As for the
wide-angle XRD patterns (see the Supporting Information,
Figure S2), the Azo-MMS microspheres have similar diffraction
peaks to those of the parent Fe;O, particles, proving the well-
retained magnetite phase in silica matrix. Compared with the
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magnetite particles (Figure 1a), the obtained Azo-MMS (Figure
1b) exhibits a more regular spherical shape, because of smooth
surface with mean diameter of ~200 nm due to the deposition
and growth of silica by the sol—gel process.” A typical core—
shell structure with magnetic Fe;O, particle as the core and two
distinct silica layers as the outer shell is clearly shown by the
transmission electron microscopy (TEM) images (Figure lc).
The mesochannels on the shell are perpendicular to the
microsphere surface (Figure.ld), which favors the adsorption
and release of guest molecules. Furthermore, the low-angle
XRD pattern and N, adsorption/desorption isotherms confirm
the presence of ordered hexagonal mesopores (Figure.1d and
e). The Brunauer—Emmett—Teller (BET) surface area, average
pore size, and total pore volume are calculated to be 446 m?
g_l, 24 nm, and 0.26 cm® g_l, respectively.

To evaluate the controlled release performance of Azo-MMS
system, we chose rhodamine 6G as the guest molecule. The
mechanism of controlled release is based on the photo-
isomerization of azobenzene derivatives.'"’ Azobenzene exists in
two configurations (trans and cis), and both the cis and trans
derivative conformers absorb light at 450 nm, which causes
isomerization and results in a dynamic wagging of the moving
parts of the azobenzene derivative."" As illustrated in schemel,
when Azo-MMS is exposed to light activation, rthodamine 6G
molecules will be released. Prior to the excitation, the guest
molecules hosted in the pores cannot diffuse out because of the
blocking by high density azobenzene chains. Excitation causes a
dynamic wagging motion of azobenzene chains, opening
diffusion pathways and expelling the guest molecules out of
the pores. To perform this study, we carried out the delivery
operation in the presence and absence of light actuation (450
nm). Detailed experimental process is given in the Supporting
Information. As shown in the Figure 2, the relative fluorescence
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Figure 2. Emission spectra of cargo release when the Azo-MMS
nanoparticles were continuously exposed to the light actuation (450
nm). The inset shows the data with and without continuous light
actuation as a release profile.

intensity of the solution increases as the Azo-MMS micro-
spheres are continuously exposed to light, suggesting that the
rhodamine 6G molecules have been released by light actuation.
From the release profile depicted in Figure 2 inset, we can find
that when no light activation is used, the unactivated
azobenzene chains are able to keep guest molecules constrained
all the time, and no release of guest molecules occurs. To
eliminate the possible excitation effect from the activation beam
used to excite rhodamine 6G, we irradiated Azo-MMS
microspheres with equal power at the wavelength at which
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rhodamine 6G adsorbs but azobenezene does not absorb to
verify that azobenzene excitation drives the release. It is then
found that the excitation beam (460 nm) triggers no release
(see the Supporting Information, Figure S3). This result
demonstrates that the system only responds to excitation
wavelengths that can drive the large amplitude azobenzene
motion. If the dynamic motion responsible for controlling
release can be turned on and off, it will enable the system to
externally start and stop the explosion of dye molecules from
the mesopores at will. Figure 3 shows the release profile of dyes
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Figure 3. Luminescence intensity-based release plot for the response
subjected to periodically switching between 450 nm excitation (“on”)
and dark (“off 7).

when the excitation of dye-loaded Azo-MMS is periodically
turned on and off. We can observe that the particles hold the
guest molecules adequately in the dark. The dyes are released
from the particles only upon excitation of the Azo-MMS,
suggesting that remote control of the release could be achieved.

In addition to the stimuli-response-controlled release
property, we demonstrated that Azo-MMS could be led to
any specific site of interest by applying external magnetic field.
Two cuvettes were charged with rhodamine 6G-loaded Azo-
MMS in aqueous solutions. Both cuvettes were held against
magnets. As illustrated in panels a and b in Figure 4, the
dispersed nanoparticles in both two cuvettes are attracted to the
walls of the cuvettes closest to the magnets. Azo-MMS shows
no magnetic hysteresis at room-temperature with saturation
magnetization value of 39.8 emu g_l, indicating its super-
paramagnetic character (see the Supporting Information, Figure
S4). To demonstrate that the Azo-MMS carrier system could
be magnetically directed to a target site where the controlled
release is intended to take place, one of the two cuvettes (right)
is exposed to light for the release experiment, whereas the other
(left) serves as a reference. After 12 h (Figure 4c, d), the
solution of the right cuvettes changes to pale pink and exhibits
green fluorescence whereas no color and fluorescence can be
observed from the contrast solution. This result indicates that
dyes are indeed released from Azo-MMS at the targeted
location by the introduction of light trigger.

Moreover, one fundamental but crucial question that remains
whether this kind of delivery system is suitable for the real drug
molecule. For this consideration, we demonstrate this approach
using ibuprofen (IBU), which has been widely studied for
sustained and controlled drug delivery as a model drug. We
monitored the absorbance of the supernatants when the
delivery system with and without continuously irradiated at 450
nm. The absorption spectra and the corresponding drug release
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Figure 4. Two cuvettes containing rhodamine 6G-loaded Azo-MMS dispersed in aqueous solutions. Photographs were taken (a) without and (b)
with an external magnetic field. With the external magnetic field, the right cuvette was activated by 450 nm, and the photographs were taken (b)
before and (c, d) 12 h after the light actuation (c) without and (d) with UV irradiation.

profiles versus release time are depicted as the Figure S$ in the
Supporting Information, exhibiting the similar controlled
release property as the rhodamine 6G-loaded MMS-Azo does.
This result reveals that this system is promising as a candidate
of drug carriers. Further work is underway in our laboratory to
investigate the cytotoxicity and endocytosis of such nano-
system, as well as to test the long-term biocompatibility in vitro
and in vivo.

In summary, we reported a smart targeted carrier that was
simply prepared by covalently grafting azobenzene derivatives
onto the core—shell magnetic mesoporous silica nanocopom-
sites. We have demonstrated that this carrier is effective in
releasing cargos upon exposure to light actuation (450 nm),
and enables remotely controlled release of the cargo molecules
“on-off” at will. Additionally, we have shown the feasibility of
using this system as a targeted delivery system by external
magnetic field. This composite was also applied to the loading
and controlled release of ibuprofen (IBU), demonstrating its
potential for applications in drug delivery.
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Experimental details, FT-IR spectra, XRD pattern, magnetic
hysteresis loops and the IBU release curves including
cumulative drug release profiles. This material is available free
of charge via the Internet at http://pubs.acs.org.
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