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The controlled release of fluorescein from a mesoporous silica/
superparamagnetic iron oxide core/shell nanodevice in the presence of
an external magnetic field takes place by using cell-produced
antioxidants as stimuli. For more information on this promising
approach to drug-delivery systems, see the Communication by V. S.-Y.
Lin and co-workers on the following pages.
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Recent reports on surface-functionalized, superparamagnetic
iron oxide nanoparticles have demonstrated their feasibility
for use in a variety of biological applications such as drug/
gene delivery,'”! magnetic resonance imaging,®* biosepara-
tion,['"" tissue repairing," and thermal tumor therapy.['*®
In contrast, only a few examples of controlled-release drug-
delivery systems based on magnetic nanoparticles have been
reported.”? Most of these systems comprise magnetic
nanoparticle “cores” coated with organic or inorganic
“shell” constituents, and encapsulated within the layers of
shells are the pharmaceutical drugs. In the presence of an
external magnetic field, these core-shell materials are
attracted toward the magnet. This magnetic motor effect is
indeed attractive for the development of site-specific drug-
delivery systems. However, many important site-selective
delivery systems, such as those for highly toxic antitumor
drugs, require “zero release” before reaching the targeted
cells or tissues. To the best of our knowledge, no controlled-
release delivery systems based on magnetic nanoparticles that
are stimuli-responsive and capable of “zero premature
release” have been reported.

Surface-functionalized mesoporous silica materials have
been demonstrated to be excellent hosts of molecules of
various sizes, shapes, and functionalities.”'*! Recent
reports®™ ! on the design of capped and gated mesoporous
silica derivatives have shown promise in the generation of
controlled-release nanodevices. Herein, we report the syn-
thesis of a controlled-release delivery system that is based on
MCM-41-type mesoporous silica nanorods (MSNs) capped
with superparamagnetic iron oxide nanoparticles and is
stimuli-responsive and chemically inert to guest molecules
entrapped in the matrix.

The system consists of MSNs functionalized with 3-
(propyldisulfanyl)propionic acid to give “linker-MSNs”,
which have an average particle size of 200 nm x 80 nm
(length x width) and an average pore diameter of around
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3.0 nm. As a proof of principle, fluorescein was used as the
guest molecule to be encapsulated inside the linker-MSN
material. By introducing dry linker-MSNs to an aqueous
solution of fluorescein, the mesopores of the MSNs behaved
like sponges by soaking up fluorescein molecules (Figure 1).
Next, the openings of the mesopores of the fluorescein-loaded
linker-MSN were covalently capped in situ through amida-
tion® of the 3-(propyldisulfanyl)propionic acid functional
groups bound at the pore surface with 3-aminopropyltri-
ethoxysilyl-functionalized superparamagnetic iron oxide
(APTS-Fe,0,) nanoparticles.™™ The disulfide linkages
between the MSNs and the Fe;O, nanoparticles are chemi-
cally labile and can be cleaved with various cell-produced
antioxidants and disulfide reducing agents such as dihydro-
lipoic acid (DHLA) and dithiothreitol (DTT), respectively.
The release of the magnetic nanoparticle caps from the
fluorescein-loaded MSNs can be regulated by the concen-
tration of trigger molecules (Figure 1).

The mercaptopropyl-derivatized mesoporous silica nano-
rods (thiol-MSNs) were initially prepared according to our
previously reported co-condensation method.B333-41 After
removal of the surfactant, thiol-MSNs were treated with 2-
carboxyethyl-2-pyridyl disulfide to yield the acid-functional-
ized linker-MSNs. The rod shape, the average particle size,
and the MCM-41-type mesoporous structure of the linker-
MSNs were confirmed by transmission electron microscopy
(TEM). The mesopores (porous channels) are represented by
the alternating black and white stripes as shown in Figure 2 a.
The N, sorption isotherms of the material further revealed a
BET isotherm typical of an MCM-41 structure (type IV), with
a surface area of 1018.0 m?’g~' and a narrow BJH pore-size
distribution (average pore diameter: 3.0 nm).*?

The superparamagnetic Fe;O, nanoparticles coated with
3-aminopropylsiloxy groups (APTS-Fe;O,) were prepared
according to a reported procedure.® The TEM micrograph
(Figure 2b) of the resultant APTS-Fe;0, particles revealed an
average diameter of 10 nm for the particles. APTS-Fe;O,
nanoparticles (960.00 mg) were treated with the linker-
MSNs (80.00 mg) in a solution of fluorescein (3.60 uM) in
PBS medium (100.0 mMm, pH 7.4). The resulting suspensions
were centrifuged, and the Fe;O,—~MSN-fluorescein material
(magnet-MSNs) along with the unreacted APTS-Fe;O, nano-
particles were isolated by filtration. The concentration of
fluorescein in the filtrate was determined by UV/Vis spec-
troscopy to be 1.50 um. The decrease in the concentration of
fluorescein in solution (~2.10 um) was attributed to the
uptake of 1.68 x 10~® moles of fluorescein by the MSNs which
corresponds to a loading efficiency of approximately
58.3 mol %.

The successful incorporation of APTS-Fe;O, nanoparti-
cles in the MSN matrix was confirmed by various spectro-
scopic methods. The covalent immobilization of the surface-
functionalized Fe;O,4 nanoparticles to the linker-MSN led to a
decrease in intensity of the powder X-ray diffraction (XRD)
peaks (Figure 3a). Such a decrease in scattering contrast
between the pores and the framework of the MCM-41
materials as a result of pore-filling has been reported
previously.*% Furthermore, a small increase was observed
in the d,, (spacing) value of the Fe;O,-capped magnet-MSNs
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Figure 1. Schematic of the stimuli-responsive delivery system (magnet-MSN) based on mesoporous silica nanorods capped with superparamag-
netic iron oxide nanoparticles. The controlled-release mechanism of the system is based on reduction of the disulfide linkage between the Fe;O,
nanoparticle caps and the linker-MSN hosts by reducing agents such as DHLA.

Figure 2. TEM images of a) linker-MSNs, b) APTS-coated Fe;O, nano-
particles, and c) Fe;O,-capped magnet-MSNs.

relative to that of linker-MSN and could also be attributed to
the covalent-bond-induced pore-filling effect between the
Fe;O, nanoparticles and the mesoporous silica matrix. The
high-angle powder XRD patterns of magnet-MSNs matched
exactly that of the APTS-Fe;0, nanoparticles (Figure 3b) and
confirmed the presence of APTS-Fe;O, on the surface of the
linker-MSNs. The pore-filling effect was also confirmed by the
N, adsorption/desorption isotherms of the Fe;O,-capped
magnet-MSNs. In contrast to the high surface area
(1018.0 m*g™") of linker-MSNs, magnet-MSNs showed a
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Figure 3. a) Low-angle X-ray diffraction (XRD) patterns of linker-MSN

(—) and magnet-MSN (-----) powders. b) High-angle XRD patterns
of APTS-coated Fe;O, nanoparticles (top) and magnet-MSN (below).

type I BET isotherm typical of nonporous materials, with a
surface area of 296.0 m*g~.1? The results indicated that most
of the pore openings of the linker-MSN precursor were
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indeed blocked by Fe;O, nanoparticles. TEM investigations
of magnet-MSN also provided direct evidence of the distri-
bution of Fe;O, nanoparticles on the organically functional-
ized linker-MSN material. The Fe;O, nanoparticles are
clearly visible as dark areas on the outside edge of the
mesopores (Figure 2¢). In contrast to the features observed
for Fe;O4-capped MSNs, the TEM micrograph of the linker-
MSNs (Figure 2a) prior to capping with Fe;O, nanoparticles
showed smooth edges and a good contrast between the
mesoporous channels and the silica matrix.

As mentioned earlier, the disulfide bonds between the
MSNs and the Fe;O, nanoparticles in the magnet-MSNs are
labile and can be cleaved with disulfide reducing agents to
release the trapped guest molecules from the mesopores. As
the entire Fe;O,-capped MSN carrier system is magnetic, the
system can be magnetically directed to a site of interest from
where the release can take place. To demonstrate the release
of a drug with the magnet-MSNs under a magnetic field, two
cuvettes were charged with fluorescein-loaded magnet-MSNs
(50.0mg each) dispersed in 3.00mL of PBS solution
(100.0 mm, pH 7.4). Both cuvettes were held against the tips
of two magnets (magnetic stirrer-bar retrievers). As illus-
trated in Figure 4a, the magnet-MSNs were attracted to the
walls of the cuvettes closest to the tips of the external
magnets. Dithiothreitol (DTT, 48.5 mg, 3.15x 10~* mol) was
added to one of the two cuvettes (left) for the release
experiment, while the other cuvette (right) served as a
control. After 2 days (Figure 4b), green fluorescence was
clearly observed in the solution to which DTT was added
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whereas no fluorescence could be observed from the control
solution. As fluorescein-loaded magnet-MSNs do not fluo-
resce—Fe;0, nanoparticles quench the fluorescence of fluo-
rescein, as recently described”’—the result indicates that
fluorescein molecules were indeed released from the magnet-
MSNs by the introduction of the disulfide-reducing trigger
DTT. Note, the color of the accumulated magnet-MSNs near
the external magnet changed from black to gray after 4 days
following the addition of DTT (Figure 4c). A white precip-
itate of MSNs was also observed at the bottom of the cuvette.
As the black Fe;O,4 nanoparticles are attracted to the external
magnetic field whereas the MSNs are not, it is plausible that
the Fe;O, nanoparticle caps from the Fe;O,—~MSN ensembles
were pulled in toward the magnet while the MSNs diffused
away from the magnetic field as the disulfide linkage was
cleaved by DTT.

Magnet-MSNs exhibited less than 1.0 % release of fluo-
rescein in PBS solutions (100.0 mMm, pH 7.4) over a period of
132 h in the absence of trigger molecules (Figure 4d). This
result suggested a good efficiency of the Fe;O, nanoparticles
to retain fluorescein molecules and prevent undesired leach-
ing by capping the mesopores. Addition of 0.1 mm of disulfide
reducing agents such as DHLA and DTT to a suspension of
magnet-MSNs (13.0 mg) in PBS solution (3.00 mL, 100.0 mm,
pH 7.4) triggered a rapid release of the mesopore-entrapped
fluorescein. Within 48 h, 85% of the total release of
fluorescein (40% of total loading) was attained; the max-
imum extent of release was achieved after 5 days (Figure 4 d).
With lipoic acid DHLA, the maximum percentage of
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Figure 4. Photographs of two cuvettes charged with fluorescein-loaded magnet-MSNs (50.0 mg each) dispersed in 3.00 mL of PBS solution
(100.0 mm, pH 7.4): a) Accumulation of magnet-MSNs on the walls of the cuvettes closest to the tips of the external magnets (magnetic stirr-

bar retrievers shown behind the cuvettes); b) 2 days after the addition of DTT (48.5 mg) to the solution contained in the cuvette on the left, green
fluorescence was observed from the sample which signalled the release of encapsulated fluorescein from the matrix; c) 4 days after the addition
of DTT, the color of the accumulated magnet-MSNs changed from black to gray. d) Controlled release of fluorescein from magnet-MSNs

(13.0 mg) in 3.00 mL of PBS solution (100.0 mm, pH 7.4) triggered by 0.1 mm DHLA (@) or DTT (0). No noticeable release was observed in the
absence of a reductant (A). e) The dependence of the release of fluorescein from magnet-MSNs on the concentration of the reductant, measured
72 h after the addition of DHLA (@) or DTT (0).
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fluorescein released was 31.4 % of the total loading. Interest-
ingly, the rates of release of fluorescein by the two different
triggers showed similar diffusional kinetic profiles which
indicates that the reducing powers of DHLA and DTT are
similar. The similarity could be attributed to the fact that
DHLA self-oxidizes into a disulfanyl-linked five-membered
ring upon reducing the targeted disulfide bond, whereas DTT
self-oxidizes into a disulfanyl-linked six-membered ring. The
thermodynamic considerations of cyclizations into five- and
six-membered rings should be similar. Furthermore, the
amount of fluorescein released after 72h following the
addition of DHLA and DTT showed similar dependencies
on the concentration of the trigger (Figure4e) which
indicates that the rate of release was dictated by the rate at
which the Fe;O, nanoparticle caps were removed.

To investigate the endocytosis and biocompatibility of our
system, HeLa (human cervical cancer) cells (~ 10° cellsmL ™)
were incubated overnight with magnet-MSNs (0.2 mgmL™")
to allow the endocytosis of magnet-MSNs." The cells that
took up magnet-MSNs were magnetically separated from
those that did not. The isolated cells were treated with
0.001 % of 4’ ,6-diamidino-2-phenylindole (DAPI) dye in PBS
solution (100.0 mM, pH 7.4) and placed in a cuvette. DAPI is
known to form blue-fluorescent complexes with natural
double-stranded DNA and has been widely used as a
fluorescent dye for nucleus staining. These DAPI-stained,
fluorescent cells were first accumulated to the right side wall
of the cuvette by applying an external magnetic field—a
commercially available grade N45 neodymium iron boron
magnet. When the magnet was moved to the left side of the
cuvette, the blue-fluorescent HeLa cells were clearly seen to
move across the cuvette toward the magnet (Figure 5a-c)

Hela Cells

Magnet

indicating that the magnet-MSNs were indeed endocytosed
by HeLa cells. To further confirm the endocytosis of magnet-
MSNs, these HeLa cells were examined by confocal fluores-
cence microscopy. A series of fluorescence images of different
cross-sections of magnet-MSN-containing HeLa cells were
obtained by changing the focal depth every 1.2 um vertically
(see Supporting Information). Green fluorescence was clearly
observed within the cell bodies of these HelLa cells upon
excitation at 494 nm (Figure 5 d) which strongly indicates that
the mesopore-encapsulated fluorescein molecules were
released inside the cells. As previously reported by Biaglow
etal., cancer cell lines express significant amounts of
DHLA."! We believe that the efficient intracellular release
of fluorescein was triggered by the high intracellular concen-
tration of DHLA. To visualize the locations of the nuclei, the
cells were excited at 358 nm (Figure 5e). The appearance of
healthy intact nuclei and the visibility of fully grown cells by
transmission (Figure 5 f) suggested that the magnet-MSNs are
biocompatible with HeLa cells in vitro under these exper-
imental conditions.

In conclusion, we have demonstrated that mesoporous
silica nanorods capped with superparamagnetic iron oxide
nanoparticles—so-called magnet-MSNs— can be used as a
stimuli-responsive controlled-release delivery carrier. Guest
molecules that are smaller than 3 nm, such as fluorescein,
could be encapsulated and released from the magnet-MSN
delivery system by using cell-produced antioxidants (e.g.
dihydrolipoic acid) as triggers in the presence of an external
magnetic field. Furthermore, the biocompatibility and effi-
ciency of intracellular delivery of the magnet-MSN system
with human cervical cancer cells offer promising potential in
utilization of this system to investigate various inter- and

Figure 5. a—c) Single frames of photographs of Hela cells with Fe;O,-capped fluorescein-loaded MSNs traveling across the cuvette, propelled by
magnetic force. d—f) Fluorescence confocal micrographs of Hela cells after 10 h incubation with Fe;O,-capped fluorescein-loaded MSNs: d) cells
excited at 494 nm; e) cells excited in the UV region; f) a pseudo-brightfield image, where dark aggregations of magnet-MSNs can be clearly

observed.
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intracellular chemical/neurochemical communications in
vitro. We envision that these magnet-MSNs could play a
significant role in the development of new generations of site-
selective controlled-release delivery devices and interactive
sensory nanodevices.

Experimental Section

FeCl,-4H,0, FeCl;-6 H,O, 3-aminopropyltriethoxysilane (APTS), 3-
mercaptopropionic acid, 2-aldrithiol, 3-mercaptopropyltrimethoxysi-
lane (MPTMS), tetraethylorthosilicate (TEOS), n-cetyltrimethylam-
monium bromide (CTAB), 1-(3-(dimethylamino)propyl)-3-ethylcar-
bodiimide hydrochloride (EDC), fluorescein, and dithiothreitol
(DTT) were purchased from Aldrich and used as received. Dihy-
drolipoic acid (DHLA) was obtained from Sigma and used without
further purification. Nanopure water (18.1 MHz) prepared from a
Barnstead E-pure water-purification system was employed through-
out. PBS (phosphate-buffered saline) solution (100.0 mm, pH 7.4) was
used as the solvent for the loading experiments.

APTS-coated magnetite (Fe;O,) nanoparticles: Magnetic nano-
particles were prepared and coated with APTS according to a slightly
modified reported procedure® (see Supporting Information).

MCM-41-type mesoporous silica nanoparticles functionalized
with 3-(propyldisulfanyl)propionic acid (linker-MSN): The thiol-
MSN material was prepared according to a slightly modified version
of our previously reported procedure®'! (see Supporting Informa-
tion). The purified thiol-MSNs (1.000 g) were treated with a solution
of 2-carboxyethyl-2-pyridyl disulfide (1.340 g, 6.23 x 10~* mol; pre-
pared according to a reported procedure!*”!) in ethanol (80.00 mL) at
room temperature for 24 h under vigorous stirring (vortex stirrer) to
obtain the desired disulfide bond-exchange reaction. The resulting
acid-functionalized MSN was filtered, washed with ethanol, and dried
in air. The surface coverage of chemically accessible thiol groups was
quantified at 7.01 x 10~ mol g%

Loading of fluorescein into the mesoporous framework of linker-
MSN and the capping of the mesopores with APTS coated Fe;O,
nanoparticles: The purified linker-MSNs (80.0 mg) was stirred
vigorously (vortex stirrer) in a solution of fluorescein (3.6 x 10°m)
in PBS solution (8.00 mL, 100.0 mm, pH 7.4) for 24 h. Then, APTS-
coated Fe;0, nanoparticles (960.0 mg) were added to the suspension
followed by 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hy-
drochloride (EDC) (60.0 mg, 3.13x10"*mol). The mixture was
stirred vigorously (vortex stirrer) for another 48h before the
precipitate was filtered, washed extensively with buffer, and dried
under vacuum. The precipitate (480.0 mg) was stirred vigorously
again in PBS solution (10.00mL, 100.0 mm, pH 7.4) for 48 h, followed
by filtration and washing (x7) with PBS solution to remove
physisorbed, uncapped fluorescein molecules from the exterior
surface of the material. The purification procedure was repeated
once more to further remove any physisorbed fluorescein, and the
solid material was finally dried into a powder. All the washings were
collected, and the loading of fluorescein (2.1 x 107 molmg ' linker-
MSN) was calculated from the difference in the concentration of the
initial solution of fluorescein and that of the reaction medium
combined with the subsequent washings.

Endocytosis of Fe;O,-capped MSNs in HeLa cells: Human
cervical cancer (HeLa) cell lines were obtained from the American
Tissue Culture Collection (ATCC) and were maintained using
DMEM (Dulbecco’s modified Eagle’s medium) supplemented with
horse serum (10% ), L-glutamine (2.00 mm), penicillin (100 UmL™),
streptomycin (100.0 mgmL™"), and gentamicin (1.0 mgmL"). HeLa
cells were seeded onto 6-well plates (1 x 10° cells in 3.00 mL of growth
medium per well) 24 h prior to the experiment. After 24 h, the wells
were seeded with Fe;O,-capped MSNs (0.2 mgmL™") in growth
medium. After 10 h, the medium was removed and the cells were
washed with fresh growth medium. Then, the cells were trypsinized
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with 0.25% trypsin. A magnet was used to keep the cells associated
with the magnetic nanoparticles stationary while the remaining
(nonmagnetic) cells were removed. The cells that took up the Fe;O,-
capped MSNs were centrifuged and resuspended in a solution of 4',6-
diamidino-2-phenylindole (DAPI, 100.0 ygmL ") in PBS (100.0 mm,
pH 7.4).
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