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Abstract

Delivery of therapeutic or diagnostic agents across an intact blood—brain barrier (BBB) remains a
major challenge. Here we demonstrate in a mouse model that magnetic nanoparticles (MNPs) can
cross the normal BBB when subjected to an external magnetic field. Following a systemic
administration, an applied external magnetic field mediates the ability of MNPs to permeate the
BBB and accumulate in a perivascular zone of the brain parenchyma. Direct tracking and
localization inside endothelial cells and in the perivascular extracellular matrix in vivo was
established using fluorescent MNPs. These MNPs were inert and associated with low toxicity,
using a non-invasive reporter for astrogliosis, biochemical and histological studies. Atomic force
microscopy demonstrated that MNPs were internalized by endothelial cells, suggesting that trans-
cellular trafficking may be a mechanism for the MNP crossing of the BBB observed. The silica-
coated magnetic nanocapsules (SIMNCs) allow on-demand drug release via remote radio
frequency (RF) magnetic field. Together, these results establish an effective strategy for regulating
the biodistribution of MNPs in the brain through the application of an external magnetic field.
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1. Introduction

The blood-brain-barrier (BBB) represents an important physiological barrier that prevents
effective targeting of the brain parenchyma with diagnostic and therapeutic agents.
Targeting imaging molecules or therapeutic agents to the brain is a clinically important
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problem yet technologies to alter their pharmaco-distribution have remained limited. For
example, osmotic disruption of the BBB has been developed as a therapeutic strategy for the
reversible opening of tight junctions, however these approaches can allow non-specific
uptake of toxins in the brain [1]. Therefore, developing strategies for specific delivery of
reagents across the intact BBB with minimal toxicity remains a challenge in the field.

Nanoparticle-based molecular transport has been the subject of recent strategies to enhance
delivery and reduce toxicity [2—6] in diverse fields, including cardiology, hemostasis,
ophthalmology, audiology, and oncology [7,8]. Magnetic nanoparticles in particular are
actively being developed based on their unique properties to respond to magnetic fields
including the well known magnetic hypothermia and controllable movements as well as
their usage as an MRI contrast agent [9-13]. Moreover, the hydrodynamics of magnetic
vectors have been extensively described and shown to exhibit well-defined physical
characteristics [14] that enable the development of biologically compatible nanoparticles
that can be evaluated in vivo. However, applications of magnetic nanoparticles to the brain
have been more limited, due in part to a 30-50 cm working distance requirement for humans
and FDA limitations of applied magnetic field strength on human subjects (8 T for adults, 4
T for children) [15]. Therefore, we have focused on the use of magnets to direct localization
of MNPs with an enhanced magnetic design to meet these requirements. On the other hand,
the capacity to control the spatial and temporal delivery of iron oxide particles with an
external magnet has shown promise to address some of these limitations. However, most of
these studies have focused on tumor-bearing rodent models [7,8,16], in which the normal
BBB is already altered and the status of BBB integrity has remained poorly understood in
terms of how the brain tumor barrier may facilitate or interfere with drug delivery [17].
Moreover, the precise location of the particles in reference to the vessels remain poorly
understood at a cellular level.

Based on our previous experience with these MNPs in non-CNS tumor models to deliver
chemotherapeutic agents [18], we have focused on the characterization of delivery of MNPs
to the brain parenchyma of normal mice with intact BBB. First, we demonstrate the delivery
of MNPs to the brain controlled by an external magnetic field with minimal neurotoxicity.
Second, we reveal clear BBB crossing and extravasation of MNPs induced by external
magnetic force using cellular level high-resolution imaging analysis in vivo. Third, we
demonstrate the delivery of nanoparticles in the CNS crossing the intact BBB [19,20].
Together, our study establishes the capacity for the regulation of the CNS distribution of
MNPs with the application of an external magnetic field, demonstrating crossing of the BBB
and accumulation in the perivascular space with no apparent toxicity, which can be
beneficial for treatments of CNS diseases.

2. Material and methods

2.1. General reagents

All reagents were purchased from Sigma-Aldrich, Inc. and Alfa Aesar, and used without
further purification. The microscopy characterization of synthesized magnetic nanocapsules
was carried out using a transmission electron microscope (FEI Tecnai G2 Sphera with 200
kV accelerated voltage) and a FEI field emission scanning electron microscope (Phillips
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XL30 FEI SEM). Various chemical, magnetic and optical measurements were performed
using SQUID magnetometer (Quantum Design MPMS2).

2.2. Synthesis of mono-disperse Fe30,4 hanoparticles/polystyrene composite nanospheres
with a large volume fraction of trapped magnetite and fluorophores

Polystyrene nanospheres with trapped magnetic nanoparticles were prepared by combining
mini-emulsion/emulsion polymerization technique according to the previous reported paper
in our lab [18]. Briefly, a mixture of 24 g FeCl3-6H,0 and 9.82 g FeCl,-4H,0 was reacted
with 50 mL of ammonium hydroxide under nitrogen gas at 80 °C, and then the solution was
allowed to react for 1.5 h after the addition of 3.76 g of oleic acid. The magnetite
nanoparticles so fabricated were washed with deionized water until neutral pH and then
were transferred in situ in octane.

Magnetite and styrene mini emulsion containing 9,10-bis (phenylethynyl)anthracene were
prepared using ultrasound and microporous glass membrane. With these emulsions, mono
disperse Fe3O4/polystyrene nanospheres were synthesized with 40 mg potassium
peroxydisulfate (KPS) at 80 °C for 20 h processing. The synthesized Fe3O4/polystyrene
nanospheres were centrifuged and then were redispersed into 0.5% (wt/vol) polyoxyethylene
sorbitan monolaurate aqueous solution. The suspension was added into 20 pL TEOS with 20
mL 2-propanol, and 0.5 mL ammonium hydroxide. The silica encapsulation reaction was
performed at room temperature for 48 h. The resultant silica magnetic nanospheres were
collected and washed by ethanol and water.

The procedure for fabrication of hollow capsules and subsequent loading of ibuprofen into
SiMNCs followed the process that we reported previously [18].

2.3. Sample preparation for Atomic Force Microscope (AFM) analysis

Freshly cleaved mica substrate (12 mm diameter) was functionalized with a drop of Poly-L-
Lysine (MW: 30 kDa) for a minute and rinsed thoroughly with MilliQ water. 50 pL of
magnetic nanoparticle solution (4x10%0particles/mL) was deposited on the mica substrate
and allowed to adsorb for about 20 min at room temperature. After this incubation, the
sample was gently washed in MilliQ water and imaged in Multimode AFM (Veeco
Instruments) using a cantilever with a spring constant of 48 N/m, (NSC 11/50, Mikromasch)
in tapping mode. A representative AFM image of the nanoparticles was flattened and plane
fitted before carrying out particle analysis using Nanoscope Software (v5.31r1, Veeco
Instruments). Multiple regions of the image were analyzed for the particle size distribution
and the results tabulated.

2.4. Cell uptake studies

Human adult brain endothelial cell line (D3) was maintained in culture in EGM2-MV media
(Lonza, MA) as described before [21]. 36 h before the experiments, cells were sub-cultured
on glass bottom Petri dishes (MatTek Corp, MA) at 25,000 cells/cm?2. Prior to AFM
imaging, cells were treated with magnetic nanoparticles at approximately 25 particles per
cell and incubated for 4 h in the incubator. At the end of incubation, cells were thoroughly
washed in warm HEPES buffered saline solution (5 times, 5 min each) to remove any free
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particles from the cell surface. Cells were fixed in ice-cold methanol (=20 °C) on ice for 5
min and imaged in tapping mode in air using a Bioscope (Veeco Instruments).

10-week old mice were used for in vivo confocal imaging studies and biodistribution
studies. GFAP-luc transgenic mice (FVB/N-Tg(Gfap-luc)) with the firefly luciferase gene
under the control of 12 kb murine GFAP promoter were obtained from Caliper Life Sciences
(Hopkinton, MA). At least 10-week old GFAP-luc mice were used for in vivo
bioluminescent imaging. 2.4E9 fluorophore-labeled particles (resuspended in PBS, in 60—
150 pL volume) were injected per mice for all in vivo experiments. To show that the
nanoparticles move well in an aqueous solution. For example, in the presence of about 500
Oe applied field, the particles moved a distance of ~1.5 cm distance from a permanent
magnet placed nearby [18]. The nanoparticles exhibit a superior magnetic vector with a
movement speed of ~0.24 cm/s. The magnetic field is ~900 Oe at 1 cm distance and ~280
Oe at 2 cm distance. Nd—-Fe—B disk-shaped magnet (1 inch diameterx1/2 inch thick, Dexter
Magnetic Technologies with a magnetic field strength on the surface measured by
gaussmeter of 6.3 KOe) was placed outside of the mouse skull on the surface of mouse skin
or a Nd-Fe-B cylinder magnet (1/16 inch diameterx1/8 inch thick, K&J Magnetics, Inc.
which exhibit a surface magnetic field of ~1.2 KOe) was implanted in mice brain by
intracranial insertion to apply the magnetic field locally. All animal handling procedures
were approved by the University of California San Diego Institutional Animal Care and Use
Committee.

2.6. In vivo bioluminescent imaging

Astrogliosis was monitored before and following 1,2,4 h, 4 and 7 days after tail-vein
injection of MNPs. Fur was removed from mice with electric clippers and Nair (Church &
Dwight Co., Inc., Princeton, NJ) before imaging at each time point. Mice were injected
through an intraperitoneal route with D-luciferin (150 pL of 15 mg/mL stock) and
bioluminescent signals were assessed 10 min after D-luciferin injection over an integration
time ranging from 2 s to 1 min using a cooled charge-coupled device (CCD) camera
(Spectrum; Caliper Life Sciences, Hopkinton, MA) capable of in vivo imaging. GFAP-
activity was monitored by quantitation of light emission from a region of interest drawn over
the brain at each time point (Unit = radiance). Bioluminescent signal from the ear represents
basal level of GFAP activity and was excluded from the ROI. Images were analyzed using
Living Image software version 4.0 (Caliper Life Sciences, Hopkinton, MA).

2.7. Body distribution of MNPs

Mice were injected with fluorophore-labeled MNPs intravenously. 1, 2, and 4 h post-
injection, brain, liver, spleen and kidney were harvested. Fluorescent signals from organs
were measured with cooled charge-coupled device (CCD) camera (Spectrum; Caliper Life
Sciences, Hopkinton, MA) using a 675-nm excitation and a 720-nm emission filter.
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2.8. Confocal microscopy

Mice were injected with fluorophore-labeled MNPs intravenously. One hour post-injection,
brains were harvested and 1 mm brain sections were made. Thick brain sections were
imaged with an Olympus Fluoview 1000 (ASW 1.7b) laser scanning confocal microscope
(LSCM) (Olympus, Melville, NY) equipped with 10%/0.4 N.A. and 20x/0.7 N.A. dry
objective lenses on a BX61 microscope (Olympus). Brain sections were fixed with 10%
formalin and were subjected to hematoxylin and eosin staining after confocal analysis.

2.9. Immunofluorescence

Ten-pum-thick brain or nerve sections were immersed in 0.5% sodium borohydride followed
by antigen retrieval and nonspecific binding block as described above, then primary rabbit
anti-cleaved caspase 3 antibody (Cell Signaling, Danvers, MA) mouse anti-GFAP (Cell
Signaling), or rabbit anti-lba-1 (Wako, Richmond, VA), incubation overnight at 4 °C,
followed by goat anti-rabbit 594 (red) or 488 (green) Alexa for 1 h. Sections were mounted
using Slowfade gold antifade reagent (Molecular Probes). Imaging was performed using a
Leica DMR bright-light and fluorescent microscope and Openlab 4.04 imaging software
(Improvision Inc., Waltham, MA).

2.10. Western blotting

Tissues were isolated 4 weeks after the i.v. MNP injection, frozen in liquid nitrogen, and
stored at —80 °C until analyzed. Proteins were extracted using lysis buffer (50 mM Tris—
HCI, pH 7.4, 1% NP 40, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 ug/mL aprotinin and
leupeptin, 1 mM sodium orthovanadate). 100 pg of total protein, as detected by BCA Protein
Assay (Pierce, Rockford, IL), was separated on 10% Tris—glycine SDS-PAGE (Bio-Rad,
Hercules, CA) at 50 to 80 mA, and transferred to nitrocellulose using iBlot dry blotting
system (Invitrogen) at 20 V for 7 min. The membranes were blocked with 5% non-fat milk
(Bio-Rad). A primary antibody to phosphorylated extracellular signal-regulated kinases
(PERK1/2), total ERK1/2 or caspase 3, all raised in rabbit and obtained from Cell Signaling
Technology were diluted in 5% bovine serum albumin and applied overnight at 4 °C. The
membranes were washed in TBS containing 0.05% Tween and incubated for 1 h at room
temperature with HRP-conjugated anti-rabbit secondary antibody (Cell Signaling
Technology) and developed using an enhanced chemiluminescence (ECL, Amersham).

2.11. In vitro remote activated drug release measurement

After Ibuprofen (Ibp)-loaded SiMNCs were prepared, the remote RF activated drug release
was measured by UV/VIS spectrophotometer. For the first 10 min, the solution containing
fresh 1 mL PBS was left without RF and then the Ibp release was measured. After the
measured solution was replaced with a fresh 1 mL PBS, the solution was exposed to RF (at
100 kHz) for 30 s. After the Ibp supernatants were cleared of floating particles, the drug
contents were measured using UV/VIS absorption for the dissolved drug in the solution.
After the switch “ON” measurement was done, SIMNCs were re-suspended in the fresh 1
mL PBS again, and then the solution was left for 5 min without RF. Next, after waiting for 5
min of “off” time, the drug content in the solution was measured by UV/VIS
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spectrophotometer. The switch “ON-OFF” measurements were taken alternately and the
release profile was graphed.

2.12. Statistical analysis

3. Results

Error bars in Figs. 2(A), (C), and 3(B) represent standard deviation. Error bars in Fig. 4(B)
represent standard error of the mean.

Statistical analysis was performed using Mstat software (version 5.10; N. Drinkwater,
McArdle Laboratory for Cancer Research, School of Medicine and Public Health,
University of Wisconsin, which is available for downloading at http://
www.mcardle.wisc.edu/mstat/).

3.1. Characterization of fluorophore labeled MNPs

To image MNPs, we developed fluorophore-embedded nanoparticles of ~100 nm diameter
using a modified emulsion process [22]. Fig. 1 shows representative micrographs and
fluorescent images of MNPs labeled with 9,10-bis(phenylethynyl)anthracene, by laser
scanning confocal microscopy (LSCM) (Fig. 1C). The M—H magnetization loop of the
MNPs was compared with the free iron oxide particles of same individual particle size (~10
nm) (Fig. 1D).

We observed that MNPs provided substantially improved magnetization (~5 times higher at
500 Oe) compared to typical super-paramagnetic iron oxide nanoparticles. This was
attributed to their close proximity and tighter interaction of magnetic particles in the
confined geometry of polystyrene particles resulting in the higher magnetization and
enhanced response to applied magnetic field.

3.2. Biodistribution of MNPs

To assess the delivery and kinetics of MNP accumulation in the brain parenchyma we first
performed LSCM imaging on brains of mice that have been subjected to an intravenous
injection of fluorescent MNPs in the absence of an external magnetic field. MNPs were
detected in the brain as early as 5 min after intravenous injection (data not shown), and
reached a steady-state at 30 to 120 min post-injection, which was 10-fold higher than
background (Fig. 2A).

We did not observe any preferential accumulation of MNPs within the brain in the absence
of applied magnetic field (data not shown). A large fraction of MNPs was cleared from the
circulation mostly by the liver and some by the spleen (Fig. 2B,C, Supplementary Fig. 1)
within 1 h, however, at least 30% of the maximum signal was still detectable in the brain 48
h post-injection (Fig. 2A). These studies demonstrate the retention of a baseline level of
MNPs in the brain parenchyma.

3.3. Magnetically vectored MNPs accumulate in the brain

To assess the magnetic properties and responsiveness of MNPs to the external magnetic
field applied locally, a Nd—Fe—B magnet was implanted in the right hemisphere of mouse
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cerebral cortex in vivo as described in the Materials and methods section. One-week post-
implantation, MNPs were delivered systemically by intravenous injection followed by
LSCM imaging analysis to track their distribution in the brain. As expected, MNPs were
enriched in the ipsilateral hemisphere where the magnet was implanted compared to the
contralateral hemisphere (Fig. 3A). Within the ipsilateral hemisphere, accumulation of
MNPs was observed in the cortex near the magnet, whereas areas farther from the magnet
displayed lower accumulation (Fig. 3B). Histological analysis using hematoxylin and eosin
staining confirmed a large accumulation of MNPs in the vessels of the ipsilateral
hemisphere. The fields shown were distal to the implantation site where there was non-
specific MNPs observed due to implantation site-induced injury (data not shown). These
results indicate that spatial distribution of MNPs can be controlled by the application of an
external magnetic field.

3.4. External magnetic force enhances BBB crossing and perivascular accumulation of
MNPs in the brain

To avoid the tissue damage caused by the invasive magnet implantation in the brain, we
tested whether the distribution of MNPs could be altered by the application of noninvasive,
external magnetic field (estimated to be ~1000 Oe [18], applied by placing a Nd—Fe-B
magnet near the mouse head using an immobilized tube apparatus). Using 1 h as a time point
with steady state kinetics (Fig. 2A), we assessed the distribution of systemically delivered
MNPs. We observed a ~25-fold increase in brain retention with the application of the
magnet compared to a no-magnet control (Fig. 4B). In animals exposed to the magnet, we
observed more heterogeneity in fluorescent MNPs compared with sham mice without a
magnet, which likely represented signal from clusters of MNPs (Fig. 4A). In the absence of
applied magnetic field, majority of MNPs were localized within the capillaries with few
MNPs observed outside the microvessel environment based on histology and unpublished
observations. Following the application of external magnetic field, there was an increase in
the crossing of MNPs across the BBB into the perivascular space and parenchyma (Fig. 4C,
arrows). Importantly, we did not observe any histological changes suggesting that the blood
vessels where the particles were found were intact (Fig. 4C). To further characterize MNP
distribution with respect to BBB, we performed LSCM image analysis of fluorescent MNPs
in mice that had been subjected to a systemic injection of TRITC-labeled 70 kDa fluorescent
dextran with a magnet as an indication of BBB integrity and localization of brain capillaries.

Consistent with the histological findings, MNPs were detected in both blood vessels and in
the perivascular extracellular matrix (ECM), but no TRITC—dextran was detected in the
perivascular space (Fig. 4D). These results suggest that the application of external magnetic
field facilitated MNPs to cross the BBB with no apparent damage to its integrity.

3.5. MNP administration produced no acute or long-term toxicity in vivo

Hierarchical oxidative stress is the main predictive toxicological paradigm for the
assessment of nanomaterial hazards [6,23—-27]. As such, it involves an incremental series of
cellular responses, which after the initial defensive antioxidant response (Tier 1), can lead to
extended immunotoxicity (Tier 2) and cytotoxicity/apoptosis (Tier 3). We have previously
used a transgenic mouse model expressing the firefly luciferase reporter gene under the
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control of the glial fibrillar acidic protein (GFAP-luc) [22] to assess neurotoxicity and
astrogliosis following CNS [28-30] and BBB breakdown [31]. We used a similar strategy to
assess astrogliosis, as a feature of immunotoxicity in this study. Following intravenous
administration of MNPs into GFAP-luc mice, we observed a slight increase in the GFAP
activity 1 day after injection compared with the baseline signal. However, the signal
decreased by day 4 and returned close to baseline on day 7 (Fig. 5A,B), indicating that the
activation of GFAP by accumulated MNPs is reversible and did not induce a long-term
effect at the concentration used in the study. Potential toxicity of MNPs was further assessed
in brain sections (Fig. 5C) and tissue lysates of brain, liver and spleen (Fig. 5D), as the
major organs accumulating MNPs.

We observed that neither the activation of the mitogen-activated protein kinases, p38, INK
and ERK1/2 (ERK1/2 is shown in Fig. 5) nor of caspase 3 (17 kDa cleavage product) was
elevated in the brain, liver or spleen 4-weeks after MNP injection. These assays suggest that
MNP administration produced no extended immunotoxicity or cell death in these organs in
Vivo.

3.6. MNPs uptake by endocytosis into human brain endothelial cells

To understand the cellular uptake of MNPs, we imaged human brain endothelial cells treated
with MNPs with atomic force microscopy (AFM) [32]. AFM imaging demonstrated that
MNPs were spherical in shape with an average diameter of 124 nm (Fig. 6A,B). To
understand the possible mechanism of how MNPs can cross the BBB in vivo, we tested if
these particles can internalize into brain endothelial cells that maintain the barrier properties
of BBB. In vitro cellular uptake study revealed multiple intracellular granular structures
distributed across the entire cell cytoplasm, with a peri-nuclear localization demonstrating
their efficient uptake into human endothelial cells (Fig. 6C). The particle sizes inside the
cells (>800 nm) suggested that the MNPs were clustered. Together, these results suggest that
endothelial cell membrane-mediated translocation of MNPs may be a mechanism for the
BBB crossing observed in vivo. These studies support a model for the use of external
magnets to direct the distribution of MNPs for in vivo models where delivery across an
intact BBB is advantageous (Fig. 6D).

3.7. On-demand drug release from silica-coated magnetic nanocapsules (SiIMNCSs)

To achieve on-demand drug release from drug-containing SIMNCs, switchable on—off
release of Ibp, an amyloid-binding molecule [33], was enabled by applying a RF field to the
SiMNCs. The ibuprofen was loaded to the interior of the hollow SiMNCs, and the drug
release was controlled via activation of remote RF magnetic field (at 100 kHz). Shown in
Fig. 7A are ~150 nm diameter, hollow silica nanospheres with retained magnetic
nanoparticles. In Fig. 7B, a dramatic change in the amount of released drug is observed
when the remote magnetic field is switched “on” and “off”.

4. Discussion

We have designed and developed fluorescent MNPs and demonstrated their ability in vivo to
access the brain parenchyma by crossing the normal BBB under the regulation of an external
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magnetic field. While the mechanism of BBB crossing remains unknown, our data indicate
that the endothelial membrane is capable of MNP uptake with Kinetics that is consistent with
the in vivo model. Our AFM results show that these MNPs are spherical in shape with an
average diameter of ~124 nm, which enables efficient uptake by human brain endothelial
cells. The fluorescence of the MNPs enables their direct tracking and localization within
specific vascular niches in the brain. Furthermore, the enhanced magnetic property and their
responsiveness to an external magnetic field to facilitate their extravasation and/or
accumulation in the brain parenchyma supports the idea of application of similarly
configured, drug-containing magnetic nanocapsules [28-30,34,35] to deliver CNS drugs
across an intact BBB. We demonstrate in this study the increased sensitivity to a magnetic
field of engineered MNPs compared to standard magnetic nanoparticles, and explore the
capacity to use such MNPs to access the brain parenchyma.

We have focused on delivery across the intact BBB. Recent studies also demonstrate the
usage of external magnetic field to facilitate the delivery of MNPs across the BBB [34,36].
In addition to these reports, our research demonstrates BBB translocation of MNPs with
higher resolution confocal analysis to pinpoint the extravasation of MNPs in reference to the
vasculature, which is supported by our histological analysis. Furthermore, unlike in vitro
BBB cell culture models with limitations, our in vivo model is more suitable to study the
multi-cellular complex nature of BBB and pharmacodistribution of MNPs. Moreover, our
data indicate that magnet-mediated delivery of MNPs can occur in normal brain parenchyma
without any vascular leak as observed with the TRITC-70 kDa dextran. The internalization
of MNPs observed by the AFM imaging indicates that endocytosis or a non-specific
membrane-mediated uptake of the MNPs occurs, the mechanism underlying such uptake is
unclear and beyond the scope of this study. Nevertheless, the critical conclusion of these
studies is that MNP uptake into the brain does not appear to require a major disruption of the
endothelial barrier or alteration in BBB integrity. Based on the capacity to load such MNCs
with drugs and the cell biological analysis with respect to BBB integrity, these MNPs are
ideal candidates to examine their relevance in translational models.

The importance of understanding the potential for toxic effects both at systemic and local
levels in terms of translational development cannot be understated. Therefore, we deployed
the assessment of oxidative stress, focusing on inflammatory changes (Tier 2) that set after
the exposed tissues attempt to restore redox equilibrium during Tier 1, and on the highest
level of oxidative stress (Tier 3), when interference in lysosomal and mitochondrial
functions can lead to apoptosis, as a final common pathway of nanotoxicity [23,24]. In
particular, we focused on changes in cellular membranes (i.e. AFM studies), vascular leak
(i.e. TRITC—dextran), effects on neuroinflammation and astrogliosis (i.e. GFAP-luc
reporter), inflammation signaling (i.e. ERK1/2 phosphorylation) and apoptosis (i.e. caspase
3 cleavage) in major organs that internalized MNPs. It remains unknown if MNPs induce
substantial tissue remodeling or oxidative stress injury in other tissues or times-points after
their systemic delivery. In contrast, we observe that high doses of iron oxide nanoparticles
of known toxic potential [37] directly inoculated into the nervous system, have the capacity
to activate ERK1/2 and caspase 3. Further investigations will be necessary to assess the
effect of MNP on activating other, less common, signaling pathways of nanoparticle toxicity
and in the conditions associated with the leaky BBB.
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Unlike other targeted delivery methods, (such as one mediated by antibodies to specific cell
surface receptors), magnetically mediated translocation of MNPs does not appear to induce
deleterious signal transduction events and exhibits minimal accumulation in other organs
[38]. Accumulation of particles to a specific region of the body could be regulated by
changing their exposure to the applied magnetic field and shape of the magnet, thus
minimizing the toxicity. Together, the enhanced magnetic properties of iron oxide particles
in the nanocapsule configuration and the capacity to use external magnet to alter their
penetration and distribution in the brain parenchyma non-invasively has great potential for
usage in the treatment of brain diseases.

5. Conclusions

We have successfully created MNPs of 100 nm size, which provide powerful magnetic
vector for BBB crossing. These nanoparticles containing a fluorophore within have been
engineered for direct tracking and measurement of the position of MNPs, which also allow
cellular-level high-resolution imaging analysis such as confocal microscopy. Applied
magnetic field facilitated the extravasation and/or accumulation of these magnetic
nanoparticles in the brain parenchyma. Similarly configured, but drug-containing magnetic
nanocapsules can be utilized for BBB crossing and treatment of various CNS diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Characterization of fluorophore labeled MNPs. (A) TEM micrograph showing trapped

magnetic nanoparticles in MNPs. (B) SEM micrograph showing the MNP size and shape.
(C) Confocal microscopy images of the nanoparticles (green colored fluorophore, 9,10-
bis(phenylethynyl)-anthracene, are embedded in MNPs). (D) M—H loops showing a
significant increase in magnetic moment in MNP configuration as compared with isolated
10 nm magnetic nanoparticles of Fe304. Scale bar, 100 nm (A,B), 50 um (C).
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Fig. 2.
Biodistribution of MNPs. (A) In vivo accumulation of intravenously injected anthracene

labeled MNPs in the brain reached its peak levels as early as 15-30 min to 2 h post-injection
and then slowly diminished over time. (B) Biodistribution of MNPs in various organs
measured at 1 h post-injection. A large fraction of MNP was found in the liver. (C) Relative
distribution of MNPs from each organ (B—»brain, L—liver, S—spleen, K—Kkidney) after 1,
2, and 4 h incubation is quantitated. Error bar, standard deviation.
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Fig. 3.

Mggnetically vectored MNPs accumulate in the brain. (A) Small magnet was implanted in
the right hemisphere of mice by stereotactic injection. (Blue represents the inserted magnet
and green shade represents MNPs in cartoon). One week after implantation, MNPs were
administered by intravenous injection. Confocal analysis demonstrates accumulation of
MNPs in the ipsilateral hemisphere whereas background level of MNPs was found in the
contralateral hemisphere. Staining of cell nuclei was observed with TO-PRO-3. Scale bar:
500 um. (B) Confocal analysis of coronal sections of brain demonstrates enrichment of the
MNPs near where the magnet was placed. Scale bar: 100 pum.
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Fig. 4.
External magnetic force enhances BBB crossing and perivascular accumulation of MNPs in

brain. (A) Confocal analysis demonstrates accumulation of MNPs in the brain facilitated by
the application of external magnetic force (Nd—Fe—B magnet near the skull). Representative
images of brain sections from a mouse with no MNP (left), injected with MNP but without
applied magnetic field (middle) and injected with MNPs and with applied external magnetic
field (right) are shown. (B) Quantitative measurements of relative fluorescent intensity of
each brain section from panel (A) are shown. The delivery of MNPs is enriched by 26-fold
when magnetic field was applied. Error bar indicates standard deviation (p<0.05, Wilcoxon
rank sum test, two-sided). (C) Hematoxylin and eosin staining of the brain sections
demonstrate perivascular accumulation of MNPs (arrow) in the cortex of the brain. (D)
Confocal microscopy image of vessel (perfused with TRITC—dextran, red) and MNPs
(labeled with fluorophore, green) demonstrates extravasation of MNPs. Scale bar, 20 pm
(A,C), 50 um (D).
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Fig. 5.
MNP administration produced no acute or long-term toxicity in vivo. (A) GFAP activity

(measured by luciferase activity) increased after the injection of MNPs, reached its peak at
24 h after injection, and decreased over time. (B) MNP-mediated astrogliosis was quantified
at each time point. (C) Cleaved caspase 3 (red), or control Iba-1 (red)/GFAP (green)
immunofluorescence in the brain 1 h post MNP or PBS (S) injection, with and without
magnet is shown. Nerve exposed MNP was used for positive control (arrow). Scale bar: 50
um. (D) Western blotting for pERK, ERK and caspase 3 of the brain, spleen and liver of
GFAP-luc mice, 4-week post MNP or control intra-neural MNP injection.
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MNPs uptake by endocytosis into human brain endothelial cells. (A) AFM imaging of
MNPs dried on functionalized mica substrate. (B) MNP size distribution. (C) Cells before
(left) and after (right) applying the MNPs, endothelial uptake of MNPs (right, arrows) are
shown. Scale bar: 20 pm. (D) Schematic illustration of the extravasation of magnetic
nanocapsules (MNCs). Translocation of MNCs via DC gradient magnetic field is processed
first, followed by switchable drug release inside the brain parenchyma.
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Fig. 7.

On-demand drug release from SIMNCs. (A) TEM image showing trapped magnetic
nanoparticles inside SIMNCs. Scale bar: 100 nm. (B) On-Off switchable release from
ibuprofen (Ibp)-containing SIMNCs by RF magnetic field on—off cycling.

J Control Release. Author manuscript; available in PMC 2015 May 22.



