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any biological barriers in the body

preclude systemically adminis-

tered imaging contrast agents
and drugs from reaching their target cells.!
Even for agents with surface targeting
molecules,” the cancer cell uptake is often
much less than that of nonspecific accumu-
lation. Many cancer drugs also reach other
healthy parts of the body, including the
heart, and can cause undesirable side
effects.>* Magnetic targeting has been pro-
posed for decades to help direct drugs to
localized sites.>~” Although conceptually
very simple, magnetic targeting faces many
technical challenges including the fast de-
cay of the magnetic field gradient away
from the magnet which reduces available
magnetic force and limits magnetic target-
ing to superficial tissues;> "’ thus the use of
clusters of magnetic nanoparticles or cells
loaded with many magnetic nanoparticles is
required.>~"" Here, we report a novel ap-
proach for magnetic targeting of individual
magnetic nanoparticles containing a single
8 nm superparamagnetic iron oxide (SPIO)
core in mouse subcutaneous xenograft
models. We utilized a combination of an
external permanent magnet to produce a
moderate magnetic field and an embedded
magnetizable micromesh to produce very
strong magnetic field gradients that can
simultaneously attract individual magnetic
nanoparticles to multiple locations of the
mesh. Provided that the magnetic fields are
large enough to nearly saturate the mesh
and nanoparticle moments, large magnetic
field gradients are key to large magnetic
forces, due to the dipole character of mag-
netic moments. Our targeting scheme al-
lows generating modest (~0.1 T) fields but
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ABSTRACT

Early detection and targeted therapy are two major challenges in the battle against cancer.

Novel imaging contrast agents and targeting approaches are greatly needed to improve the

sensitivity and specificity of cancer theranostic agents. Here, we implemented a novel

approach using a magnetic micromesh and biocompatible fluorescent magnetic nanoparticles

(FMN) to magnetically enhance cancer targeting in living subjects. This approach enables

magnetic targeting of systemically administered individual FMN, containing a single 8 nm

superparamagnetic iron oxide core. Using a human glioblastoma mouse model, we show that

nanoparticles can be magnetically retained in both the tumor neovasculature and surrounding

tumor tissues. Magnetic accumulation of nanoparticles within the neovasculature was

observable by fluorescence intravital microscopy in real time. Finally, we demonstrate that

such magnetically enhanced cancer targeting augments the biological functions of molecules

linked to the nanoparticle surface.

KEYWORDS: fluorescent magnetic nanoparticle - cancer targeting - magnetic
targeting - molecular imaging - magnetic nanoparticle - fluorescent nanoparticle -

nanoparticle theranostic agent

with large magnetic field gradients for mag-
netic actuation of single SPIOs, with actua-
tion being an extremely challenging pro-
cess due to small nanoparticle magnetic
moments®'? and, to the best of our knowl-
edge, has never been demonstrated in a
living subject. Developing such techniques
is extremely meaningful as it pushes the
boundary of the size and distance limita-
tion of traditional magnetic targeting and
could lead to better use of this technique
in the clinicc We demonstrate, by direct
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Scheme 1. Schematic illustration of the preparation of multifunctional nanoparticles with an individual SPIO core, a siliceous

coating, and conjugated fluorophores and biomolecules.

observation under an intravital microscope, that such
magnetic micromesh retained fluorescent magnetic
nanoparticles (FMNs) while they are still in the cancer
neovasculature or after extravasation. In addition,
when using tumor angiogenic target o3 integrin
and its antagonist arginine-glycine-aspartic acid
(RGD) as a model system,'>'* our results show that
magnetic targeting of RGD-loaded FMNs enhances
their biological functions. In the human glioblastoma
U87MG mouse subcutaneous xenograft model we
used, tumor regression occurred more rapidly when
using magnetic targeting (tumor signal decay half-life =
0.853 days, n = 3), as compared to FMN-RGD alone
(tumor signal decay half-life = 6.197 days, n = 3)
(Student's t test analysis, n = 3, p < 0.05).

RESULTS AND DISCUSSION

Although nanoparticles synthesized through both
physical fabrication and wet chemistry have demon-
strated ever increasing diversity and complexity,'”
nanoparticles suitable for clinical translation are rare.
In this paper, the development of the nanoparticle
platform is based on multifunctional fluorescent mag-
netic nanoparticles incorporating potentially biocom-
patible components. These nanoparticles each contain
an SPIO core, the same material as in the clinical MRI
agent Feridex and the colloidal iron oxide for treating
iron deficiency anemia.'® They are coated with a
biocompatible siliceous shell, the material component
similar to that used in daily calcium supplements.
The fluorescence is from covalently bonded organic
fluorophores, and FDA-approved fluorophores are
available."”

Scheme 1 illustrates the general approach in pre-
paring FMNs. Starting from SPIO cores, a silanization
shell is first grown and then covalently linked to
organic fluorophores, along with biofunctional mol-
ecules such as drugs or targeting molecules. The
fluorescence of the particles permits direct imaging
of the particles in a living subject through an intravital
microscope, while the magnetic properties are suitable
for magnetic targeting. As shown in the transmission
electron micrograph of Figure 1A, for nanoparticles
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deposited onto the TEM grid from a ready to inject
solution, FMNs contain individual SPIO cores and
remain well-dispersed. Dynamic light scattering (DLS)
measurement demonstrated that the size of silanized
SPIO is 87 nm (Supporting Information, Supplementary
Figure 1). Since FMNs made by Cy5.5 fluorophore
incorporation, as used in this study, have an emission
wavelength interfering with the red laser used for DLS
measurement, sizes of FMN-Cy5.5 nanoparticles can-
not be directly measured using DLS. However, mea-
surement of FMN samples that incorporate green
fluorophores demonstrated that incorporation of fluor-
ophores increased the nanoparticle size by 10 nm, so a
rough estimation of the size of FMN-Cy5.5 utilized in
this paper is 97 nm. When such nanoparticles are
systemically administered in a mouse cancer model,
the fluorescence from FMN allows high-resolution
fluorescent imaging of the tumor neovasculature. As
shown in Figure 1B, no aggregates of nanoparticles in
the bloodstream were observed using optical micro-
scopy and the FMN fluorescent signal smoothly out-
lines the tortuous tumor neovasculature, including the
very thin capillaries that are only a few micrometers in
diameter.

The strong fluorescence from these FMNs permits
direct observation of their response under an external
magnetic control in a living subject. Magnetic target-
ing can improve specific localization of nanoparticles
when sufficient magnetic gradients are applied. This
additional applied force can, in principle, help to over-
come forces drawing particles away, such as viscous
flow forces and other biological barriers,' and help to
retain FMNs before RES uptake or nonspecific binding,
after systemic administration. Magnetic targeting has
been developed for many uses,> ®'2 but magnetic
targeting of individual nanoparticles with single SPIO
cores in living subjects is extremely desirable for using
small nanoparticles that can better escape the RES and
penetrate tumors. This goal is challenging because a
large magnetic field gradient is needed to generate a
sufficient magnetic force which requires close proxi-
mity between magnets and nanoparticles since attain-
able magnetic field gradients fall off very rapidly with
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Figure 1. Injectable multifunctional fluorescent magnetic nanoparticles (FMNs). (A) Transmission electron micrograph
showing FMNs with an individual SPIO core. (B) Overlaid image showing the red fluorescence from systemically administered
FMNs outlining tumor neovasculature and the green color showing EGFP-transfected human U87MG glioblastoma tumor

cells.

A

1. 0000e 205
5.1795¢00%
2.5827e 4004
1.3895e 0004
7.1969¢+003
3.7276¢+003
1.9307e 203
1.0000e 003
BN 5.1735¢+002
BN > cs27ce002
1.3895e+002
7.1969¢+001
3.72766+001
1.9397¢+001
1.0000¢ 4001

s

50 pm

Objective

Observation
Window

Nimesh
kinfold

:I Magnet

50 pm

Figure 2. Maxwell simulation of the magnetic field gradient for the Ni micromesh and magnetic targeting of extravasated
FMN. (A) Magnetic field gradient graph as calculated using Maxwell. The mesh pitch is 76 um, and the magnetic field gradient
is in T/m. (B) Experimental setup for magnetic targeting. (C) Extravasated nanoparticles are adsorbed to the Ni micromesh
showing red fluorescence. The image was taken 106 min after induction of the magnetic force and 152 min after nanoparticle
injection. Please note that on regions of the mesh where few FMNs were accumulated, the grid fluorescence is weak.
(D) Control experiment shows negligible fluorescence signal from the mesh. Under the same imaging condition as in C, the
whole field of view is dark, as shown in the inset. The brightness and contrast of main image in D is enhanced to display the

grid outline and its weak, more uniform fluorescence.

distance. To ameliorate this limitation, we implemen-
ted an embedded magnetic micromesh that, when
magnetized, can generate large magnetic field gradi-
ents distributed across a broad spatial range simulta-
neously. Although the use of two magnetic sources
was previously applied for capturing large micrometer
or submicrometer SPIO aggregates,'® such a method
has never been exploited to magnetically localize
individual SPIO or demonstrated in living subjects.
Figure 2A shows the magnitude and distribution of
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the magnetic field gradient of an electroformed Ni
micromesh under a perpendicular magnetic field of
2 kOe, as calculated using Maxwell simulation. Ni was
chosen as these meshes are readily commercially
available to serve as a model for more biocompatible,
magnetizable grids. A permanently magnetized mesh
might also allow the elimination of the external mag-
net while retaining the high gradient, but the biocom-
patibility of permanent magnet materials is less likely
than for magnetizable materials. The Ni mesh has a
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76 um pitch, 12 um wire width, and 5 um wire
thickness. The simulation shows that large magnetic
field gradients of 10* to 10° T/m are generated within
10 um of the Ni wire edges. Under such large
gradients, the magnetic forces exerted on single
8 nm SPIO cores within this proximity are large
enough to overcome the viscous drag on nanopar-
ticles within tumor vasculature (see supplementary
calculation). The field gradients from the external
permanent magnet used to magnetize the mesh are
much smaller, 10 T/m, and cannot exert forces large
enough to accumulate FMNs. The experimental set-
up is illustrated in Figure 2B. The Ni micromesh is
placed directly on the surface of the tumorin the DSC
window. The permanent magnet, with field strength
of 2 kOe and a maximum field gradient of 10 T/m
near the surface, is placed underneath the DSC
window and magnetizes both the Ni mesh and FMNs
in the tumor vasculature.

The power of this setup lies in the combined use of
two magnetic entities to eliminate the dilemma
related to attaining a large magnetic field gradient
while maintaining a relatively large distance from a
bulky external magnet. With this scheme, the ultra-
thin magnetizable micromesh can be inserted at the
tumor location to generate a large gradient, while
the permanent magnet, used to magnetize the mi-
cromesh and magnetic nanoparticles, can be placed
farther away from the magnetic targeting site. In our
experimental setup, the magnetized Ni micromesh
generates forces which are large enough to capture
FMNs. Figure 2C shows that FMNs accumulated at
the edges of Ni wires near vasculature and that
extravasated FMNs outline the mesh microstruc-
ture with red FMN fluorescence, as expected from
the simulated magnetic field gradient distribution of
the micromesh. In the control experiment, when only
the magnetic mesh was imaged under identical
imaging conditions and directly displayed without
any intensity adjustment, the signal of the mesh
itself is almost negligible. To display the mesh out-
line from its intrinsic weak fluorescence, as shown in
Figure 2D, the image brightness and contrast have to
be adjusted, with the inset image showing the weak
fluorescence using the intensity scale as Figure 2C. In
Figure 2C, the fluorescence from the mesh is highly
variable over the image, indicating that the fluores-
cence from brighter regions is not associated with
the bare Ni mesh background. On regions of the
mesh where few FMNs were accumulated, the grid
fluorescence is weak, and regions with varying FMN
accumulation have variations in apparent width and
brightness. All of these features indicate that the red
color on the mesh in Figure 2C is not from the mesh
fluorescence itself, but rather from the accumulated
FMNs.
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This experimental setup is also able to magnetically
retain FMNs within tumor neovasculature. Figure 3A
shows images from three channels that detect FMN
fluorescence in red, Angiosense (circulating dye) fluo-
rescence in blue, and EGFP tumor signal in green. This
figure also shows the outline of regions of interest (ROI)
that were specified and tracked for all of the imaging
frames in three videos, as an aid for quantitative
analysis. These videos are provided in the Supporting
Information; each contains 60 image frames recorded
at 10 s intervals, beginning 4 min after exerting the
magnetic force and spanning 10 min. The average
intensity of each ROl was calculated using Image)
and plotted in Figure 3B, where it is clear that the
average intensity of the FMN signal in the ROl con-
tinuously increases throughout the 60 imaging frames
and over the 10 min time interval. The real-time
accumulation of FMNs under the magnetic targeting
can be directly observed in the supplementary movies,
and the increase in average intensity over the ROI
comes mostly from an increased fluorescent area,
rather than increasing peak intensity. On the other
hand, the Angiosense and the tumor GFP signals show
negligible increases in average intensity over ROl with
time. The specific vessel shown here may be at the end
of a tumor neovascular sprout, which is often located at
the top of the tumor mass and is hence closest to the Ni
micromesh and its strong magnetic field gradient.

Successful magnetic retention of FMNs can also be
observed within the well-developed neovasculature. In
Figure 3C, the image channels for Angiosense (left
panel, blue color) and FMN (right panel, red color) are
placed side by side for comparison. For tumor neovas-
culature at the center of the image, which is outlined in
a relatively consistent manner by Angiosense, punc-
tate nodal spots at edges of Ni wires are obvious in the
FMN signal channel. This is because the strong mag-
netic forces from the edges of Ni wires are able to retain
FMNSs, resulting in stronger fluorescence signal at the
nodal spots. The ratio of averaged FMN fluorescence
intensities for a ROI that encircles the nodal spot at
the Ni wire edge versus that from a ROI that encloses
the vessel area near the center of the Ni mesh hole
is much larger than that for the Angiosense channel.
A few pairs of such locations are indicated using
colored arrows in Figure 3C. Corresponding intensity
ratios for each pair are shown in the table of Figure 3D,
along with a bar graph of the average values and
standard deviations. The average intensity ratio for
FMN signal is five times that of Angiosense signal. This
clearly demonstrates that FMNs were able to respond
to the external magnetic field gradient generated by
the Ni micromesh and thus magnetically accumulated
close to the wire edge to form nodal spots with intense
fluorescence.

The magnetic targeting of FMN to the tumor region
could largely impact the functions of biomolecules
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Figure 3. Magnetic targeting of FMN within tumor neovasculature. (A) Real-time observation of magnetic accumulation of
FMNs to the mesh edge. The three image channels are as follows: red for FMN fluorescence, blue for Angiosense 750
fluorescence, and green for EGFP-transfected tumor signal. Each image represents the first frame of 60 frame movies
capturing a 10 min magnetic targeting event starting 4 min after applying the magnetic force. Corresponding movies are
shown in the Supporting Information. (B) Intensity change with frame number for the ROIs outlined using the white dash in
(A). (C) Angiosense 750 channel (blue) and the FMN channel (red) imaged 20 min after activating the magnetic field. (D) Top:
Intensity contrast for ROIs that circle the nodal spot at the Ni wire edge versus that enclosing the vessel area near the center of
the Ni mesh hole for FMN (number on the left) and Angiosense (right). The color of the number corresponds to the color of
arrows in C. Bottom: Bar graph represents the average intensity contrast and its standard deviation for the FMN and the
Angiosense channels.
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Figure 4. Cell staining experiments demonstrate binding specificity of FMN-RGD to cultured U87MG human glioblastoma
cells in comparison with FMN-RAD. U87MG cells overexpress o33 integrin on the cell surface and RGD peptide binds to it.
U8B7MG cells are transfected with EGFP and show green fluorescence. FMNs are coated with Cy5.5 and hence have red
fluorescence that can be detected under a fluorescence microscope.
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conjugated to FMN surfaces. Here we used RGD
binding to tumor angiogenic target o35 integrin as a
model system, which is reported to cause apoptosis
of tumor blood vessels and promote tumor regres-
sion.'® The scrambled form RAD (Arg-D-Ala-Asp)'® was
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utilized in control experiments. FMN-RGD demon-
strated binding specificity to cultured U87MG human
glioblastoma cells, as compared to FMN-RAD (Figure 4).
For experiments in living subjects, we selected the
intensity of the tumor EGFP signal to monitor the
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Figure 5. RGD-conjugated FMNs in combination with external magnetic control accelerates tumor regression in a
U87MG human glioblastoma xenograft mouse model. (A—C) EGFP-transfected tumor image channels show tumor
intensity change within days of imaging for FMN-RGD together with magnetic targeting (A), FMN-RGD without
magnetic targeting (B), and FMN-RAD under magnetic targeting (C). Day 1 is the day of FMN injection and magnetic
targeting. The permanent magnet was placed for 2 h, and the Ni micromesh was removed the following day to better
observe the imaging area. (D) Normalized tumor intensity vs imaging time curves demonstrate that FMN-RGD together
with magnetic targeting can expedite tumor regression (n = 3, P < 0.05). The fluorescence image intensity scales were
set so that the brightest image within each series (A—C) was near saturation. (E) Half-lives of tumor fluorescence signal
decay demonstrate significantly faster tumor regression for FMN-RGD injection with magnetic targeting (n = 3, ~1 day)
compared to without magnetic targeting (n = 3, ~6 days). The half-lives were obtained by fitting each of the six FMN-
RGD injection curves (Figure 5D and Supporting Information Supplementary Figure 3) to a first-order exponential

decay function.

RGD-induced effects in different experiments since
nanoparticles could extravasate out of leaky tumor
vessels and remain in tumor regions for extended
time regardless of surface molecular specificity, in
line with the enhanced permeability and retention
effect of nanoparticles.’*?’ Figure 5 shows that in-
travenously injected FMN-RGD caused tumor regres-
sion (n = 3), while tumors continued to grow after
FMN-RAD injection (n = 2). For FMN-RGD injection
together with magnetic targeting, tumors regressed
at a much faster pace (tumor signal decay half-life of
0.853 days) than when injecting FMN-RGD without
any magnetic force with a tumor signal decay half-
life of 6.197 days (n = 3, p < 0.05, Figure 5A,B,E and
Supporting Information Supplementary Figures 2
and 3). The tumor signal decay pattern under mag-
netic targeting is similar to that obtained by dou-
bling the FMN-RGD dosage (Supplementary Figures
2 and 3), suggesting that expedited tumor regression
under magnetic targeting is due to the retention of
more FMN-RGD in the tumor region by virtue of
magnetic targeting. More rigorous dosage experi-
ments will need to be eventually performed to
exactly quantify the dose equivalence of the mag-
netic targeting scheme.

CONCLUSION

FMNs present a multitude of nanoparticle character-
istics that can be used to improve the current state
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of the art in cancer molecular imaging and target-
ing. They can be formulated as multifunctional agents
that offer imaging and molecular targeting func-
tions, while also allowing externally enhanced nano-
particle localization in living subjects through the
use of magnetic forces. Our in vivo magnetic target-
ing approach developed here enables manipulation
of individual nanoparticles with single 8 nm SPIO
cores, which has been a formidable challenge in
many magnetic targeting experiments. The ap-
proach presented here opens the doors for utiliza-
tion of individual SPIO nanoparticles, a proven
biocompatible nanoparticle form, for magnetically
enhanced targeting and imaging applications in
living subjects. This system can be further developed
by making the magnetic micromesh biodegrad-
able,?? for example, by utilizing meshes of SPIO
materials in a biodegradable polymeric fibrous fra-
mework and by using multiple micromeshes to en-
close or segregate tumor mass and capture
drug-loaded FMNs at the tumor sites. The combined
magnetic micromesh and nanoparticle procedures
can improve cancer therapy through the fine control
over the targeting and administration of both sys-
temic and localized anticancer therapy modalities
and serve as an alternative minimally invasive pro-
cedure to surgical tumor removal. Although rigorous
experimentation and preclinical evaluation are still
required prior to their clinical use, active development
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of these FMNs and similar approaches are urgently
needed for realization of nanotechnology-based solu-

EXPERIMENTAL METHODS

FMN Preparation. SPIOs were synthesized by oxidative de-
composition of iron pentacarbonyl in trimethylamine oxide,
oleic acid, and hexadecane.?* The average particle size is 8 nm,
as measured by transmission electron microscopy (TEM)
(Supplementary Figure 4). Afterward, silanization coating chem-
istry was developed to render SPIO water-soluble and biocom-
patible. Briefly, mercapto/aminopropyl trimethoxyl silane was
added to coat the surface of SPIO by forming a cross-linked shell
under basic conditions using tetramethylammonium hydroxide
as the base in a methanol solution. By adjusting the quantity of
silane molecules added, the shell thickness can be controlled. In
this work, the size of silanized SPIO before fluorophore incor-
poration is 87 nm as measured by dynamic light scattering
technique, which implies a silanization coating thickness of
roughly 40 nm. Both mercapto and amino groups are incorpo-
rated onto the nanoparticle surface. Near-infrared fluorophores
(Cy5.5) with NHS (N-hydroxysulfosuccinimide) modification (GE
Healthcare) are covalently bonded to the amino groups. A small
cyclo[Arg-Gly-Asp-D-Tyr-Lys] (RGD) that can specifically target
tumor angiogenesis marker a,33, or its inactive control peptide
cyclo[Arg-D-Ala-Asp-Tyr-Lys] (RAD), was bound to mercapto
groups of the silanized SPIO surface using a cross-linker sulfo-
SMCC (sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-
1-carboxylate, Thermo Fisher Scientific).

FMN Characterization. Transmission electron microscopy
(TEM) imaging and characterization was performed using
a JEOL TEM1230 at 80 kV. Dynamic light scattering was per-
formed on a ZetaPlus analyzer (Brookhaven Instruments
Corporation).

Animal Experiments. These were conducted in accor-
dance with the ethical guidelines of the National Institutes of
Health and with the approval of the Institutional Animal Care
and Use Committee of Stanford University.

Intravital Imaging. This was performed using an [V-100
intravital microscope (Olympus, Center Valley, PA). The experi-
mental preparation included the following: (1) surgically im-
plant a dorsal skinfold chamber (DSC, APJ Trading Co., Inc.,
Ventura, CA) onto the back of the SCID mouse (Charles River,
Wilmington, MA) which is a retired male breeder weighing more
than 28 g, and wait for 2—3 days; (2) 1 million EGFP-transfected
U87MG human glioblastoma cells were inoculated in low
volume of 20 uL directly on top of the skinfold in the DSC.
Tumor was allowed to grow for 10 days before imaging. On the
day of intravital imaging, the mouse was anesthetized with
isoflurane and positioned with the DSC fixed beneath the 10x
objective of the intravital microscope. Commercial vascular dye
Angiosense 750 (VisEn Medical, Woburn, MA) and FMN (with
RGD or RAD) were subsequently injected into the mouse tail
vein. Laser sources at 488, 633, and 748 nm were used for
excitation. Three corresponding output channels illustrated in
this paper with green for the EGFP-transfected tumor, red for
FMN-Cy5.5, and blue for Angiosense 750 were simultaneously
scanned for image acquisition. Resolutions of 320 and 512 pixel
were selected in most imaging situations. The injection amount
of Angiosense is 100 uL of original solution, which corresponds
to 1.3 nmol of Angiosense. The FMN concentration was kept at
0.1 uM. A 100 uL solution of FMN (10 pmol) was injected for
most experiments except for the dosage experiments, where
200 uL (20 pmol) of FMN was injected. Intravital imaging permits
direct observation of the behavior of FMN in living subjects.

Magnetic Targeting. The observation of magnetic nanoparti-
cle accumulation in vivo was accomplished using an intravital
microscope and a tumor xenograft mouse model in a dorsal skin-
fold chamber (DSC). For a general experiment, EGFP-transfected
U87MG human glioblastoma cells (~1 x 10°) were inoculated
and grown on the back of one mouse, and inside the DSC,
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tions for challenging biomedical problems, such as earlier
cancer detection and targeted therapy.?

for 10 days. Then commercial vascular dye Angiosense
750 and FMN (with RGD or RAD) were intravenously injected,
both of which outline the tumor neovasculature. The tumor
area and tumor neovasculature were examined using intra-
vital microscopy after the injection of Angiosense and FMN.
Because tumor vascular growth is heterogeneous, including
variations of the depth and separation of vessels, an area with
the best vessel structure in the entire observation window
is selected. Then a small piece (edge length ~3—8 mm) of
electroformed Ni micromesh (wire width 12 um and thickness
5 um) was placed on top of the area. The magnetic force
began when a permanent NdFeB N52 rectangular bar mag-
net (7.5 x 7.5 x 22 mm?) was placed beneath the DSC window
on the back side of the skinfold. The permanent magnet has
a field strength of 2 kOe and a maximum field gradient of
10 T/m near the surface.

Statistical Analysis. The statistics for magnetic targeting
(Figure 3D) were obtained from the average and standard
deviation of fluorescence intensity ratios corresponding to the
three pairs of colored arrows. The statistical analysis for tumor
signal change with time of FMN-RGD, FMN-RAD, and magnetic
targeting (Figure 5D) was based on the intensity of eight ROIs
from two representative images of each imaging time point.
The ROIs were selected to be within regions with the brightest
tumor (EGFP) signals. The statistical analysis of the half-lives of
tumor signal decay (Figure 5E) was generated by fitting each of
the six FMN-RGD injection curves (Figure 5D and Supplemen-
tary Figure 3), three for injection under magnetic targeting,
and three for injection without magnetic targeting, to a first-
order exponential decay function. The statistically different
tumor signal decay trends were confirmed by a Student's t test
analysis of FMN-RGD injections with and without magnetic
targeting (n = 3, p < 0.05).
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