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A cell delivery strategy was investigated that was hypothesized to
enable magnetic targeting of endothelial cells to the steel surfaces
of intraarterial stents because of the following mechanisms: (i)
preloading cells with biodegradable polymeric superparamagnetic
nanoparticles (MNPs), thereby rendering the cells magnetically
responsive; and (ii) the induction of both magnetic field gradients
around the wires of a steel stent and magnetic moments within
MNPs because of a uniform external magnetic field, thereby
targeting MNP-laden cells to the stent wires. In vitro studies
demonstrated that MNP-loaded bovine aortic endothelial cells
(BAECs) could be magnetically targeted to steel stent wires. In vivo
MNP-loaded BAECs transduced with adenoviruses expressing lu-
ciferase (Luc) were targeted to stents deployed in rat carotid
arteries in the presence of a uniform magnetic field with signifi-
cantly greater Luc expression, detected by in vivo optical imaging,
than nonmagnetic controls.

cell therapy � gene therapy � local delivery � nanotechnology

Cell therapy represents a forefront approach with great
promise. In particular, reendothelization of diseased or

injured arteries is a goal of endothelial-related cell therapies (1,
2). However, there is a paucity of delivery strategies for localizing
cell therapy to target sites (1, 2). The present studies report an
approach for delivering endothelial cells to intravascular steel
stents. Balloon-deployable stents are now the treatment of
choice for vasoocclusive disease. Advanced stent designs with
drug-eluting capabilities have resulted in a paradigm shift in the
care of coronary disease (3–6). However, the lack of reendo-
thelization (1, 2) after stent angioplasty remains an unsolved
problem (3–6). Stents are commonly composed of steel alloys,
such as the medical-grade stainless-steel 316L, which exhibits a
minimal response to external magnetic fields. However, we
hypothesized that by using a more magnetically responsive alloy,
such as a 304-grade stainless steel, instead of 316L, it would be
possible to locally deliver genetically modified endothelial cells
to stent surfaces by using magnetic gradient-related mechanisms.

Previous investigations of magnetically targeted cell-delivery
systems, which have all exclusively used locally applied magnets,
rather than uniform magnetic fields, have been hampered by a
number of factors. These studies by others (7–9) have used
nonbiodegradable magnetic nanoparticles that cannot be re-
moved from the tissue after delivery. More fundamentally, these
previous studies used magnetic field sources in a suboptimal
manner. Thus, prior work has been limited to using a single
source of magnetic field, in which either a locally applied
permanent magnet (7, 8) or a ferromagnetic medical implant (9)
was used to implement the magnetic capture system. Such
sources can be designed to increase the magnetizing field of cells
loaded with magnetic nanoparticles or the field gradient, but not
both, making it impossible to maximize the fraction of captured

nanoparticle-loaded cells by these techniques. Our concept is
fundamentally different, compared with these alternative ap-
proaches, in that we hypothesize that the magnetic force can be
maximized by using a relatively strong uniform field to magne-
tize the magnetic nanoparticle-loaded cells, and this effect also
is superimposed on high-level magnetic gradients within the steel
stent wire network induced by the presence of a uniform field.
Specifically, a uniform magnetic field is supplied by electromag-
netic coils positioned external to the body, and the short-range,
high-gradient magnetic fields are produced by the magnetizable
wires of a stent for the purpose of maximizing the regional
magnetic force on endothelial cells loaded with magnetic nano-
particles (Fig. 1). In practice, this technique enables a far greater
fraction of the delivered materials to be captured than if a single
source magnetic field were used.

To examine this concept experimentally, we first formulated
and characterized biodegradable polymeric superparamagnetic
nanoparticles (MNPs). We then identified optimal MNP cell-
loading conditions with respect to MNP dose, loading time, and
cell viability. We examined in vitro the possibility of targeting of
MNP-loaded cells to the steel surfaces of stents in a model
flow-loop system in the presence of uniform magnetic fields by
using paired electromagnets. We then investigated this strategy
in vivo in rats by using magnetic gradient-based targeting of
MNP-loaded cells to the steel surfaces of intraarterial stents in
the presence of a uniform magnetic field.

Results
Polylactide MNPs were prepared by a modified emulsification-
solvent evaporation methodology (10) with the incorporation of
oleate-coated iron oxide nanocrystals (10, 11) by using BSA as
a surface-stabilizing agent. Albumin-stabilized MNPs displayed
a narrow size distribution, with an average diameter of 290 � 15
nm (Fig. 2a), and they exhibited superparamagnetic behavior
showing no significant hysteresis and a remnant magnetization
on the order of 0.5% of the saturation magnetization value (Fig.
2b). The stent material used was 304-grade stainless steel, which
was chosen for its combination of suitable magnetic properties
and its corrosion resistance in aqueous environments. The
304-grade stents also exhibited nearly superparamagnetic be-
havior showing only slight magnetic hysteresis and displaying a
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remnant magnetization on the order of 7% of the saturation
magnetization value (Fig. 2c). 316L-grade stainless-steel stents
also were tested, but were not included in targeting studies
because of their less responsive magnetic properties (Fig. 2c).

A subset of MNPs was formulated with polylactic acid (PLA)
that was covalently modified with BODIPY 564/570 (12),
thereby resulting in MNPs that could be used in fluorescent
microscopy experiments and fluorometry-based quantitation
studies. This formulation was used to characterize the kinetics of
cell loading with MNPs. Bovine aortic endothelial cells (BAECs)
in confluent cell cultures were incubated with various doses of
BODIPY 564/570 MNP on a cell culture magnet (see Materials
and Methods). The MNP uptake was determined at different
time points by measuring the fluorescence of internalized nano-
particles. The amount of MNP internalized because of magnetic
field exposure linearly depends on the MNP dose in the tested
range (Fig. 2d). That is, �30% of internalization was observed
after 8 h, and the uptake was essentially complete after 24 h (Fig.
2 d and e). Cell viability was not adversely affected by internal-
ized MNPs, as assessed by the results of Calcein green staining
and Alamar blue assays (Fig. 2 e and f, respectively). Cell survival
of 83 � 3% relative to untreated cells was observed at the highest
applied MNP dose (9 �g per well, corresponding to a MNP
loading of 0.3 ng per cell) and at the maximal incubation time of
24 h (Fig. 2f ). Based on these results, we chose an MNP dose of
0.2 ng per cell for subsequent experiments (92 � 2% cell
survival; a dose of 5.8 �g per well per Fig. 2f ). As expected,
BAECs laden with MNPs demonstrated superparamagnetic
behavior showing hysteretic properties similar to free (noncell-
associated) MNPs (i.e., a remnant magnetization of �1% of the
saturation value) (Fig. 2g).

MNP-loaded endothelial cell targeting to 304-grade stainless-
steel stents was first studied in a model flow-loop system. In the
absence of an externally applied uniform magnetic field, almost
no cell capture was observed (Fig. 3a). However, when a uniform
magnetic field was applied across the stent within the flow-loop
system, the stent captured a significant percentage of the circu-
lating cells, demonstrating an initial rate of 1% of cells captured
per min (Fig. 3a). Saturation in cell capture was observed within
50 min after the magnetic field was applied, resulting in the

targeting of 20% of the circulating cells (�0.5 � 106). That is,
�50% of the captured cells (�0.25 � 106) accumulated on the
stent surface within the first 6 min. Fig. 3b shows the stent
surface at the end of the experiment with adherent cells com-
pletely covering the stent wire surfaces, as demonstrated by red
MNP fluorescence microscopy results and Calcein green stain-
ing, indicating viability of the captured cells (Fig. 3c).

Acute rat carotid-stenting studies (13, 14) were carried out by
transthoracic injection of BAECs loaded with MNPs into the left
ventricular cavity in the presence of a uniform magnetic field
(1,000 G) across the region of the stented artery (Fig. 3 d and e).
The animals were killed 5 min after magnetic targeting, and the
stents were retrieved, revealing targeting of MNPs to 304-grade
stainless-steel stent surfaces in the presence of a magnetic field
(Fig. 3d), again with complete uniform coverage of the stent
wires with cells containing fluorescent MNPs. However, in the
absence of a magnetic field, no detectable MNP-loaded BAECs
were demonstrable (Fig. 3e). Thus, these short-term in vivo
results were comparable to the in vitro-targeting studies (Fig. 3b).

We next carried out experiments by using BAECs both loaded
with MNPs and transduced with luciferase (Luc)-encoding,
replication-defective adenoviruses (AdLuc). Our initial studies
examined magnetic targeting of MNP-loaded, Luc-modified
BAECs with local delivery in a stop-flow setting (Fig. 3f ), using
Luc transgene activity as an endpoint, and detected with intra-
vital bioluminescence imaging (Fig. 3f ). After in vitro AdLuc
transduction and preloading with MNPs, BAECs were harvested
and locally delivered to an isolated stented segment of each rat’s
carotid artery in the presence or absence of a magnetic field (Fig.
3f ). The stented vessel was temporarily tied off at both ends
(stop-f low delivery technique), whereas the MNP-loaded
BAECs were delivered to the stented section for 15 s (Fig. 3f ).
The cell suspension was then evacuated from the artery, and the
magnetic field was maintained for an additional 5 min before the
circulation was allowed to resume. The animals were recovered
and studied 48 h later; as expected, significantly greater trans-
gene expression (P � 0.045) was demonstrated by using local
perivascular luciferin administration, followed by biolumines-
cent in vivo optical imaging in animals that had been adminis-
tered with MNP-loaded BAECs in the presence of a uniform
magnetic field, compared with a control group not subjected to
magnetic delivery conditions (Fig. 3f ). It also is noteworthy that
bioluminescent whole-body imaging scans of the animals in these
studies revealed an absence of transgene activity except within
the stented carotid segments (data not shown).

Magnetically targeted delivery of MNP-loaded BAECs with-
out interruption of the stented carotid blood flow also was
investigated by injecting the MNP-loaded BAECs expressing Luc
over the course of 1 min through a catheter positioned in the
aortic arch with exposure to a uniform magnetic field for 5 min
(Fig. 3g). Specific targeting to the deployed stents due to the
applied field was demonstrated after 48 h by bioluminescent
imaging (Fig. 3g), with no detectable Luc activity present in
stented arterial segments that were not exposed to a magnetic
field (P � 0.005). Furthermore, although our imaging proce-
dures also involved entire body scans looking for Luc activity,
there was an absence of bioluminescence in distal sites (data not
shown) in these studies as well. Luc-positive immunostaining
confirmed the presence of transgene activity in the intimal and
medial regions of the stented arterial segments that were ex-
posed to magnetic cell targeting (data not shown).

Discussion
These results demonstrate the successful targeting of magneti-
cally responsive MNP-loaded endothelial cells to the steel sur-
faces of intraarterial stents by using the stent-associated mag-
netic field gradients resulting from the presence of an external
uniform magnetic field. Virtually all previous research on this

Fig. 1. A schematic representation of a stented blood vessel showing that
magnetically responsive cells are attracted to steel stent struts in a uniform,
magnetic field because of a generated magnetic force (F�mag) that directly
depends on the strength of the total magnetic field (B� ), high field magnetic
gradients (�B�g) induced on the stent struts, and the magnetic moments (m� )
induced on MNP-loaded cells by the uniform magnetic field B�0. The total
magnetic field (B� ) is a sum of a gradient field (B�g) of the stent and a uniform
field (B�0). The steel mesh structure of the stent is shown in both the open
stented blood vessel fragment and as individual strut areas in Inset.
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subject, whether concerned with either magnet targeting of
particles or cells, has involved the use of a single magnetic field
source (7–9, 15–21), rather than a homogeneous magnetic field,
as used in the present experiments. However, this single-source
capture method used in previous studies by others (7–9, 15–21)
is at odds with the underlying physical mechanism of magnetic
carrier capture, which depends on the presence of both strong
far-reaching magnetic fields to magnetize the carriers (e.g., cells
loaded with MNPs) and strong magnetic field gradients to apply
forces on those carriers. The differences between the previous
approaches that used a single magnetic field source with the
current approach can be further illustrated by using the following
arguments (Fig. 1). The magnetic force on MNP-loaded cells is
F� mag � (m� � �)B, where m is the magnetic moment and B is the
external magnetic field. Suppose first that the external magnetic
field B� � B� g is the gradient field produced by an iso-
lated magnetic pole source. In this case, the gradient field decays
inversely with the square of the distance from source, i.e., B� g �
(1/r2). The gradient of this field decays with the cube of the
distance from the source, i.e., �B� g � (1/r3). If the same field is

used to magnetize the MNP-loaded cells at some distance from
the source, the magnetic moment decays as the field does, i.e.,
m� � (1/r2). Substituting these terms into the magnetic force
expression, one obtains a force that decays inversely with the
fifth power of the distance from the source, i.e., F� mag � (1/r5).
However, if the total magnetic field is a sum of gradient and
uniform fields B� � B� g � B� 0, even sufficiently far away from
the gradient source, the MNP-loaded cells’ magnetic moments
remain independent of the distance from this source. In other
words, even far away from the gradient source, where the
gradient field is weak, the MNP-loaded cells are magnetized by
the uniform field B� 0. In this case, the magnetic force decays as
does the gradient of the field, i.e., F� mag � (1/r3). It is this reduced
decay of the magnetic force that permits the capture of MNP-
loaded cells much farther away from the gradient source and that
is the main advantage of the magnetic capture approach pre-
sented herein, which relies on the presence of both the gradient
and the uniform magnetic field.

The biodegradability and biocompatibility of the PLA MNP
formulation used in the present studies are well documented and

Fig. 2. Characterization of MNP and MNP-cell loading. (a) Transmission EM of albumin-stabilized MNPs. Note the small size and the large number of individual
oleic acid-coated magnetite grains distributed in the MNP polylactide–polymeric matrix. (b) Magnetization curve of MNPs, which exhibit superparamagnetic
behavior showing no significant hysteresis and a remnant magnetization on the order of 0.5% of the saturation magnetization value. (c) Magnetization curves
of 304-grade (left-sided y axis) and 316L-grade (right-sided y axis) stainless-steel stents. The 304-grade stainless-steel stent exhibits a near superparamagnetic
behavior showing slight hysteresis and a remnant magnetization on the order of 7% of the saturation magnetization value. By comparison, the 316L-grade stent
shows far less magnetic responsiveness. (d) MNP-cell loading studies. The kinetics of MNP uptake by BAECs in culture as a function of MNP dose, incubation time,
and the presence or absence of a magnetic field of 500 G by using a fixed magnet applied directly to the underside of the cell culture plates. The MNP uptake
was determined by fluorescence of internalized MNPs. (e) Micrographs of BAECs in culture with bright field and red fluorescent images qualitatively showing
the relative amount of MNPs internalized within cells at different time points at the applied MNP dose of 9 �g per well. Green fluorescent micrographs show
cell viability as assessed by Calcein green staining. (Magnification: �100.) ( f) Cell viability as a function of MNP dose and incubation time as determined by Alamar
blue assays. (g) Magnetization curve of BAECs loaded with MNPs demonstrates superparamagnetic behavior showing no significant hysteresis and a remnant
magnetization on the order of �1% of the saturation magnetization value. Cells not loaded with MNPs exhibit diamagnetic behavior.
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described elsewhere (11, 22). Iron oxide, at the levels incorporated
into our MNPs, is nontoxic, biocompatible, and routinely used as a
contrast agent for MRI in human subjects (23). At our selected
MNP loading of 0.2 ng per cell for the present in vivo experiments,
MNP-laden cells demonstrated viability results that did not differ
significantly from the control (Fig. 2f). Thus, it is unlikely that the
levels of magnetite loading reported herein would adversely influ-
ence endothelial cell proliferation in vivo, although potential tox-
icity remains to be investigated. Furthermore, intracellular traffick-
ing of MNPs has been reported by our group with respect to the
rapid uptake and processing of MNP-delivered plasmid DNA (11).
However, the fate of MNPs over time with respect to degradation
and exocytosis (24) has not been studied as yet by our group or
others and should be the subject of MNP investigations. Nonlocal-
ized nanoparticles would likely be rapidly cleared by the reticu-
loendothelial system (25).

A number of important factors need to be addressed in studies
concerning in vivo investigations of this approach. It is of interest

that, despite the fact that a stent has a relatively small surface
area, estimated to be �42–47 mm2 in the present studies, our
results show that even the rat carotid stents used in our exper-
iments can be magnetically targeted with �106 MNP-loaded
endothelial cells. It is noteworthy that local delivery of endo-
thelial cells even at this level may be efficacious based on the
work of others (26). Kong and coworkers (26) reported that local
delivery (without magnetic localization) of 106 autologous en-
dothelial progenitor cells overexpressing endothelial nitric oxide
synthase in balloon-injured rabbit carotid arteries resulted in an
inhibition of neointimal hyperplasia. Furthermore, our in vitro-
modeling results (Fig. 3a) indicate that, although MNP-loaded
cells begin to bind immediately to steel surfaces in the presence
of a homogenous magnetic field, a steady-state equilibrium is
reached after 20 min with documented viability (Fig. 3a). Thus,
these data, as well as our successful in vivo results, provide the
basis for further studies concerning the kinetics of MNP cell
targeting and adhesion.

Fig. 3. Magnetic targeting of MNP-preloaded BAECs under flow conditions in vitro and in vivo. (a) In vitro capture kinetics of magnetically responsive BAECs onto
a 304-grade stainless-steel stent in the presence of a uniform field of 1,000 G and a nonpulsatile flow rate of 30 ml/min. The initial capture rate was estimated to be
1% of cells per min. The data were obtained by measuring the fluorescence of MNPs. (b and c) Magnetically responsive BAECs captured in vitro onto a 304-grade
stainless-steel stent as evidenced by the red fluorescence of MNPs (b) and Calcein green staining of live cells (c). (d) MNP-loaded BAECs captured in vivo onto a deployed
304-grade stainless-steel stent in the rat carotid artery. BAECs preloaded with fluorescent MNPs were transthoracically injected into the left ventricular cavity. Animals
were exposed to a magnetic field of 1,000 G for 5 min, including the period of injection. The animals were killed 5 min after delivery, and the explanted stents were
immediately examined by fluorescence microscopy. (e) Control rats underwent an identical procedure where no magnetic field was used. (Magnification: b–e, �40.)
(f) In vivo local magnetic cell delivery in a rat carotid stenting model under stop-flow conditions. A catheter was introduced via the external carotid into the common
carotid artery and was positioned distal to a deployed stent. The cell suspension was delivered into isolated arterial segments for 15 s. (g) In vivo cell delivery under
uninterrupted blood-flow conditions. A catheter was introduced via the external carotid into the common carotid and advanced beyond the stent to the aortic arch.
The cells were injected at this site at the rate of 1 ml/min for 1 min. For both delivery protocols (f and g) in the magnetic group (Mag�), the injection was carried out
with animals placed in a magnetic field of 1,000 G, and the field was maintained for a total of 5 min after delivery. In control rats (Mag� group), no magnetic field
was applied. In both settings, BAECs were first transduced in culture with AdLuc and then loaded with MNPs. The animals were imaged 48 h after delivery by local
perivascular administration of luciferin admixed in a pluronic gel. The signal emitted from the stented arterial segment due to the luciferase transgene expression was
significantly higher in the animals that received cells in the presence of a magnetic field (Mag� group).
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Translating the results of the present studies into a clinical
configuration to provide a homogeneous magnetic field in the
region of a deployed stent could involve either (i) the regional
application of large fixed magnets, or (ii) carrying out the
targeting procedures in an MRI device. Our data (Fig. 2)
demonstrate that �80–90% of the magnetic moment saturation
for stents, MNPs, and MNP-loaded cells occurs in a range of 1–2
kGauss (0.1–0.2 Tesla). Thus, for example, a typical MRI system
with a uniform magnetic field in the 1- to 3-Tesla range should
hypothetically enable MNP cell targeting to a steel stent in the
human heart. Furthermore, although the iron oxide loadings
used in the present studies were demonstrated to be nontoxic in
vitro (Fig. 2f ), the in vivo use of MNP-loaded cells requires that
iron dosing be monitored. However, scaling up MNP-laden cell
delivery for human applications with 0.2 ng of iron oxide per cell,
as in the present studies, would result in systemic exposure of a
human subject receiving 106 to 107 MNP-loaded cells to iron
levels �5,000-fold below those demonstrated by others (23) to be
safe for human subjects.

It is concluded that cell targeting mediated by mechanisms
elaborated on in this article, involving a complex interaction of
ferromagnetic implants, MNP-loaded cells, and the presence of
high field gradients because of a homogeneous magnetic field,
represents a powerful strategy for the site-specific delivery of
cell-based therapies. Although our example only focused on this
approach by using steel stents deployed in arteries, other relevant
configurations could include the use of steel stents for esopha-
geal disorders including cancer, urinary tract stents, bile duct
stenting, and the use of stents for symptomatic relief of bronchial
carcinoma. Steel implants also are used extensively in orthopedic
procedures and in this setting represent another hypothetical
example of a potential therapeutic platform for use with mag-
netic cell targeting.

Materials and Methods
Nanoparticle Formulation and Characterization. Magnetite prepared from
ferric and ferrous chloride (300 and 150 mg, respectively) by alkaline precip-
itation with aqueous sodium hydroxide was magnetically separated, resus-
pended in 2 ml of ethanol, and coated with 200 mg of oleic acid with heating
under argon to 90°C in a water bath for 5 min. Excess oleic acid was phase-
separated by dropwise addition of 4 ml of water, and the lipid-coated mag-
netite was washed twice with ethanol. Lipophilic magnetite was dispersed in
6 ml of chloroform, forming a stable ferrofluid. The resulting organic disper-
sion of iron oxide was used to dissolve PLA, thus forming an organic phase. The
organic phase was emulsified in an aqueous albumin solution (1%) by soni-
cation in an ice bath, followed by organic solvent evaporation. The particles
were separated from the unbound albumin by repeated magnetic sedimen-
tation/resuspension cycles and lyophilized with 5% (wt/vol) glucose as a
cryoprotectant. Lyophilized MNP were kept at �20°C and resuspended in
deionized water before use.

Particle size measurements were performed by using the 90 Plus Particle
Size Analyzer (Brookhaven Instruments). The magnetic properties of MNPs
and cells loaded with MNP were estimated from the hysteresis curves of
either MNP or MNP-loaded cells (5-�l samples) air-dried on a 4 � 4-mm2

cover-glass slide by using an alternating gradient magnetometer (Prince-
ton Instruments).

Cell Preparations. BAECs were seeded on clear-bottom 96-well plates at a
density of 1.5 � 104 cells per well by using DMEM supplemented with 10% FBS
for the cell-loading and cell-viability experiments. To synchronize cell cultures
with respect to MNP uptake, the cells were incubated at 4°C for 30 min. Then
MNP were added to cells at different doses, and cell cultures were incubated
on a magnetic separator adapted for cell culture plates by using a magnetic
field source of 500 G (LifeSep 96F; Dexter Magnetic Technologies). Further, at
predetermined time points, cells were washed with PBS, and the amount of

internalized MNP was measured fluorimetrically (�em/�ex � 540/575 nm). Cell
viability was determined at all time points by using Calcein green staining and
the Alamar blue assay as described by the manufacturer (Biosource).

For the studies of in vitro cell capture on stents, BAECs were seeded on
clear-bottom 12-well plates. Cells and MNPs were incubated on a magnetic
source (Life Sep 96F) for 24 h to allow nearly complete (�95%) internalization
of MNPs. Then cells were trypsinized and resuspended in a cell culture medium
for further magnetic capturing experiments. Cells used for in vivo-delivery
experiments were first transduced with replication-defective type 5 (E1- and
E3-deleted) AdLuc under the control of the human cytomegalovirus promoter
(Gene Vector Core, University of Pennsylvania, Philadelphia, PA) for 10 h
(moi � 500) and then loaded with MNPs for 24 h.

In Vitro and in Vivo Short-Term Cell-Capture Experiments. In an in vitro
cell-capture experiment, MNP-loaded BAECs (�2.5 � 106) circulated in a closed-
loopsystem, includinga304-gradestainless-steel stent (CircleMedicalDevices),at
a flow rate of 30 ml/min while a homogeneous magnetic field of 1,000 G was
applied. A homogeneous magnetic field was produced by passing an electrical
current through serially connected solenoid coils with iron cores (40 mm in
diameter) placed at both sides of either a stent positioned in a flow chamber of
a model loop-circulatory system or a stented animal within a distance of 40 mm
between the electromagnets’ cores. An electrical current of 9.4 A was generated
by an HP 6034 A ( Hewlett Packard) power supply by applying 28 V. The magnetic
fieldstrengthwasmeasuredbyaHallProbepurchasedfromLakeShoreCryotron-
ics.CelldepletionwasmonitoredbymeasuringMNPfluorescence,andtheresults
were calculated as a percentage of captured cells.

In in vivo cell-capture experiments, 304-grade stainless-steel stents were de-
ployed in the rat carotid arteries under general anesthesia (13). For acute studies,
BAECs (106 cells in 1 ml of media) preloaded with fluorescent MNPs were trans-
thoracically injected into the left ventricular cavity. Animals were exposed to a
magnetic field of 1,000 G for 5 min by using the system described in Cell Prepa-
ration, including the period of injection. Control rats underwent an identical
procedure,wherenomagneticfieldwasused.Theanimalswerekilled5minafter
delivery, and the explanted stents were examined by fluorescence microscopy.

Angioplasty and in Vivo Delivery Procedure: 48-Hour Studies. Under general
anesthesia (13), the left common carotids of 450- to 500-g Sprague–Dawley
male rats were injured by four passages of a Fogarty catheter before deploy-
ment (16 atm) of 304-grade stainless steel. In the model studies of cell delivery
under stop-flow conditions, 23-gauge tubing was introduced via the external
carotid into the common carotid artery and was positioned distal to the
deployed stent. Thus, for these studies with temporary interruption of carotid
blood flow, a 15-mm segment of common carotid artery encompassing the
stented site was isolated by ligatures. The cell suspension of BAECs (106 cells
per ml, with 50 �l injected) was delivered into the isolated arterial segment for
15 s, after which the excess cells that were not retained in the artery were
evacuated by syringe. In studies of cell delivery under uninterrupted flow,
26-gauge tubing was introduced via the external carotid into the common
carotid and advanced beyond the stent to the aortic arch. The cells were
injected at the rate of 1 ml/min for 1 min. For both delivery protocols, in the
magnetic (Mag�) group, the injection was carried out with animals placed in
a magnetic field of 1,000 G, as described above, and the field was maintained
for a total of 5 min after delivery. In control rats (Mag� group), no magnetic
field was applied.

Forty-eight hours after magnetic cell delivery, all animals were subjected to
bioluminescence imaging (IVIS 100; Xenogen) to detect Luc transgene activity.
Imaging procedures involved local application under general anesthesia of 2.5
mg of luciferin dissolved in 250 �l of 25% Pluronic F127 (Sigma–Aldrich) gel
(27) applied to the external surface of the stented common carotid artery with
bioluminescence data acquisition after 5 min; both local carotid images and
whole-body scans were assessed. The integration time was 10 min.

Statistical Analysis. Experimental data were presented as means � SE. Stu-
dent’s t test was used to analyze the significance of differences in datasets.
Differences were termed significant at P � 0.05.
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