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Vascular occlusion can result in fatal myocardial infarction, stroke or loss of limb in peripheral arterial
disease. Interventional balloon angioplasty is a common first line procedure for vascular disease treat-
ment, but long term success is limited by restenosis and neointimal hyperplasia. Cellular therapies have
been proposed to mitigate these issues; however efficacy is low, in part due to poor cell retention. We
show that magnetic targeting of mesenchymal stem cells gives rise to a 6-fold increase in cell retention
following balloon angioplasty in a rabbit model using a clinically applicable permanent magnet. Cells
labelled with superparamagnetic iron oxide nanoparticles exhibit no negative effects on cell viability,
differentiation or secretion patterns. The increase in stem cell retention leads to a reduction in restenosis
three weeks after cell delivery.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cardiovascular disease remains the most common cause of
death in industrialised countries despite continuous progress in
detection and treatment. A major cause for these diseases is
atherosclerosis which leads to arterial occlusion causing nutrient
and oxygen deprivation [1,2]. First line treatment of cardiovascular
and peripheral arterial disease frequently includes balloon angio-
plasty, with or without the deployment of stents [3e6]. Procedure
associated injuries to the vessel wall such as barotrauma and
denudation induce a vascular response that can lead to the reste-
nosis and occlusion of the treated artery [7e9]. The introduction of
stents and in particular drug eluting stents has reduced the rate of
restenosis, but it remains a significant problem [10].

Cellular therapies are an attractive option as adjunct therapies,
improving endothelial repair and preventing restenosis [11e13].
Maximising cell retention and limiting the risk of unwanted side
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effects demands an efficient delivery technique. Magnetic targeting
is ideally suited to augment cellular therapies by guiding cells to
sites of injury using externally generated magnetic fields and field
gradients [14]. Previous studies have shown the feasibility of
magnetic cell targeting [15e17]. However, most of these studies
have used strong magnets placed directly next to the artery,
limiting their potential for clinical translation [16e18]. Inevitably
the short distance between magnet and target artery ensures
strong magnetic forces leading to favourable outcomes. Unfortu-
nately such high forces cannot be achieved for human dimensions
as magnetic forces decline rapidly with increased distance between
magnet and artery. To address this issue of scalability, we have
previously performed theoretical optimisations to design a magnet
for magnetic cell delivery to human lower leg arteries which
generates uniform forces along the peroneal, anterior and posterior
tibial arteries [19]. Based on these results, we have designed and
built a scaled-down appliance suitable for experiments with
rabbits, which can readily be translated into a clinical device. We
have used this in a balloon catheter intervention in which blood
flow cessation was limited to less than 5 min as in the clinical
setting.

Cellular therapies for the treatment of arterial injury have
explored the use of bone marrow cells [20,21], endothelial
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progenitor cells (EPCs) [11e13,22] and mesenchymal stem cells
(MSCs) [23,24]. Several studies have demonstrated the reduction of
restenosis after EPC delivery although primarily with initial cessa-
tion of blood flow for 20 min to increase cell attachment [11e13].
Delivered EPCs were found to speed up re-endothelisation via
integration into the new endothelial layer [11,12]. A limited number
of studies have assessed the effect of MSC delivery on endotheli-
sation and restenosis, while no data is available for the effect
of magnetic MSC delivery in this context. We have therefore
developed a new magnetic targeting device that has enhanced cell
retention and subsequently reduced restenosis following inter-
ventional angioplasty, which can readily be applied to vascular
injury in the clinical setting.

2. Materials and methods

2.1. Superparamagnetic iron oxide nanoparticles (SPIONs)

Commercially available nanoparticles FluidMAG-D, FluidMAG-lipid, FluidMAG-
DEAE, FluidMAG-P, FluidMAG-Q (Chemicell GmbH), Endorem (Guerbet S.A.) and
Ferucarbotran (Meito Sangyo Co Ltd.) were used for this study. Particle character-
istics were measured using a Zetasizer Nano ZS (Malvern Ltd.) and a super
conduction quantum interference device (SQUID) (Quantum Design Inc) (see
Supplementary information for details).
Fig. 1. Metabolic activity (a) of cells labelled with different concentrations of iron oxide nan
(MeH) plots (b) for unlabelled control cells (red), weakly labelled cells (Endorem, green
nanoparticle internalisation (c) (orange bars) for different iron oxide based particles as well a
particle distribution in a cell labelled with fluidMAG-D (0.65 mg nanoparticles/ml culture
legend, the reader is referred to the web version of this article.)
2.2. MSC labelling

Rabbit mesenchymal stem cells (MSCs) were established and cultured in MSC
medium. MSCs were plated in 96 well plates (10,000 cells/well) and incubated for
24 h with increasing concentrations of SPIONs with or without 2 h of serum star-
vation (serum starvation can lead to increased particle internalisation) prior to
particle addition. Following that, cells were washed twice and the metabolic activity
of cells was measured using an MTS assay following manufactures instructions
(Invitrogen Ltd.). SPION concentrations which preserved at least 95% viability
(metabolic activity) were used to label MSCs for SQUIDmeasurements, Prussian blue
staining and transmission electron microscopy (see Supplementary information for
details). MSC labelling for 24 h with 0.62 mg FluidMAG-D per ml media was used for
the rest of the in vitro and in vivo experiments.

2.3. MSC differentiation and secretion profile

MSCs labelled with FluidMAG-D and unlabelled control cells were differentiated
following standard protocols. Secretion levels of growth factors and cytokines of
labelled and unlabelled cells were assessed with an angiogenesis array following the
manufacturer’s instructions (R&D Systems Inc.) (see Supplementary information for
details).

2.4. Magnetic resonance imaging of cell and artery samples

All MRI experiments were performed on a horizontal bore 9.4 T DirectDrive
VNMRS system (Agilent Technologies Inc.). Increasing concentrations of labelled
cells (3�104 to 1�106) in 1% agar were filled into tubes and used for T2 and T2*
oparticle formulations seeded together with cells. Magnetisation versus magnetic field
) and strongly labelled cells (FluidMAG-D, blue). SQUID measurements of iron oxide
s percentage of labelled cells (blue bars). Transmission electron microscope image (d) of
media) (scale bar: 1 mm). (For interpretation of the references to colour in this figure
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measurements. Artery samples (n ¼ 4) were harvested 24 h after cell delivery,
flashedwith saline and fixed overnight in formalin. Fixed arteries were suspended in
PBS containing 8 mM Gadolinium (Magnevist, Bayer AG) for high resolution (40 mm
isotropic) 3D gradient echo imaging (see Supplementary information for details).

2.5. Cell attachment and label dilution

Magnetically and fluorescently (PKH26, Sigma) labelled MSCs or unlabelled
control cells were seeded into 6-well plates (30,000 per well) and incubated with or
without the presence of a magnetic field. Bottom surfaces of these 6well plates were
covered with a HUVEC monolayer or coated with fibronectin. Cell suspensions were
removed after 15, 30, 45, 60, 90 and 120 min of incubation, wells were washed with
PBS, filled with fresh media and images were acquired with a light microscope
(Axiovert, Carl Zeiss AG). Automatic cell counting was used to estimate the number
of cells attached to the surface.

To estimate iron oxide nanoparticle dilution due to cell growth, magnetically
labelled MSCs were cultured for two weeks while samples were taken after each
passage (500,000 cells) and used for SQUID measurements (see Supplementary
information for details).

2.6. Rabbit arterial injury model for in vivo cell delivery

Animal experiments were performed in accordance with national regulations
set forth by the Department of Health and Children, Ireland (Lic. Nr. B100/3518) and
were approved by the institutional animal care committee. A total of 16 male New
Zealand White rabbits (Harlan, Bicester, UK) weighing 2.0e2.5 kg were used.
Animals were fed a standard chow diet and water ad libitum. Rabbits received daily
oral Aspirin starting one week prior to surgical procedures.

In vivo balloon injury and cell delivery model: A 5-French introducer sheath
(Radifocus, Terumo, NJ, USA) was surgically introduced into the right carotid artery
and advanced to the lower abdominal aorta. A balloon injury was performed with
a 2.0 � 15 mm balloon in the femoral artery (1 min, 12 atm) as described previously
[25]. Following the initial injury, the balloon was deflated, moved 2 cm proximal to
the injury position and inflated to a lower pressure suitable to stop blood flow. The
guide wire was removed and 100,000 labelled MSCs in 300 ml saline were infused
through the central lumen of the over the wire balloonwithin 1 min. Blood flowwas
restored 4 min thereafter and the balloon was retrieved. The same procedure was
repeated on the contralateral femoral artery but an external cylindrical magnet
(Halbach cylinder, Magnet Sales Ltd.) was placed around the respective leg after
Fig. 2. Adipogenic (a), chondrogenic (b) and osteogenic (c) differentiation of unlabelled MSC
red; a,d) and calcium repositioning (Stanbio Calcium; c,f) indicates that nanoparticle labell
chondrogenic differentiation was impaired as indicated by the difference in glycosaminoglyc
and magnetically labelled (h) MSCs was similar as indicated by binding of soluble factors to t
of the references to colour in this figure legend, the reader is referred to the web version o
initial injury. Blood flowwas restored 4min after cell delivery; however, the external
magnet was kept in place for an additional 40 min. Balloon and introducer were
removed after cell delivery and the neck incision closed. Rabbits were closely
monitored and kept anesthetized for the remainingmagnet placement time. Rabbits
were allowed to recover after anaesthesia in a warm comfortable environment (see
Supplementary information for details).

2.7. Cell retention 24 h after delivery

Rabbits were sacrificed 24 h after cell delivery, right and left femoral arteries
were extracted, flushed with saline, cut open longitudinally and fixed in a flattened
position over night at 4 �C in 4% Formalin. Fixed samples were mounted in DAPI
containing mounting media (Vectashield) for enface confocal microscopy (Perki-
nElmer Inc.). Fluorescently labelled cells were countedmanually in a blinded fashion
(see Supplementary information for details).

2.8. Restenosis and re-endothelialisation three weeks after MSC delivery

Rabbits were sacrificed 3 weeks after cell delivery, right and left femoral arteries
were extracted, flushedwith saline, fixed overnight in 4% Formalin and embedded in
paraffin. Paraffin sections were stained with H&E for manual intima and media
thickness measurements. Additional sections were stained with a CD31 antibody
(ab9498, Abcam Ltd.) and the length of unstained versus total arterial lumen
boundary was measured to estimate the degree of re-endothelialisation in a blinded
fashion (see Supplementary information for details).

2.9. Statistical analysis

Experimental data were presented as means � standard deviation. Results were
evaluated using a Wilcoxon signed rank test or one way ANOVA where appropriate.

3. Results

3.1. MSC labelling with superparamagnetic iron oxide nanoparticles

To maximise the available magnetic force and maintain cellular
functionality, internalisation of a range of commercially available
s compared to magnetically labelled MCSs (d-f). The similar staining for fat globules (Oil
ing had no effect on adipogenic and osteogenic differentiation respectively. However,
an staining (Toluidine blue; b,e). Secretion of proteins and growth factors for control (g)
heir respective spots on the angiogenesis array. (scale bar: 100 mm). (For interpretation
f this article.)
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particles including MRI contrast agents was investigated
(Supplementary Tab. S1). Cell viability varied with particle concen-
tration and type (Fig.1a).We selected particle concentrations which
preserved at least 95% cell viability for further experiments. To test
for a potential uptake improvement, we used serum starvation and
noted increased particle uptake, except for FluidMAG-D, -DEAE and
eQ, and a reduction in toxicity for FluidMAG-lipid (Supplementary
Fig. S1-2). Investigating the degree of cellular internalisation of
selected particles using SQUID magnetometry, we found high
magnetic moments for FluidMAG-D, -DEAE, -P andeQ labelled cells
(Fig.1b,c). However, microscopic images showed that even after five
Fig. 3. Magnetic resonance T2 contrast map (a) of tubes filled with agar containing an incre
labelled MSCs. Number of magnetically labelled cells attached to a HUVEC monolayer after
Similarly cell attachment at different time points to fibronectin coated plates (d) was assess
without (blue line) or with the use of a magnet (red line). Loss of iron oxide nanoparticle lab
interpretation of the references to colour in this figure legend, the reader is referred to the
washing steps, a significant amount of particles remained on the
surface ofMSCswhen labelledwith particles carrying a high positive
charge, ruling out the further use of FluidMAG-DEAE and -Q (z-
potential > 50 mV) (Supplementary Fig. S3, Tab. S1). Investigating
cells with transmission electron microscopy (TEM) confirmed
a marked internalisation of particles for FluidMAG-D and eP while
low internalisation and high cell surface accumulation were found
for FluidMAG-DEAE and-Q (Fig.1d, Supplementary Fig. S4). Particles
were observed in endosome-like structures distributed within the
cytoplasm but not in the nuclei or other organelles. Finally we
showed that 80% of MCS were labelled with FluidMAG-D with an
asing number of magnetically labelled cells. R2 and R2* relaxivities (b) of magnetically
different time points (c) with (red line) or without (blue line) a magnetic field present.
ed for unlabelled control MSCs (light green line) as well as magnetically labelled MSCs
el (e) for FluidMAG-D labelled MSCs due to growth of the labelled cell population. (For
web version of this article.)
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average internalisaiton of 57 � 18 pg iron per cell compared to 70%
and 24 � 2 pg iron per cell for FluidMAGeP (Fig. 1c, Supplementary
Fig. S5-7). We therefore selected FluidMAG-D (0.625 mg nano-
particles/ml media; B 182 � 18 nm; dextran coated; z-potential
1�6mV) labelling without serum starvation for further in vitro and
in vivo studies.

3.2. Effect of magnetic labelling on MSC differentiation and growth
factor secretion

MSCs labelled with superparamagnetic iron oxide nanoparticles
showed a similar differentiation potential compared to that of
unlabelled cells, except for chondrogenesis (Fig. 2aef). There were
no morphological differences between labelled and unlabelled
cells. Furthermore, we did not detect any differences in secretion
profiles for growth factors and cytokines (Angiopoetin-1, Activin A,
IGFBP-2, CXCL4, CXCL8 and PDGF-A) between labelled and unla-
belled cells (Fig. 2g,h). Labelling of MSCs with superparamagnetic
iron oxide did not change the functional capacity of these cells to
secret growth factors and cyotkines or their potential to differen-
tiate and contribute to specific tissue types.

3.3. Magnetic resonance contrast properties and attachment of
labelled cells

Iron oxide nanoparticles are FDA approved as magnetic reso-
nance imaging (MRI) contrast agents for the detection of liver
Fig. 4. Schematic of the surgical procedure for initial balloon injury to the femoral artery (a)
is put around the leg (b). Fluoroscopic images of blood vessels (c), balloon injury (d) and cell
magnet (Halbach cylinder, k3).
metastasis. The high sensitivity of these contrast agents has led to
their off-label use for cell tracking in clinical trials [26,27]. We
estimated the detection limit for labelled cells and the ability to
monitor cell retention using MRI. Labelled cells showed strong T2
and T2* contrast (R2: 8.4�10�5 ml cells�1 s�1, R2*: 4.2�10�4 ml
cells�1 s�1) (Fig. 3a,b) while the detection limit for cells in a single
layer such as the arterial wall was approximately 200 cells/mm3

(Supplementary Fig. S8).
We investigated the effect of magnetic forces on cell attachment

to an extra cellular matrix protein (fibronectin) and endothelial
cells (HUVEC monolayer), as well as magnet application time for
in vivo experiments (Supplementary Fig. S9). Assessment of MSC
attachment to endothelial cells was included in this study since
some endothelial cells might still be present after arterial injury.
The cell attachment rate for magnetically labelled MSC on a HUVEC
monolayer was doubled compared to the control setting (P< 0.001,
n¼ 3� 6) (Fig. 3c). In comparison to this, no differences were found
for cell attachment rates on fibronectin coated plates for labelled
cells with/without a magnetic field compared to unlabelled control
cells (Fig. 3d). We selected 45 min of magnetic field application for
our in vivo experiments, as we observed a slight decline in cell
attachment rates afterwards. Finally we assessed the effect of
magnetic labelling on cell growth and label dilution. Iron concen-
trations of labelled cells decreased rapidly following an exponential
trend with a cell doubling period of roughly two days indicating
unchanged growth rate and particle dilution due to cell growth
(Fig. 3e).
as well as cell delivery after the blood flow has been stopped and the cylindrical magnet
delivery (e). Simulated map for magnetic forces and cell movement (f) in the cylindrical



Fig. 5. Enface confocal microscopy images of magnetically and fluorescently (yellow)
labelled cells 24 h after cell delivery without (a) or with a magnet (b) placed around
the leg during cell delivery (scale bar: 100 mm). Scatter plot for number of cells per unit
area 24 h after cell delivery (c, n ¼ 5 animals for each group). Axial high resolution
magnetic resonance images of artery samples 24 h after cell delivery without (d) or
with (e) a magnet (scale bar: 1 mm). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3.4. In vivo cell delivery procedure and cell retention 24 h after MSC
delivery

For in vivo experiments an initial injury was caused in the
femoral artery of rabbit via balloon inflation under fluoroscopic
guidance (Fig. 4a, Supplementary videos V1 and V2). Following this
initial injury, the balloon was retrieved 2 cm to a more proximal
position and inflated to a lower pressure to stop the blood flow
(Fig. 4b). A cylindrical magnet (Supplementary Fig. S10) was placed
around the leg, labelled cells (100,000 allogeneic MSCs in 300 ml of
saline) were delivered into the vessel lumen (Fig. 4cef) and blood
flow was restored 4 min thereafter. This external magnet was kept
in place for an additional 40 min to improve cell retention and
attachment. An identical control procedure was performed on the
other leg, butwithout the use of amagnet (Supplementary Fig. S11).
Cell delivery did not lead to any changes in physiological parameters
or cause cardiac arrhythmias (Supplementary Fig. S12).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2012.11.040.

High resolutionMRI scans of fixed arteries 24 h post cell delivery
showed magnetically labelled cells covering approximately 50% of
the injured vessel circumference, while no appreciable attachment
was observed for control arteries (Fig. 5d,e). The application of an
external magnetic field during cell delivery lead to 6.2 fold increase
in cell attachment compared to the control artery (P < 0.05, n ¼ 5)
(Fig. 5aec, Supplementary Fig. S13). These cell densities indicate
that 2% and 15% of the total amount of administered cell were
retained in control and magnetic delivery arteries respectively, 24 h
after delivery.

3.5. Restenosis and re-endothelialisation three weeks after MSC
delivery

We found that magnetic targeting of MSCs led to a reduced
femoral artery intima thickness (33 � 15 mm) compared to control
arteries (68 � 28 mm); while media thickness was found to be very
similar between groups (controls: 102 � 13 mm; magnetic target-
ing: 103 � 14 mm) (Fig. 6a,b, Supplementary Fig. S14). Accordingly
a lower intima/media ratio was found for magnetic cell delivery
(P ¼ 0.06, n ¼ 5) indicating reduced restenosis due to improved
MSC retention via magnetic targeting (Fig. 6e).

The degree of re-endothelialisation was assessed via CD31
staining. No significant differences in the degree of re-endotheli-
alisation between control and magnetic delivery arteries were
observed. The luminal surfaces were almost completely covered
with endothelial cells (Fig. 6c,d,f; Supplementary Fig. S15).

4. Discussion

Many regenerative medicine approaches which rely on cell
delivery suffer from poor cell retention at the target site and
potential unwanted side effects through global distribution [28,29].
These problems could potentially be mitigated via magnetic cell
targeting. Although preclinical experiments have been performed
to that end, very few have considered limitations in the scalability
of this technique. However, in order to assess clinical feasibility it is
necessary to design animal experiments with clinical translation in
mind. While magnetic cell targeting with ferromagnetic implants
such as stents have indicated clinical scalability [30,31] the same
has not been demonstrated previously for magnetic cell targeting
without implants [16e18]. Achieving sufficient forces for magnetic
cell delivery with ferromagnetic implants is typically easier due to
the high field gradients these implants generate when placed into
a homogenous magnetic field. However, implants such as stents
cannot be used at all locations and are problematic in long vessels
which experience a lot of movement. In addition, balloon angio-
plasty without stent placement is the preferred first line treatment
for some pathologies [3e6].

Magnetic cell targeting techniques require the labelling of cells
with magnetic entities that can potentially interfere with cellular
functions. Although we did not observe any effects on cytokine
secretion or growth and differentiation potential except for chon-
drogenesis which has been reported previously [32], long term

http://dx.doi.org/10.1016/j.biomaterials.2012.11.040


Fig. 6. Haematoxylin and eosin staining of artery sections 3 weeks after inter-arterial
delivery of magnetically labelled MSCs without (a) or with a magnetic field (b) applied
during cell delivery (n ¼ 5 animals for each group). CD31 staining for the same artery
sections without (c) or with a magnetic field (d) present during cell delivery (scale bar:
100 mm). Scatter plots for the intima/media ratio (e) and the degree of re endotheli-
alisation (f) 3 weeks after inter-arterial cell delivery.
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effects cannot be ruled out. Impaired chondrogenesis is unlikely to
be a problem for our particular application, as the proposed
mechanism of action is most likely via the secretion of cytokines.
Previous studies have indicated that magnetic labelling can lead to
elevated gene expression for up to three weeks before baseline
levels are reached [33]. Even so negative long term effects have not
been reported and magnetically labelled cells continue to be used
for clinical trials to track cells [26,27,34]. Our cell labelling approach
achieved internalisation rates which are comparable to previously
reported values for MSCs [32,35,36]. Cellular uptake of nano-
particles varies between different cell lines and will require careful
optimisation, in particular for cells which show lower endocytotic/
pinocytotic activity such as EPCs. We selectedMSCs for our study as
they are easily obtainable from bone marrow and their immune
suppressive properties allow allogeneic transplantation [37]. We
hypothesised that local delivery of these cells might modulate the
inflammatory response which is an important contributor to
restenosis.

Previous mathematical simulations have indicated that cell
retention in the human lower leg arteries with external magnet
would only be possible close to the vessel wall where flow rates
would be sufficiently low [19]. In light of that, in vitro cell attach-
ment experiments were performed to estimate how long a magnet
should be kept in place during in vivo experiments. Cell attachment
rates on fibronectin coated surfaces were similar for magnetically
labelled MSCs with or without the presence of a magnetic field and
magnetic field gradient. This indicates that cell attachment to
fibronectin, a common extra cellular matrix protein and integrin
binding site, is fast and the magnetic force pulling the cells against
the surface does not improve attachment. In contrast to this, the
application of a magnetic field did improve the cell attachment rate
on a HUVEC monolayer. Although, cell attachment to fibronectin
coated surfaces and HUVEC monolayers did increase for up to 2 h,
we selected a magnet application time of 45 min for practical
throughput considerations.

This study demonstrates that our scalable magnetic targeting
system increased cell retention after vascular injury, which reduced
restenosis after three weeks, confirming data for conventional MSC
delivery [23,24]. Several studies have shown that EPC delivery leads
to an increased rate of re-endothelialisation and reduced restenosis
[11e13]. Although we found that the endothelial layer was fully
restored three weeks after initial injury, magnetic EPC delivery
should be compared with magnetic MSC delivery and assessed for
potential synergistic effects of combined delivery. It is possible that
magnetic MSC delivery improved the rate of re-endothelialisation,
but this was not possible to assess as both groups had re-
endothelialised three weeks after cell delivery. Furthermore
previous publications have indicated that MSCs can modulate the
immune response and reduce restenosis via paracrine mechanisms
[23,38]. Cellular therapies should be assessed together with their
delivery techniques since localised delivery techniques such as
magnetic targeting could reach therapeutic concentrations which
might not be possible otherwise.

5. Conclusion

To realise the potential for magnetic control of cells in the
vasculature, a new magnetic delivery strategy for targeting cellular
therapies based on internalised superparamagnetic iron oxide
nanoparticles has been developed. We have shown that magnetic
cell delivery is feasible with a magnet design and geometry that we
have also theoretically shown to be scalable for cell delivery to
human leg arteries. Our magnet design achieved increased cell
retention after balloon angioplasty leading to reduced restenosis in
a rabbit model. This technology could be more widely adapted to
different cell types and other peripheral organs, replacing ineffi-
cient systemic injection of cells, thus expanding the horizon of
cardiovascular interventions.
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