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24.1. INTRODUCTION
Given the adult heart’s minimal capacity for endogenous regeneration, cell
therapy has emerged as a promising approach for the regeneration of damaged
vascular and cardiac tissue after acute myocardial infarction and heart failure
[1]. Intracoronary (IC) injection permits the relatively homogeneous
dissemination of donor stem cells to the target area in a more physiological
manner with less myocardial injury than an intramyocardial injection [2]. IC
has become the most commonly used approach in clinical studies, particularly
when small cells, such as bone marrow mononuclear cells (MNCs), are used.

However, systematic review suggests only a mild improvement in global heart
function, and a high degree of heterogeneity among clinical trials [3]. The first
prerequisite for cell therapy success is the engraftment and thus homing of
transplanted cells to the target area. Poor cell homing, retention and
engraftment are major obstacles to achieving a significant functional benefit,
irrespective of the cell type or delivery route used. Data showed that only
1–3 % of the delivered cells were recruited at the infarct sites via IC
administration. The retention of cells in the heart is extremely low, even
undetectable, after a few weeks when administered by the intravenous route
[4-7]. The predominant number of cells was found in non-targeting organs
such as the liver, spleen and lungs.

To induce the migration and homing of transplanted cells for optimisation of
the efficacy of cell-based therapies, much effort has been made in identifying
chemokines and their receptors (CXCR4 / SDF-1 axis, et al.) in the last decades
[8,9]. However, due to the extreme complicity of the “cell-extracellular
matrix-cytokine” network and the homing molecular mechanisms, the
chemoattractant molecule-targeted method remains far from able to precisely
and effectively regulate stem cell migration into the target tissue [10,11].

Magnetic targeting strategy, traditionally used in chemotherapy for tumours
[12], was introduced to localise magnetic nanoparticle-loaded cell delivery to
target lesions in vivo in recent years [13-19]. The accumulation and retention
of the magnetic responsive cells can be enhanced by using an external
magnetic field produced by an electromagnet, which is focused on the area of
interest [20]. We previously demonstrated in an in vitro study that the cell
capture efficiency reached 89.3 % in a deep magnetic field with a magnetic flux
density of 640 mT, a magnetic intensity gradient of 38.4 T m–1, and a flow
velocity of 0.8 mm s–1 [21]. Cheng et al. [22] were the first to introduce a
magnetic targeting strategy to attract transplanted cells to the heart. Using a
1.3 Tesla magnet applied above the rat apex during the intramyocardial
injection of magnetic responsive cardiosphere-derived cells, they found that
cell retention and engraftment in the recipient hearts increased by
approximately 3-fold compared to non-targeted cells. Chaudeurge et al. [23]
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adopted the subcutaneous insertion of a magnet over the chest cavity during
therapeutic intracavitary stem cell infusion, and found that the average
number of engrafted cells was 10 times higher with than without magnetic
targeting. This magnetically-enhanced IC cell delivery was confirmed by
another study [24]. Thus, magnetic targeting is proven to enhance cell
retention and engraftment, and this novel method to improve cell therapy
outcomes offers the potential for clinical applications.

A significant disadvantage of IC cell injection is the risk of myocardial damage
resulting from coronary embolism [25,26], and this risk is most important if
large cells are injected, particularly into diseased, narrowed coronary arteries.
Considering the powerful attraction of the magnetic field, however, whether
the magnetic accumulation of cells in the vascular lumen increases the risk of
coronary embolism when IC injections are given, especially when relatively
large cells such as mesenchymal stem cells (MSCs; approximately 20–25 µm in
diameter) were used becomes a great concern.

To clarify whether the magnetic accumulation of cells in the vascular lumen
increases the risk of coronary embolism when IC injections are given, we
explored the safety and effectiveness of magnetically targeting IC-delivering
bone marrow-derived MSCs in a rat model of ischaemia/reperfusion (I/R) [27].
Additionally, the possible mechanisms and the solution of cellular coronary
embolisation were discussed.

24.2. MAGNETIC TARGETING OF IC DELIVERING
MESENCHYMAL STEM CELLS IN A RAT I/R MODEL: A
PARADOXICAL DISASSOCIATION OF FUNCTIONAL
BENEFIT WITH CELL RETENTION
24.2.1. Study protocol
An I/R model was developed in female Sprague Dawley (SD) rats (150–200 g).
Rats underwent left thoracotomy in the 4th intercostal space under general
anaesthesia. The heart was exposed and a myocardial infarction was produced
by ligation of the left anterior descending (LAD) coronary artery for 90 min.
After that, the suture was released to allow coronary reperfusion.
A total of 108 survival rats were randomly divided into three treatment
groups. The Mag group received 1 × 106 Mag-DiR-MSCs with magnetic guidance
(n = 36). The NonMag group received 1 × 106 Mag-DiR-MSCs without magnetic
guidance (n = 36), and the PBS group received phosphate buffer saline (PBS)
alone (n = 36). In the Mag group, 20 min after establishment of the I/R model,
1 × 106 Mag-DiR-MSCs resuspended in 1 mL PBS were infused into the left
ventricle cavity with 5 s of temporary aorta and pulmonary artery occlusion, as
previously described [28,29]. IC delivery was conﬁrmed by the temporary
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Cellular magnetic targeting and coronary embolism

bradycardia and epicardial blanching. For magnetic targeting, a Neodymium-iron-boron (NdFeB) permanent magnetic cylinder with a diameter of 8 mm
(Shanghai Yahao Instrument Equipment Co., China) was used. The magnetic
flux density (B) of the magnet surface is up to 600 mT, which was measured
using a model 51,662 Leybold Tesla meter. The magnet was close to the
injured myocardium (0–1 mm) during and after the cell injection for 10 min
(Figure 1), which had been suggested to be the optimised time [22,30]. The
surgical wounds were repaired and the rats were extubated and returned to
their cages to recover.

Figure 1. Magnetic targeting with the cylindrical NdFeB magnet

Bone marrow MSCs were isolated from 4-week-old male SD rats as described
previously [21,31]. MSCs were cultured in media containing SPIO (Resovist;
Schering AG, Berlin, Germany) and poly(L-lysine) (PLL, 0.15 mg mL–1) for 24 h,
with the concentration of iron of 50 mg mL–1 and PLL of 0.15 mg mL–1 [21]. The
average cellular iron content was 21.77 ± 3.62 pg per cell after 24 h of
incubation. The magnetic SPIO-labelled MSCs (MagMSCs) were then incubated
with 1 μmol L–1 ethyl indotricarbocyanine iodide (DiR, ABD Bioquest, Inc.) for
20 min at 37 °C according to the manufacturer’s protocol.
Resovist was a kind of superparamagnetic iron oxide (SPIO) nanoparticles
(magnetite – Fe304; maghemite – γFe2O3) coated with carboxydextran and an
overall hydrodynamic diameter of 62 nm, as measured with photon-correlation spectroscopy. It has good stability and good magnetism [32,33].
The polycrystalline iron oxide core consists of multiple single crystals, each
being 4.2 nm in diameter, as measured with electron microscopy. Resovist
contains 0.5 mmol L–1 of iron per litre, including 40 mg mL–1 mannitol and
2 mg mL–1 of lactatic acid, adjusted to a pH of 6.5 at 37 °C. The solution has an
osmolality of 0.319 osmol kg–1 H2O and a viscosity of 1.031 MPas.
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24.2.2. Magnetically enhanced MagMSCs retention in the rat heart
To determine the efficacy of magnetic targeting, 6 animals from each group
were euthanised for magnetic resonance imaging (MRI) at 24 h after the
injection of cells or PBS. MRI was performed in a 3.0 T clinical whole-body MRI
scanner using a 12.5 × 10 cm small-diameter 4-element phased-array coil
(Philips). Partial cardiac gating was used to optimise image acquisition,
resulting in synchronisation of about one-half of heart beats. Images were
acquired by T2 fl2d sequence with a slice thickness of 2 mm, a flip angle of 20, a
field of view of 90 mm, a matrix of 400 × 400, 26 cardiac phases, a repetition
time of 7.5 ms, and an echo time of 2.8 ms. Consecutive short-axis slices were
acquired to analyse the signal intensity in the myocardium of the left ventricle
with ImageJ software. The relative signal intensity of the anterior wall was
calculated as the signal intensity in the anterior wall divided by the signal
intensity in the interventricular septum.

Due to the limited number of cells infused, no signal void was detected in any
animal on T2*-weighted contrast-enhanced images. However, relative
hypointensities representing labelled MSCs were observed at the anterior
walls of left ventricular (LV) in cell-treated groups. Semi-quantitative analysis
showed that the relative signal intensities of anterior wall in the Mag group
were lower than those of the NonMag group (0.62 ± 0.06 vs. 0.80 ± 0.06 %,
P < 0.01) (Figure 2). The results indicated that the application of NdFeB magnet
enhanced cell retention at the target site.

Figure 2. Magnetically enhanced MagMSC retention and distribution in the rat heart.
In vivo MR T2 fl2d cardiac images at 24 h post-injection. The anterior walls of LV of
cell-treated animals showed relative hypointensity, which was especially obvious in
the Mag group.
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Following cardiac MRI, the hearts were explanted for fluorescence imaging.
Extensive PBS washing was performed to remove any cells adhering to the
epicardium. The hearts were placed in a Carestream in vivo Multispectral
Imaging System FX PRO to detect deep red fluorescence (DiR) under 748 nm
excitation and 780 nm emission. The exposure time was set at 3 s and was
maintained during the entire imaging session. Hearts from the PBS group were
also imaged as controls for background noise.

The fluorescence signals in the Mag group were approximately 3.4 times
higher than those of the NonMag group (38508 ± 6754 vs.
11487 ± 2426 photon/S, P < 0.001), while the signal was 6155 ± 681 photon / S
in the PBS group as a negative control. The results also reflected that the
application of the NdFeB magnet enhanced cell retention at the target site.
X.2.3. Functional change of cellular magnetic targeting: a paradoxical
disassociation of functional benefit with cell retention

Cardiac remodelling and LV function were assessed by transthoracic
echocardiography 3 weeks after MI using a Vevo 770 high-resolution imaging
system (Visual Sonics) with a 17.5 MHz probe.

The LV ejection fraction (LVEF) at baseline did not differ among the 3 groups,
indicating a comparable degree of initial injury. At 3 weeks after surgery, the
echocardiographic parameters, including LVEF, LV fractional shortening
(LVFS), LVEDd and LVEDs, deteriorated more severely in the PBS group than
in either the Mag or the NonMag MSC-treated groups. In contrast, the cell
retention in the Mag group was comparable to that in the NonMag group
(P < 0.05).
This result was also observed using Masson’s Trichrome staining
morphometry at 3 weeks, which showed less of a risk area in the cell treatment
groups than in the PBS group, and interestingly, the Mag group did not show a
smaller risk area than the NonMag group. These results indicated that cellular
magnetic targeting did not have any additional functional benefits in the rat
model of I/R, although the magnetic field could effectively attract cells to the
injured site (Figure 3).
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Figure 3. In vitro fluorescence signal of extracted heart at 24 h post-injection and
echocardiographic assessment of LV at 3 weeks post-injection. A significantly escalated
cell retention (fluorescence signals) with no functional benefit. LVEF was observed in
the Mag group compared with the NonMag group, suggesting a paradoxical
disassociation between the functional benefit and the cell retention.

24.2.3. Coronary embolism in cellular magnetic targeting
Because vascular-delivered cells reportedly translocate into the parenchyma
after 48–72 h [25], the cellular embolisms within the hearts were examined at
72 h after the injection of cells or PBS. Six hearts from each group were stained
with Prussian blue, and another 6 hearts from each group were frozen in
optical coherence tomography (OCT) for fluorescence imaging.

Clear evidence of cellular embolisation was observed in the Mag group, as
many blood vessels were filled with Prussian blue-positive multi-cellular
clusters. Cellular emboli were mainly found in the micro-vessels. However, it is
surprising that the emboli also obstructed the medium- or large-sized
coronary arteries, which was observed in 3 of the 6 rats at 72 h, and in 2 of the
6 rats at 3 weeks. In contrast, the majority of delivered cells were located in the
parenchyma, and only a small number of vessels were detected containing
donor cells were detected at 72 h in the NonMag group (Figure 4).
Therefore, we hypothesised that magnetic targeting does enhance cell
retention, however, magnetic strength can also undermine the therapeutic
effects of cell transplantation via embolic injury.
586
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Figure 4. Histopathological evidence of coronary emboli. (A) through (F),
Representative images of Prussian-blue staining at 72 h after infusion. There were no
emboli in the coronary vessels of the NonMag group (A). Blood vessels containing cells
were readily detected and some vessels were totally occluded in the Mag group at 72 h
(B-E) and 3 weeks (F) after infusion. MSCs appeared in multi-cellular clusters. (H)
through (J), Fluorescence imaging of coronary emboli at 72 h post-injection. H and I are
representative images of the Mag group and the NonMag group, respectively. Blood
vessels were stained for CD31 antibody (green). MagMSCs were visualised by DiR red
fluorescence, and the cell nuclei were counter-stained with 4',6-diamidino-2-phenylindole (DAPI). The quantification chart shows that more blood vessels were
blocked by cell clumps in the Mag group than that in in the NonMag group.
Bar = 50 µm.

24.3. MECHANISMS BY WHICH CELLULAR MAGNETIC
TARGETING INDUCES CORONARY EMBOLISATION
It is generally believed that IC is a safe approach for cellular therapy, and the
risk of cell-based coronary embolism is widely believed to be trivial. To date,
there have been no reported coronary embolisms or subsequent myocardial
infarction in clinical trials using IC injection of bone marrow and progenitor
cells [34-36]. However, this concept is not necessarily relevant in a magnetic
targeting setting. Here, we found that magnetic targeting increased the risk of
coronary embolism in an ischaemic rat model subjected to intracavitary MSCs
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injection. Although an external magnetic field improved short-term cell
retention, it failed to translate enhanced cell retention into any additional
therapeutic benefit. These findings are obviously contrary to the original
intention of magnetic targeting strategies. Therefore, it is necessary to look at
the possible mechanisms by which cellular magnetic targeting induces
coronary embolisation.

24.3.1. Cell size

Cell size is generally considered to be a major factor in micro-embolism after
intra-arterial cell injection. Larger stem cells, such as MSCs, are easily
entrapped in the microcirculation after intravascular delivery. Upon
intra-arterial injection, most in vitro-expanded MSCs became entrapped in the
pre-capillary vessels and microvascular vessels, resulting in the cessation of
blood flow in the feeding artery of skeletal muscle in the rat cremaster [25]
and myocardial infarction in dogs [37]. However, there was no reported
coronary embolism or subsequent myocardial infarction in clinical trial
subjects exposed to IC arterial injection of bone marrow and progenitor cells
[34-36]. The explanation for the differences in the results was that the mean
diameter of the cells used in the human studies was most likely smaller than
that of the cells used in animal experiments [25]. In our study, the size of
Mag-DiR-MSCs ranged between 6–36 µm (average = 19.3 µm) in suspension,
which is comparable to the iron-free MSCs, and larger than freshly prepared
MNCs (Figure 5).

Figure 5. Cell size. (A), MagMSCs under microscopy. (B), MagMSCs under fluorescence
microscopy. (C), The distribution of MagMSCs diameters measured by Scepter 2.0
Handheld Cell Counter. (D), The size of freshly prepared MNCs, MSCs, and MagMSCs.

However, the single cell size is no longer a determinant of vascular
embolisation in the setting of cellular magnetic targeting. Magnetic attraction
can attenuate cell loss via venous drainage, increase the intravascular stay, and
enhance the formation of multi-cellular clusters [22,38], which was considered
the theoretical basis for cellular magnetic targeting.
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24.3.2. Magnetic characteristics of the NdFeB magnetic cylinder
The distribution of magnetic flux density of NdFeB permanent magnet can be
calculated by finite element analysis. Here, the magnetic cylinder with a
diameter of 8 mm used in this study will be used as an example.

The magnetic density decreases as the distance from the surface of the magnet
increases; it increases as the distance from the centre of the magnet increases,
and it reaches its maximum at its flank. Compared with the centre point of the
magnet surface, the flank point of the magnet was 1.9 times higher in the
magnetic flux density, and 27.5 times higher in the magnetic flux gradient,
respectively. Compared with the point 1.5 mm vertically distant from the flank
point of the magnet, the flank point of the magnet has a magnetic flux density
that is 4.0 times greater and a magnetic flux gradient that is 1028.3 times
greater. That is, the magnetic field of a permanent magnet is not distributed
evenly, and such non-uniformity was characterised by the attenuation along
the vertical axis and the polarisation along the horizontal axis. Interestingly,
the polarisation trend was particularly evident at the plane closest to the
surface of the magnet (Figure 6).

Figure 6. The magnetic field of the NdFeB magnetic cylinder. (A), The system of
coordinates and flux density plot of the NdFeB magnetic cylinder. O denotes the centre
point of the surface of the magnet pole. r and z denote the horizontal and vertical
distance from the O point, respectively. (B), The distribution of magnetic flux density.
(C), The distribution of magnetic flux gradient. Calculations reveal that B is z-axial
rotational symmetric. When z remains unchanged close to the surface of the magnet, B
increases with increasing r from the centre (the site O) to the flank, reaching a
maximum at the flank before decreasing dramatically along the r axis. When z remains
unchanged distant from the surface of the magnet, B decreases gradually with
increasing r. B, Magnetic flux density; (

∂B
), Magnetic field gradient in the r direction.
∂r

24.3.3. Spherical shell-like distribution of SPIO nanoparticles
within cell
A complex of PLL with the SPIO through electrostatic interactions allows the
efficient incorporation of iron oxide nanoparticles into endosomes for
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magnetic cell labelling. Labelling efficiency was reproducible in approximately
100 % with use of a very low concentration of iron oxide (50 μg mL–1).
Prussian Blue staining of SPIO-loaded MSCs showed intracytoplasmic iron
inclusions as dense blue-stained vesicles, and the magnetic nanoparticles
distributed evenly around the nucleus of MSCs as a spherical shell (Figure 7A).

Due to the higher magnetic permeability of SPIO, the magnetic field lines
concentrated at the spherical shell developed by roundly distributed SPIO
nanoparticles within the MagMSCs, which strikingly magnified the magnetic
flux density in the spherical shell (Figure 7B) [39]. This finding is an important
reason why SPIO-labelled cells have good magnetic responsiveness [21]. More
importantly, the magnetised cells can further serve as a novel magnetic source
to bring more cells together, and create an "aggregation begets aggregation"
cascading waterfall effect.

A

B

Figure 7. Spherical shell-like distribution of SPIO nanoparticles within a cell.
(A), Prussian blue staining of MagMSCs on cover glass. The magnified image shows
blue magnetic particles distributed around the nucleus of cells as a spherical shell.
(B), Finite element analysis of magnetic flux density of SPIO.

24.3.4. Magnetically guided distribution of MagMSCs in static state
and theoretic analysis
Due to the non-uniformity of the magnetic field, it will definitely influence the
distribution of MagMSCs either in static or flowing state. Firstly, we analysed
the static state.

The MagMSCs suspension, at a concentration of 5 × 104 cells mL–1, was replaced
in a culture plate that was 34.8 mm in diameter and had a bottom thickness of
1.3 mm. The cell cultures, with or without an NdFeB magnetic cylinder beneath
the bottom glass, were kept for 24 h with 5 % CO2 at 37 °C. The MagMSC
distributions were observed by inverted microscopy and cellular MRI. Cellular
MRI was performed using a 1.5-T clinical MR scanner (CV/i, GE Medical
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Systems) applying a T2WI-flash sequence. The imaging parameters were as
follows: repetition time (TR) = 800 ms; echo delay time (TE) = 26 ms, flip
angle = 25°; 256 × 160 matrix and slice thickness = 2 mm, with no gap and a
90 cm2 field of view (FOV).

Analysis of the distribution of the MagMSCs was theoretically based on
measures such as iron content, SPIO thickness, cell size, and distribution of the
magnetic flux density.

The magnetic field lines permeate non-labelled cells evenly. Due to the greater
magnetic permeability of SPIO, the magnetic field lines concentrated at the
spherical shell developed by rounded-distributed SPIO nanoparticles within
MagMSCs, which strikingly magnified the magnetic flux density in the spherical
shell.

We assumed that SPIO were rounded-distributed evenly within MagMSCs and
formed a spherical shell. The thickness of ferric oxide particles is expressed as
d, and the radius of MagMSCs is expressed as R. The volume of ferric oxide
particles within spherical shell can be calculated by
V = 4πR2d = m/ρ

(1)

where m is the mass of Fe3O4 and Fe2O3 within cell, ρ is the mean density of
Fe3O4 and Fe2O3 particles. If the mean iron content per cell is taken as 21.77 pg,
then the mean mass of the Fe3O4 and Fe2O3 particle within a cell (m) equals
3.05 x 10–14 kg.
When ρ = 5.21 x 103 kg m–3, R = 9,65 μm, and m = 3,05 x 10–14 kg, were put into
the formula, we obtained V = 5.86 x 10–18 m3, and the thickness of ferric oxide
particles within spherical shell was

d = 5.01 x 10–9 m. Thereby, we were able to approximate the ratio of magnetic
flux density within spherical shell (BSPIO) to the external magnetic flux density
(Bex) by the equation:

Bspio
Bex

=

πR 2
2πRd

(2)

When R = 9,65 μm, d = 5.01 x 10–9 m, we calculated the spherical shell to be
963 times the magnetic flux density of the external magnetic field by the
Equation (2). In the case of Bex = 10 mT, we obtained BSPIO = 9.63 T. Considering
the saturation characteristic, the magnetic flux density within spherical shell
(BSPIO) should be equal to the saturation magnetic flux density of SPIO (Bs ≈
0.7 T).
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The distribution of the magnetic flux density B, created by the permanent
NdFeB magnetic cylinder, was calculated by finite element analysis.
Calculations revealed that B is z-axial rotational symmetry. When r remained
unchanged, B decreased with increasing z. When z remained unchanged close
to the surface of the magnet, B increased with increasing r from the centre (the
site O) to the flank, and reached a maximal result at the flank, before reducing
dramatically along the r-axis. When z remained unchanged distant from the
surface of magnet, B decreased gradually with increasing r.

Firstly, MagMSCs were evenly distributed in the plane of culture plate, where
this was 1.3 mm from r direction. The distributions of magnetic flux density (B)
in r direction at this level (z = 1.3 mm) are shown in Figure 2B. B–r curve was
related to the value of z. B was minimal at the site O (r = 0 mm), and increased
with increasing r, before reaching the maximal at one site.
The magnetic attraction force on the SPIO-loaded cells can be approximated by
the formula:
FM = V ∇(M ∙ B)

(3)

where vector M is the magnetisation density of the cellular SPIO particle,
vector B is the magnetic flux density of the external magnetic field and V is the
volume of the SPIO particle within the cell.
The magnetic attraction force on MagMSCs, in r direction and in z direction, can
be approximated by:

FM = VM


∂Br 
∂B 

r + VM z z = Fr r + Fz z
∂r
∂z

(4)

The redistribution of cells in r direction depended on the transverse magnetic
force on cells in r direction (Fr). Fr equals the product of V, M and the magnetic
∂B
gradient (
). It was assumed that the content of SPIO in each cell was the
∂r
same, and that M was the same. The magnetic attraction force on cell (Fr) is
∂B
directly proportional to
. When z = 0 mm, z = 1.0 mm, z = 1.3 mm, and
∂r
∂B
z = 1.5 mm, the magnetic field gradient in r direction (
) was calculated by
∂r
finite element analysis (Figure 2C).
If the mean iron content per cell is taken to be 21.77 pg, then the mean volume
of the Fe3O4 and Fe2O3 particles within cell (V) equals 5.86 x 10–18 m3. According
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to the analysis mentioned above, M ≈ 5.57 x 105 A m–1; from this, Fr can be
calculated.

Firstly, Fr should be analysed along the r direction, when z = 1.3 mm. When
0 mm ≤ r < 4 mm, the value of Fr is positive, and the direction of Fr is outward
along the r axis. Fr increases first and then decreases with increasing r, and
Fr = 0 when r = 4 mm. Therefore, the cell at site 0 mm ≤ r < 4 mm will move
outside and finally stop at the site r = 4 mm, where Fr = 0.

Inversely, when r > 4 mm, the value of Fr is negative, and the direction of Fr is
inward along the r axis. The absolute value of Fr increases first and then
decreases with increasing r when r > 4 mm, and Fr = 0 when r = 15 mm.
Therefore, the cell at site 4 mm < r < 15 mm will move inside and finally stop at
the site r = 4 mm, where Fr = 0.
In the same way, we can further determine that the cell at site r ≤ 0 will also
move to the site r = 4 mm. Due to the symmetry of a magnetic field, the
majority of cells would move and aggregate at the site r = 4 mm, and form a
round ring (Figure 8C).
According to the above theoretical analysis of cell movement in the magnetic
field, the cell equilibrium position is close to the flank (site r = 4 mm),
suggesting that the MagMSCs may be captured and accumulated in the vicinity
of r = 4 mm (Figures 8A–B).

The experimental findings were consistent with the analysis of cell dynamics
based on electrodynamic and magnetomechanic principles. MagMSCs were
evenly distributed in cell culture plates at the very beginning of the re-culture.
Then, they were moved and redistributed as directed by the magnetic field
generated by an NdFeB magnetic cylinder. 24 h later, a brown ring was formed
in gross appearance (Figure 8C) and a signal void ring was observed by cellular
MRI (Figure 8D). Surprisingly, the rings at the fringe of the magnet were so
obvious that they could be observed by the naked eye. Inverted microscopy
revealed that each ring consisted of numerous MagMSCs, which accumulated
predominantly in layers at the edge of the magnet, rather than in the centre
surface of the magnet. A small number of cells were sparsely dispersed
elsewhere on the culture plate, and the density of MagMSCs was decreased as
the distance from the edge of the magnet increased (Figure 8E). In contrast,
MagMSCs were evenly distributed in the cell culture plate without a magnet.
This polarised distribution of MSCs was also confirmed by the plot profile of
grey value analysis using ImageJ software (Figure 8F).

593

Chapter 24

Figure 8. Magnetically-guided distribution of the MSCs in the static state. (A),
Schematic diagram of experimental procedure and the system of coordinates (red
line). (B), The magnetic attraction force on MagMSCs in the r direction (Fr), when z is
1.3 mm (at the inner surface of the plate bottom). When 0 mm ≤ r < 4 mm, the value of
Fr is positive, and the direction of Fr is outward along the r axis. Fr increases first and
then decreases with increasing r, and Fr = 0 when r =4 mm. Inversely, when r > 4 mm,
the value of Fr is negative, and the direction of Fr is inward along the r axis. The
absolute value of Fr first increases and then decreases as r increases when r > 4 mm,
and Fr = 0 when r = 15 mm. Therefore, the cell equilibrium position is close to the site
r = 4 mm, suggesting that MagMSCs may be captured and accumulated in the vicinity of
r = 4 mm. (C) through (F), distribution of MSCs. The magnetic cylinder attracted
MagMSCs to form a brown ring which was gross in appearance (C) and a signal void
ring in cellular MR imaging (D), at the edge of the magnetic cylinder. This ring
consisted of numerous cells in layers, and fewer cells were dispersed elsewhere on the
culture plate (E). This polarisation of the MSCs was also confirmed by grey value
analysis using ImageJ software (F).
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These results showed that, when guided by a non-uniform magnetic field,
SPIO-loaded cells in a static state were effectively attracted and distributed
extremely unevenly. The next step was to examine how flowing cells were
distributed.

24.3.5. Magnetically guided distribution
of MagMSCs in flowing state
Now, it is necessary to turn to the flowing state. A total of 20 ml MagMSCs
suspension, at a concentration of 5 × 104 cells mL–1, was placed in a 50 ml
syringe and flowed through a quartz tube (ID 2.3 mm, OD 4.3 mm, length
20 mm). This tube was positioned vertically, and the aforementioned magnetic
cylinder was placed tightly at the mid-segment of the tube. The flow velocity
was set at 1, 10, 30, and 50 mm s–1, controlled by a syringe pump. The capture
efficiency (CE) was calculated as previously described [21]. All experiments
were performed in triplicate for each condition.

To roughly analyse the distribution of MagMSCs in the tube, the middle part of
the tube that was influenced by the magnetic force was imaged digitally and
assessed using NIH ImageJ software 1.37v (NIH, Bethesda, Md). Briefly, the
image was inverted and transformed into a grey picture, and then the signal
intensity distribution along the axis of the tube was presented as a plot profile.
Signal intensity was calculated as the actual signal intensity in the position of
interest minus the noise signal intensity in a remote position 2 cm from the
magnet.

As observed in the static cells, the flowing MagMSCs were substantially
attracted to the area where the magnetic pole was positioned. Control
experiments performed in the absence of an applied magnetic field
demonstrated minimal accumulation (data not shown). The accumulation of
cells decreased as the average velocity ( v ) increased (r = –0.819; P < 0.001). CE
was 91.27 ± 5.93 %, 79.67 ± 4.51 %, 62.07 ± 5.90 % and 44.17 ± 3.40 % when
the flow velocity was 1, 10, 30, and 50 mm s–1, respectively (Figures 9A–B).
However, the MagMSCs predominantly accumulated at the edge of the
magnetic cylinder, rather than being evenly distributed within the magnetic
field. Furthermore, the edge of the magnet at the inflow direction attracted
more cells than that at the outflow direction, and the distribution pattern of the
MagMSCs was influenced by the flow velocity. This pattern appeared as a
single-peak distribution with the peak value at the inflow edge of the magnet
when the flow rate was low; a double-peak distribution appeared to have peak
values at both the inflow and the outflow edges of the magnet when the flow
rate was high (Figures 9C–F).
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Figure 9. Magnetically-guided distribution of the MSCs in the flowing state.
(A) A schematic illustration of the microfluidic system. The MagMSCs were injected
into the tube, and the flow rate was controlled using a syringe pump. Cells were
captured by use of an NdFeB magnet located beside the tube. (B) The efficiency of
magnetically capturing flowing MagMSCs with different flow velocities. There was a
negative relationship between the flowing velocity and the cell capture efficiency. CE
denotes capture efficiency. (C) through (E), Representative images and plot profiles of
cell accumulation in the photographed segment of the tube. Cells were unevenly
distributed at the different velocities of 1 mm s–1 (C), 10 mm s–1 (D), 30 mm s–1 (E)
and 50 mm s–1 (F).

The distribution pattern of the iron-labelled cells mainly depends on the
characteristics of the external magnet applied, and the capturing capacity was
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positively related to the magnetic flux density [21]. Influenced by the
polarisation phenomenon of the magnet, the cells were accumulated
predominantly in densified multi-cellular clusters at the edge of the magnetic
cylinder in in vitro studies, presenting a “ring” shape and a “single or
double-peak” pattern in the static state and in the flow state, respectively.
Although three-dimensional multicellular clusters were considered more
resistant to hostile environments, the polarisation phenomenon of cell
distribution was obviously not what we might wish for. An excessive number
of cells concentrated in a very limited space, even in a local point, would
increase the risk of vascular occlusion. The more cells that accumulated, the
more the risk of embolisation increased. This forms the basis for our concern
regarding the risk of vascular embolism in vivo.

From our in vitro experiment, we can conclude that when the flow is slower,
more flowing cells are attracted, which leads to a concentration at the inflow
edge of the magnet (a single-peak distribution). Coronary blood flow velocity
in the I/R injured myocardium was far lower than that in the normal
myocardium, because the former offers conditions that are favourable for cell
aggregation and emboli formation.

24.3.6. Proposed mechanisms of cellular magnetic targeting
induced-coronary embolisation

Based on these findings, it is logical to assume that the combination of all of
these factors (including high working magnetic force, polarisation
phenomenon, low coronary velocity, and the magnetically responsive and
magnetised cells) promoted excessive cell aggregation and eventually led to
the formation of coronary emboli. In addition, it has been reported that both
MSCs [40] and iron oxide nanoparticles [41] exhibited a possible pro-coagulant
activity. Here, we propose the possible mechanisms by which cellular magnetic
targeting induces coronary embolisation (Figure 10).
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Figure 10. Proposed mechanisms by which cellular magnetic targeting induces
coronary embolisation. (1) Relative large size of MSCs. (2) the iron-labelled MSCs
(MagMSCs) is transiently magnetized under an external magnetic field. The interattractions among MSCs create an "aggregation begets aggregation" cascading
waterfall effect. (3) Directly attracted by a potent magnetic field, the magnetically
responsive MSCs are accumulated in vessels in a multi-cellular clusters. Excessive cell
aggregation is very likely to develop coronary emboli, especially when a high and
polarised magnetic force was applied, and when the coronary flow velocity is low in
injured myocardium. (4) The possible pro-coagulation of the iron-labelled MSCs and
the free iron released from the MSCs.

24.4. SOLUTIONS TO THE CELLULAR MAGNETIC
TARGETING INDUCED-CORONARY EMBOLISATION
24.4.1. Optimise the working magnetic intensity
Our data were inconsistent with those of recent reports, in which the
magnetically-enhanced IC delivery of cardiosphere derived cells (CDC) [30] or
endothelial progenitor cells (EPC) [36] was safe and improved cell therapy
outcomes in a rat model of I/R. No obvious vascular occlusion was noted,
although cells in the vessels were detected 24 h after IC delivery in the study
by Cheng [30]. It should be noted that intravascular cells may actually be in a
pre-translocation state or a coherent state within 24 h of infusion, and may not
form cellular emboli, because vascularly-delivered cells were translocated into
the parenchyma after 48–72 h [25]. Differences in the size of the donor cells
may provide an explanation for this finding. However, we believe that the main
reason is the difference in the actual working magnetic intensity. In the study
by Cheng [30], the actual working intensity was theoretically estimated to be
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less than 0.3 T for a 1.3 T magnet that was placed ~ 1 cm above heart. In the
study by Chaudeurge [36], a 0.1 T magnet (7 mm in diameter) was implanted
into the subcutaneous layer, leading to an actual working strength that was far
less than 0.1 T (The chest wall thickness of adult 150–200 g rats was measured
at approximately 3 mm). In our study, the actual working strength was nearly
equal to 0.6 T for a 0.6 T magnet that was placed close to the heart.

Recently, we explored the detailed relationship between differing magnetic
intensity and targeting efficacy in a rat I/R model [42]. Rat MSCs labelled with
SPIOs were injected into the LV cavity of rats during a brief aorta and
pulmonary artery occlusion. The 0.15, 0.3, and 0.6 T magnets were placed
0–1 mm above the injured myocardium during and after the injection of 1 × 106
MSCs. Fluorescence imaging and quantitative polymerase chain reaction (PCR)
revealed that magnetic targeting enhanced cell retention in the heart at 24 h in
a magnetic field strength-dependent manner. Compared with the 0 T group,
three magnetic targeting groups enhanced varying cell engraftment at 3 weeks,
at which time LV remodelling was maximally attenuated in the 0.3 T groups.
Interestingly, due to the low MSCs engraftment resulting from micro-vascular
embolisms, the 0.6 T group failed to translate into additional therapeutic
outcomes, although it had the highest cell retention. Magnetic targeting
enhances cell retention in a magnetic field strength-dependent manner.
However, too high a magnetic intensity may result in micro-embolisation and
consequently undermine the functional benefits of cell transplantation.

24.4.2. Novel magnetic targeting systems

It is important to develop a homogeneous (e.g., relatively homogeneous
magnetic field with optimised magnetic intensity) and conformal (e.g., the
similar three-dimensional shape as the targeted area) magnetic targeting
system. We designed a very intriguing magnetic pole for magnetic attenuation
of cells [21,43]. By arranging the two cylindrical magnetic poles that had holes
in the middle, we generated the magnetic flux, as shown in Figure 11, which
was a magnetic field with z-axial symmetry in the cylindrical space between
the poles. Using this apparatus and flowing the cells slowly through a tube
inserted into the hole, MSCs loaded with MNPs were enriched at a controlled
distance from the magnetic pole. The amount of cells at the focal point of the
magnetic flux depended on the flow velocity and the magnetic flux density. If
this spatially-focused feature can be scaled up, it promises a new strategy with
which to promote the use of a magnetic field for homing and engraftment in
cell therapy. However, the effect of the spatially focused magnetic capture
system on cellular coronary embolisation still needs to be investigated.
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Figure 11. Experimental apparatus: (A) Magnetic apparatus, (B) its sectional drawing,
(C) system of coordinates, and (D) distribution of magnetic intensity

24.4.3. Retrograde coronary venous delivery
With unique access to the ischaemic myocardium, retrograde coronary venous
delivery has been demonstrated to provide efficient cell dissemination in the
setting of occluded or diffusely narrowed coronary arteries and has
subsequently shown functional benefits in both animal and clinical
studies [1-6]. Most investigations of magnetically-targeted cell delivery for
cardiovascular applications are limited to intramyocardial and antegrade IC
routes [15-17]. However, the magnetically-guided cell mass formation may
increase the risk of coronary embolism after antegrade delivery [31],
especially when relatively large cells such as MSCs (approximately 20–25 μm
in diameter) are used. On the contrary, retrograde IC delivery could avoid this
complication while allowing safer access to ischaemic myocardium. We
introduced magnetically-targeted cellular cardiomyoplasty to the retrograde
coronary delivery strategy [44] (Figure 12), and speculated that retrograde
coronary administration rather than antegrade coronary infusion may serve as
an optimal candidate for cellular magnetic targeting. However, further studies
are required to verify our reasoning.
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Figure 12. Transjugular cardiac vein retroinfusion in rats. After the ligation of left
anterior descending coronary artery, a wire with a properly-bent end (A), and a tube
were advanced to the left cardiac vein (B,C).

In conclusion, although magnetic targeting enhanced cell retention in an
animal model of I/R, the inherent non-uniformity of a permanent magnetic
field, i.e., attenuation along its vertical axis and polarisation along its horizontal
axis, could generate unfavourable vascular embolisation of donor cells, limiting
its potential to improve therapeutic outcomes. The potential complication
should be thoroughly investigated and overcome before clinical application.
There is still a long way to go in the translation of cellular magnetic targeting
into clinical applications.
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