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Delivery of cells into tubular tissue constructs with large diameters poses significant spatial
and temporal challenges. This study describes preliminary findings for a novel process for
rapid and uniform seeding of cells onto the luminal surface of large tubular constructs. Fibro-
blasts, tagged with superparamagnetic iron oxide nanoparticles (SPION), were directed onto
the luminal surface of tubular constructs by a magnetic field generated by a k4-type Halbach
cylinder device. The spatial distribution of attached cells, as measured by the mean number
of cells, was compared with a conventional, dynamic, rotational cell-delivery technique. Cell
loading onto the constructs was measured by microscopy and magnetic resonance imaging.
The different seeding techniques employed had a significant effect on the spatial distribution
of the cells (p , 0.0001). The number of attached cells at defined positions within the same
construct was significantly different for the dynamic rotation technique (p , 0.05). In con-
trast, no significant differences in the number of cells attached to the luminal surface were
found between the defined positions on the construct loaded with the Halbach cylinder.
The technique described overcomes limitations associated with existing cell-delivery tech-
niques and is amenable to a variety of tubular organs where rapid loading and uniform
distribution of cells for therapeutic applications are required.
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1. INTRODUCTION

The number of people requiring organ transplantation
continues to outnumber the quantity of suitable
donor organs available. To address these shortages,
artificial replacement of hollow organs (such as those
of the circulatory, respiratory, gastrointestinal and gen-
itourinary systems) has been sought for many years.
Recent advancements in regenerative medicine have
demonstrated the feasibility of tissue engineering of
hollow organs for transplantation into humans. Tissue
engineering of hollow organs typically involves the
delivery of cells onto a biocompatible three-dimensional
structure that is designed to function as a scaffold that
will enable cell attachment and guidance of cells into a
tissue construct with the desired configuration. The
most numerous examples of tissue-engineered tubular
constructs are related to the circulatory system [1]
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(e.g. vascular grafts), but, more recently, other tissue-
engineered hollow organs have been successfully trans-
planted into humans, including respiratory [2] and
genitourinary [3] tissues. While these pioneering studies
represent major advances in human healthcare, there
remains scope for significant improvement in the var-
ious processes underlying these technologies before
they can be considered optimized, reproducible and
ready for widespread use.

The rapid and efficient loading of cells onto large tub-
ular tissue engineering scaffolds is one process that
especially needs further attention. Often, only limited
quantities of donor or autologous cells are available for
seeding onto a tissue-engineered construct. There is there-
fore a need to deliver cells in an efficient manner, in terms
of both speed of process (to maintain cellular viability)
and the number of cells (to avoid wastage). Moreover,
the distribution of cells should be uniform to ensure that
confluent coverage and mechanical stability are achieved.

The simplest process for delivering cells involves
static seeding, where cells can be delivered onto a
This journal is q 2012 The Royal Society
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Figure 1. A schematic of the Halbach cylinder cell-seeding
device. The Halbach cylinder consisted of 12 NdFeB rods,
75 mm long, with a 1208 rotation angle for the magnetization
orientation set into aluminium housing. The bore of the cylin-
der was designed to house a 50 ml tube that holds the
membrane scaffolds during the delivery process.
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surface via sedimentation under gravitational force.
This process is best suited for flat target surfaces but
typically the surface must remain undisturbed in a hori-
zontal plane, making it unsuitable for scaffolds with
more complex geometries, such as tubular surfaces, or
in vivo situations where movement or deviation from
the horizontal plane is likely to be encountered.

To overcome these limitations, particularly for tubu-
lar constructs used for vascular grafts, several more
elaborate seeding techniques have been developed.
These include electrostatic seeding [4–6], centrifugal
force [7,8], dynamic rotational seeding [2,9,10] and
vacuum-assisted techniques [11].

Recently, magnetic force has been used to seed mag-
netic-particle-tagged cells onto the lumenal surface of
tubular scaffolds, using a solenoid-based system, but
this approach is limited to small-diameter scaffolds [12].
To overcome this limitation, this study tests the hypoth-
esis that the use of a Halbach cylinder of permanent
magnets enables delivery of magnetically tagged cells to
the luminal surface of large tubular constructs in a more
efficient and uniform manner than a standard, dynamic,
rotational cell-seeding approach. To determine this,
the performance and reproducibility of a novel, Halbach
cylinder cell-seeding device was qualitatively and quanti-
tatively investigated in vitro using image analysis and
magnetic resonance imaging (MRI) for its ability to
deliver superparamagnetic iron oxide nanoparticle
(SPION)-tagged cells onto tubular constructs and
compared with a dynamic, rotational cell-seeding method.
2. MATERIAL AND METHODS

2.1. Halbach cylinder apparatus

The magnetic seeding device consisted of a bespoke
Halbach cylinder (k4 variety; 12 elements with 1208
rotation steps for the magnetization orientation; manufac-
tured by Magnet Sales, Swindon, UK; see figure 1 and
electronic supplementary material, figure S1). A cylinder
(height: 85 mm; diameter: 30 mm) was machined from a
solid aluminium block to hold a 50 ml polypropylene
conical tube (30 � 115 mm style; Blue MAX Falcon,
Becton–Dickinson Labware Europe, Le Pont De Claix,
France). Twelve magnetic rods (neodymium–iron–
boron magnet NdFeB N48M, remanence magnetization:
1.43 T, intrinsic coercivity: 1120 kA m21; height: 75 mm;
diameter: 8 mm) were equally spaced around the wall of
the cylinder. The base of the cylinder contained a cone-
shaped battery-powered turntable that was set to rotate
at 20 rpm and could be operated externally. The drive
motor was contained in a plastic housing allowing
the whole device to be placed in a humidified incubator.
2.2. Cell culture

L929 cells derived from C3H/An mouse connective tissue
(85011425, Health Protection Agency Culture Collec-
tion, Health Protection Agency, Salisbury, UK) were
cultured in complete medium consisting of Dulbecco’s
modified Eagle’s medium (MEM) (Sigma-Aldrich,
Poole, UK) supplemented with 10 per cent foetal
bovine serum (Gibco, Paisley, UK), 2 mM glutamine
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(Sigma-Aldrich) and 50 U ml21 penicillin and
50 mg ml21 streptomycin (Sigma-Aldrich).
2.3. Loading and quantification of
superparamagnetic iron oxide nanoparticle
in L929 cells

The SPION (fluidMAG-UC/A; Chemicell GmbH,
Berlin, Germany) used for cell loading consisted of an
aqueous dispersion with a stock concentration of
40 mg ml21 and a particle density of approximately
1.3 � 1016 particles per gram. The SPION were
uncoated and had an anionic surface charge. The
particle size, determined by the manufacturer using
photon correlation spectroscopy, was 50 nm, which cor-
responds to the hydrodynamic diameter of the multi-
core domain structures consisting of a cluster of several
8–15 nm single-domain iron oxide crystals.

L929 cells were grown in 75 cm2 tissue culture flasks
and were incubated at 378C and 5 per cent CO2 in
complete medium supplemented with SPION at a
final concentration of 500, 250, 125, 62.5, 31.25 or
0 mg ml21. After 24 h incubation, the cells were
washed four times with 10 ml of phosphate-buffered
saline (PBS) and detached by trypsinization. From
each SPION concentration, 1 � 106 cells were lyophi-
lized overnight. The amount of SPION loaded into
the cells was measured by superconducting quantum
interference device (SQUID) magnetometry. A quan-
tum design SQUID-VSM magnetometer (Quantum
Design Inc., San Diego, CA, USA) was used to apply
a magnetic field to each sample in the range of 7 T to
27 T. The corresponding magnetic moment and mag-
netic saturation were measured at a temperature of
300 K. The diamagnetic component was calculated
using the linear regions of the graph and subtracted
from the magnetic moment. The corrected moment
was used to construct closed hysteresis loops, and
the SPION mass per cell based upon a saturation
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magnetization for the SPION of 73 emu g21 was plotted
against the concentration of SPION in the incubation
medium.
2.4. Ultrastructural localization of
superparamagnetic iron oxide nanoparticles

Transmission electron microscopy (TEM) was used to
determine the cellular localization of SPION. After
loading and washing, samples were fixed in Karnovsky’s
fixative and subsequently post-fixed in a solution of
phosphate-buffered 1 per cent osmium tetroxide for
just 30 min to avoid any contrast masking on the
SPION. After a progressive dehydration series in
water/acetone mixtures (25%, 50%, 75%, 95%, 100%
and 100% over molecular sieves), the cells were resus-
pended twice in propylene oxide as a transition solvent
before the embedment stage. In order to enhance the
infiltration of samples with an Araldite CY212 resin
(Agar Scientific), two further stages of 90 min each in
mixtures of 1 : 3 and 1 : 1 resin/propylene oxide at
room temperature were allowed, after which the cells
were embedded in pure Araldite medium at 608C for
36 h. The resulting blocks were thin-sectioned in an
ultramicrotome and directly collected on copper grids
for its examination under a JEOL JEM 1200EX TEM
operating at 80 kV.
2.5. The effect of superparamagnetic iron oxide
nanoparticle loading on cytotoxicity and
cell viability

L929 cells (1 � 104 cells in 300 ml complete medium)
were seeded into 24-well plates (Corning B.V. Life
Sciences) and incubated at 378C in 5 per cent CO2 for
24 h. The medium was removed and replaced with
fresh complete medium containing 500, 250, 125, 62.5,
31.25 or 0 mg ml21 SPION. After 24 h incubation at
378C in 5 per cent CO2, the culture medium was
removed from the cells and 150 ml from each well was
transferred into a 96-well plate. The cells attached to
the 24-well plate were washed four times with PBS
before replacing with fresh culture medium ready for
cell viability assaying or further incubation for a total
of 2, 3 and 6 days post-SPION loading.

Release of lactate dehydrogenase (LDH) was used as
an indicator of cell cytotoxicity and measured with the
Cytotox 96 non-radioactive assay kit (Promega). To
separate unbound SPION from the collected super-
natant, permanent neodymium magnets (diameter:
14 mm) were placed under the wells of the 96-well
plate for 60 min. About 50 ml of the SPION-free super-
natant was transferred into fresh wells on a 96-well
plate, and the assay was performed according to the
manufacturer’s instructions.

Cell viability of the SPION-loaded cells attached to
the 24-well plate was measured using a CellTiter
96 AQueous assay kit (Promega) according to the
manufacturer’s instructions.

To assess the longer term effect of loading cells with
SPION on viability and cytotoxicity, labelled cells were
incubated for a total of 2, 3 and 6 days post incubation
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with SPION and treated as outlined earlier, prior to
cytotoxicity and cell titre assays.
2.6. Cell loading using the Halbach cylinder

Nuclepore polycarbonate membranes (Whatman, UK;
25 � 80 mm, 10 mm thick) were rolled and inserted
into 50 ml Falcon tubes, resulting in coverage of the
lumenal surface of the tube. The membranes were then
coated with 10 mg ml21 fibronectin (Sigma-Aldrich).

A20 ml cell suspension of 1 � 106 L929 cells loadedwith
SPION after 24 h pre-incubation in medium containing
125 mg ml21 SPION (as outlined earlier) was added to
the Falcon tubes containing the polycarbonate mem-
branes. The tubes were placed vertically into the Halbach
cylinder and incubated at 378C for 2 h. Control cells, con-
sisting of 1 � 106 non-SPION-labelled L929 cells, were
delivered to the Halbach cylinder in the same manner.

For dynamic, rotational cell seeding, 1 � 106 non-
SPION-labelled L929 cells were added to 20 ml of
MEM in Falcon tubes containing fibronectin-coated
polycarbonate membranes. The tubes were placed hori-
zontally onto a support and incubated at 378C for
30 min before rotating 908 along the horizontal axis.
The rotation process was repeated three times, resulting
in a total incubation period of 2 h.

After incubation, the polycarbonate membranes were
gently washed once with 30 ml of PBS to remove non-
adherent cells and fixed with 2 per cent formaldehyde
in 0.1 M PBS (VWR International Ltd, Lutterworth,
UK) for 10 min. Fixed membranes were covered with
Harris haematoxylin solution (Sigma-Aldrich) for
10 min and washed three times with water. The stained
membranes were mounted onto glass slides using aqua-
mount aqueous mounting medium (VWR Internation
Ltd, Lutterworth, UK). For DAPI images, non-stained
membranes were mounted onto glass slides Vectashield
Mounting Medium with DAPI (Vector Laboratories
Inc., Burlingame, CA, USA).

The number of cells attached to the membranes that
underwent dynamic rotational seeding was counted in
eight different positions using light microscopy. The pos-
itions corresponded with the poles of the four rotated
positions and the four positions in between these
points of rotation (figure 2). The x–y coordinates from
the eight positions on the dynamic rotational membranes
were used to define the positions for cell counting on
the membranes that underwent cell delivery, using
the Halbach array. Cell counts were collected from five
replicates for each cell-delivery method.

The rate of cell attachment to the membranes after
30 min incubation (assessed using the Halbach cylin-
der) was compared with cell attachment to horizontal
flat membranes (assessed using a cell-adhesion assay
based on a earlier-described method) [13]. Briefly,
5 � 105 cells pre-incubated with medium containing
125 mg ml21 SPION were added to fibronectin-coated
membranes in Falcon tubes or to horizontal membranes
in a dish with the same dimensions (width and length)
as the membrane. The membranes were incubated for
30 min at 378C in 5 per cent CO2 before rinsing to
remove non-attached cells and fixing in 2 per cent for-
maldehyde. A control group representing 100 per cent
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Figure 2. For dynamic, rotational cell seeding, the tubes containing membranes were rotated by 908 counter clockwise after
30 min incubation, resulting in positions 1, 3, 5 and 7 being chronologically located at the 6 o’clock position of the horizontally
mounted tube. Positions 2, 4, 6 and 8 were not located at this position during the seeding process.
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cell attachment consisted of the same number of cells
incubated on the horizontal membranes for 4 h. Cells
attached to the membranes were stained with 0.1 per
cent crystal violet for 60 min and washed three times
with deionized water. The dye was solubilized from
the cells by incubating the membranes in 2 ml of 10
per cent acetic acid on an orbital shaker set at
150 rpm for 5 min. One hundred microlitres of super-
natant was transferred to a 96-well plate and the
absorbance recorded at 570 nm.

2.7. Application of the Halbach cylinder device to
gastrointestinal tissue

The feasibility of applying the Halbach cylinder device to
the delivery of cells in gastrointestinal tissue was quali-
tatively evaluated using segments of porcine jejunum
obtained from an abattoir. After cutting the specimen
into 70 mm lengths, the mesentery was trimmed away
and the lumen rinsed several times with PBS before
being inverted to expose the mucosa. The mucosal sur-
face was mechanically denuded by scraping with the
edge of a glass microscope slide before rinsing with
PBS. The jejuna segments were reinverted before being
positioned into 50 ml Falcon tubes with stents inserted
1 cm into the ends of each segment so that the lumen
remained open. The tubes were filled with 50 ml of
complete medium containing a suspension of 1 � 106

L929 cells pre-incubated with medium containing
125 mg ml21 SPION for 24 h. The tubes were loaded
into either the rotating Halbach cylinder and incubated
for 2 h at 378C 5 per cent CO2 or placed horizontally
onto a support and incubated at 378C for a total of
2 h, with 908 rotation every 30 min, as outlined already.
After incubation, the culture medium was removed and
the lumen of the jejunum gently washed once with
PBS to remove unattached cells, followed by fixation in
2 per cent formaldehyde solution for 24 h.

2.8. Distribution of superparamagnetic iron
oxide nanoparticle-loaded cells

MRI was used to qualitatively evaluate the distribution
of SPION-loaded cells on the polycarbonate membranes
and denuded tissue. The lumen of the tubes containing
polycarbonate membranes or denuded jejunum was
filled with 1 per cent low melting point agraose
(Fermentas Ltd, Hanover MD, USA) containing 8 mM
of gadolinium–DTPA (Magnevist, Bayer AG, Berlin,
Germany). Imaging was performed on a horizontal
bore 9.4 T DirectDrive VNMRS system (Agilent
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Technologies, Palo Alto CA, USA) using a 35 mm quad-
rature birdcage volume coil (RAPID Biomedical GmbH,
Würzburg, Germany). For three-dimensional imaging, a
gradient-echo sequence with the following parameters
was used: echo time 6 ms, repetition time 25 ms, flip
angle 608, three averages, field of view 35 � 29�
29 mm, matrix size 1000� 828 � 828 leading to an iso-
tropic voxel size of 35 mm. Segmentations and three-
dimensional renderings were performed using AMIRA

visualization software (v. 5.2.2, Visage Imaging Inc.,
Andover MA, USA). Superparamagnetic iron oxide par-
ticles cause a perturbation of the magnetic field, which
causes enhanced MRI relaxation and leads to local
hypointensities in an image [14]. The cross section of
the tubes was divided into four segments. For each of
these segments, hypo-intense regions indicative of iron
content were segmented using thresholds. Volume ren-
dering without smoothing was performed for all
segments, and the hypointensity volumes were recorded.

2.9. Statistical analysis

Differences in the distribution of cell attachment between
the magnetic and dynamic rotational cell-delivery tech-
niques were analysed as a 2 � 8 repeated measures
experimental design with one between-group factor (the
presence or the absence of the Halbach cylinder device)
and one within-group factor (the position of cell measure-
ments). A mixed between–within subjects analysis of
variance (ANOVA) was conducted to assess the impact
of the presence of the Halbach cylinder on cell numbers,
across the eight different positions (positions 1–8) [15].
Partial eta-squared (h2) was calculated to estimate the
effect that the size had on significant between-group
mean differences [16,17]. Additional comparisons
between various positions in each group—according to
the presence of the Halbach array—were conducted
using a one-way ANOVA. Significance was examined
with Tukey’s honestly significant difference test for
multiple comparisons. SPSS v. 17.0 and GRAPHPAD

PRISM v. 5.03 were used for all data analyses.
3. RESULTS

3.1. Cell loading with superparamagnetic iron
oxide nanoparticles

Cells were incubated in culture medium containing a
range of SPION concentrations to evaluate uptake and
any effects on cell viability. Cells incubated with
SPION for 24 h contained endosomes located in the
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Figure 3. A transmission electron micrograph of an L929 cell
pre-incubated with medium containing 125 mg ml21 SPION
for 24 h. Endosomes containing SPION are visible as discrete
regions within the cytoplasm. Smaller clusters of SPION are
also present in pockets created by invaginations of the cell
membrane indicating SPION uptake is mediated primarily
by endocytosis.
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Figure 4. SPION concentration per cell as a function of
incubation concentration calculated from SQUID magnetometry.
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cytoplasm filled with iron oxide nanoparticles (figure 3).
Data from SQUID analyses indicated a direct correlation
between the content of SPION in the cells and increasing
SPION concentration in the culture medium for
the concentrations assessed (figure 4). A 4 ml SPION
sample at 40 mg ml21 had a saturation magnetization
of 73 emu g21 with an approximate particle magnetiza-
tion of 5.6 � 10215 emu per particle. These calculations
lead to an average particle concentration of 8.3 pg per
cell and approximately 1500 particles per cell for a
SPION culture concentration of 125 mg ml21. Incremen-
tal increases in the concentration of SPION from 31.25 to
500 mg ml21 in the culture medium produced no decrease
in cell viability, indicated by no significant changes in
the release of LDH or reduction in metabolic activity
compared with non-loaded control cells (figure 5).

The longer term effects of SPION loading on cell via-
bility after 24 h incubation with 125 mg ml21 SPION
was assessed at 1, 2, 3 and 6 days post-loading.
SPION loading at this concentration had no negative
effect on cell metabolic activity or release of LDH com-
pared with non-loaded control cells. However, a small
decrease in LDH release was observed at days 2 and 6
post-loading (figure 5).
3.2. Cell distribution on scaffold membranes

Cell suspensions derived from cultures pre-incubated for
24 h in medium containing 125 mg ml21 SPION were
delivered onto polycarbonate membrane scaffolds using
the Halbach cylinder device. The distribution of cells was
compared with a conventional, dynamic rotational seeding
technique. The mean number of cells in each of the eight
recorded positions is shown in figure 6. With the Halbach
cylinder device, the number of cells at different positions
did not significantly differ, whereas the number of cells
decreased from position one to position eight in the
J. R. Soc. Interface (2012)
group seeded using the dynamic rotational seeding tech-
nique. The assumption of homogeneity of variance was
met because Levene’s test of equality of error variance
for most positions was non-significant [15]. There was a
substantial main effect for the position of measurement
(Wilks’ l¼ 0.007, F7,2¼ 37.86, p ¼ 0.026, partial h2¼

0.993), suggesting that there was a change in number of
cells over the eight positions. The main effect comparing
the two cell-delivery techniques was also significant
(F1,8 ¼ 78.97, p , 0.0001, partial h2 ¼ 0.908), suggesting
that there was a change in number of cells at each position
according to the cell-delivery technique. The model had a
significant interaction effect between seeding method and
position, suggesting that the number of cells in each pos-
ition was different in each of the two groups (Wilks’ l ¼
0.005, F7,2 ¼ 59.74, p¼ 0.017, partial h2¼ 0.995), which
did not allow interpretation of themain effects of each vari-
able in the combined model independently. Therefore,
interpretation of the results took into consideration the
estimated marginal mean plot (data not shown) [16,17].
This graph revealed that when cells were seeded with the
dynamic rotation method, the cell count decreased from
position 1 to 8 in a more obvious manner than when cells
were seeded using the Halbach cylinder device, where the
number of cells showed a fairly small variation.

To determine the positional effect of the scaffold in
each device on the number of cells delivered, a one-way
ANOVA was performed for each delivery method (see
electronic supplementary material, table S1). For the
Halbach cylinder, no significant differences were found
in the cell counts between the different positions, whereas
in the dynamic rotational seeding group, multiple signifi-
cant differences were found between various positions
(see electronic supplementary material, table S2).

Power of analysis was analysed with G*POWER v. 3.
On the basis of the sample size of the Halbach cylinder
device and dynamic rotation seeding group, post hoc
analysis of the power to detect a significant difference
(based on a ¼ 0.05 with an affect size of 0.908) was
approximately 0.99. The average correlation between
different position measurements was 0.353, while the
non-sphericity correction 1 was 0.565 [18,19].
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Figure 5. Incubation of L929 cells with SPION resulted in no significant reduction cell viability or increase in cytotoxicity.
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Table 1. The percentage of SPION-loaded cells per sector
corresponds to the amount of iron-labelled cells in each
quadrant with respect to the total amount of iron-labelled
cells within that sample.

percentage of total SPION
loaded cells per sector

purple blue red green

dynamic rotational seeding 42.7 34.1 14.0 9.1
Halbach cylinder (rotated) 23.9 25.9 25.9 24.7
Halbach cylinder (static) 25.8 23.2 25.0 26.0
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Figure 7. Rate of cell attachment to membranes. After 30 min
incubation significantly more cells were attached to mem-
branes delivered using the Halbach cylinder (HC) compared
with cells delivered onto flat membranes under gravitational
force (*p , 0.05). Figures shown represent the percentage
of cells attached to the membranes after 30 mg ml21 min
incubation compared with control flat membranes.
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MRI confirmed the distribution of SPION-loaded
cells on the polycarbonate membranes achieved with
each technique. Membranes with cells attached after
delivery by dynamic rotational seeding revealed
reductions in the amount of SPION-labelled cells
delivered in each quadrant corresponding with each
subsequent rotation of the membrane (see table 1 and
electronic supplementary material, figure S2). The dis-
tribution of cells delivered onto membranes rotated in
the Halbach cylinder was not significantly different
from the distribution of cells delivered in the static,
non-rotated Halbach cylinder (see table 1 and electronic
supplementary material, figure S2).

3.3. Rate of cell attachment

Cells delivered to membranes using the Halbach cylin-
der attached more rapidly compared with cells
delivered to membranes under gravitational force.
After 30 min incubation, significantly more cells were
attached to membranes incubated in the Halbach cylin-
der compared with the number of cells attached after
delivery under gravitational force (figure 7).

3.4. Gastrointestinal tissue

The feasibility of applying the Halbach device to the
delivery of cells to thick-walled tissue samples was
assessed using denuded porcine jejuna. Qualitative
assessment of the distribution of cells attached to the
tissue by use of MRI revealed a uniform pattern of
distribution similar to that observed with the polycar-
bonate membranes, whereas a non-uniform distribution
of cells was observed with the sample loaded by dynamic
rotational cell seeding (see electronic supplementary
material, figure S2).
4. DISCUSSION

The ability to efficiently load cells onto the luminal sur-
face of tubular scaffolds in a uniform manner is an
essential requirement for tissue engineering of hollow
organs such as those found in the gastrointestinal
tract, airway and vasculature. Recent studies using
pre-clinical models have highlighted the need for new
techniques to enable rapid and efficient cell delivery
onto hollow organ scaffolds.

One example of this is a promising rat model of intes-
tinal tissue engineering. Approximately one-and-a-half
J. R. Soc. Interface (2012)
donor intestines are needed to seed a construct that is
only 10 mm in length and has a luminal diameter of
2–4 mm [20]. This represents a 2 per cent seeding effi-
ciency on the basis of the amount of neointestine
formed from the harvested native intestine. Much larger
scaffolds are often necessary if pre-clinical technology
such as this is to be translated into a human application.
In this case, the normal non-distended luminal diameter
of the small intestine in adult humans is approximately
30 mm [21]. Similarly, in vivo cell transplantation of oeso-
phageal epithelial cells into a devitalized rat trachea,
implanted under the dorsal skin of mice, resulted in a stra-
tified epithelium, but the optimal time to regenerate
confluent epithelium was six weeks [22]. The uneven dis-
tribution of cells observed after three weeks is likely to
have contributed to the delay in achieving confluency [22].

To overcome the limitations of conventional seeding
techniques, a variety of alternative methods have been
devised. While most of these approaches offer improved
seeding efficiencies compared with static seeding methods,
most have been used only for small-scale constructs and
offer little promise for large tubular organs. Dynamic
rotational seeding, where a scaffold is rotated along its
longitudinal axis to distribute cells over the surface of
the scaffold lumen, has been used to seed autologous
cells onto the lumen of decellularized trachea, prior to
transplantation into a human recipient [2]. Although the
study was clinically successful, it is not clear how many
of the cells delivered attached to the scaffold or whether
there was uniform distribution of cells. The prolonged
and continuous movement between the cell suspension
and scaffold surface over a period of 96 h indicates that
this approach provided suboptimal conditions for promot-
ing cell attachment to the scaffold. Furthermore, dynamic
seeding can expose cells to undesired wall shear stress,
causing phenotypic changes to the cells [9].

Magnetic field gradients have previously been used to
deliver cells onto the lumenal surface of small tubular
scaffolds. A solenoid-based approach described by Perea
et al. [12] required the scaffold to be placed above the
upper extreme of the solenoid coil where the radial
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magnetic field gradient existed. The radial magnetic force
generated rapidly immobilized SPION-tagged cells onto
the scaffold surface, allowing cell adhesion to quickly
occur (approx. 20 min). However, the solenoid-based
approach has limited potential in clinical applications
because it is designed primarily for applying to vascular
grafts ex vivo with relatively small (3–5 mm) lumenal
diameters. Furthermore, the area exposed to the optimal
magnetic field for cell seeding existed only at the upper
extreme of the solenoid, limiting the length of constructs
that can be effectively seeded. To achieve a magnetic field
with this technique, which is capable of seeding con-
structs with larger lumenal diameters, such as the small
intestine (approx. 20–30 mm diameter), would require
a much larger solenoid, which would generate excessive
amounts of heat, causing damage to the cells and scaffold
if inadequate cooling was provided.

Permanent magnets offer scalable high field strength
without the detrimental heating effects associated with
solenoid-induced magnetic fields. We have previously
magnetically tagged cells with SPION and targeted
them to a localized site of arterial injury using a mag-
netic actuator consisting of a rectangular Halbach
array positioned outside the body [23].

This study advances the concept of using permanent
magnets to deliver cells into hollow organs via the use of
a Halbach cylinder.

L929 cells were used as a surrogate cell type in this study
because of its wide use in ISO10993 set of standards for
evaluating biocompatibility of medical devices. Incubation
of cells in medium containing high concentrations of
SPION did not result in an increase in cytotoxicity or in
reduced cell metabolism for any of the concentrations
tested in this study. The selected concentration of SPION
in the culture medium (125 mg ml21) used for evaluating
the Halbach device was not the highest concentration
tested but provided sufficient cell uptake for magnetic
actuation to occur. This concentration caused a slight
reduction in the amount of LDH release from cells
measured between 2 and 6 days after incubation with
SPION compared with control cells. These data, taken
together with the data showing no change in cell viability
at the same time points, indicate that 125 mg ml21

SPION used for cell loading was not cytotoxic. The
mechanism causing the reduction of LDH release from
SPION-loaded cells is unaccounted for butmightbe related
to SPION improving retention of membrane integrity over
the time period studied. Although data (not shown) from
our group and elsewhere indicate that similar SPION
uptake into endosomes in the cytoplasm occurs with
other cell types, including smooth muscle and epithelium
that are relevant to gastrointestinal tissue engineering, it
is likely that SPION concentration in the culture medium
would need to be optimized for each type of cell receiving
magnetic actuation.

SPION-labelled cells delivered into the lumen of tub-
ular membrane scaffolds or segments of porcine jejuna
positioned inside the Halbach cylinder were exposed to
an intense magnetic field and drawn to the surface of
the scaffold. The majority of SPION-labelled cells were
attached to the membrane within the 2 h incubation
used in this study as a comparison with the previously
reported dynamic rotation technique used for seeding
J. R. Soc. Interface (2012)
cells onto decellularized trachea prior to the clinical
transplantation. The increased rate of cell attachment
observed with Halbach cylinder delivery process there-
fore suggests that the amount of time needed for cell
delivery could be reduced to less than 2 h.

Cells delivered onto the membrane scaffolds and
porcine jejuna, using the dynamic rotation technique,
were unevenly distributed, with fewer cells attached at
consecutive points of rotation. The Halbach cylinder
device resulted in a uniform distribution of cells attached
that did not vary significantly between the reference
points on the membranes selected from the dynamic
rotation samples. The capacity to rotate the scaffold
inside the Halbach cylinder, designed to overcome the
possibility of cells being aligned in vertical bands corre-
sponding to the positions of the 12 magnetic elements,
was found to be unnecessary because there was no signifi-
cant difference in cell distribution between the rotated
and non-rotated Halbach cylinder membranes.

The ability to deliver cells with uniform distribution
onto tubular scaffolds holds great value for the
engineering of hollow organs. Previous studies have
demonstrated that the extent of circumferential cover-
age of the oesophagus after endoscopic mucosal
resection is indirectly correlated with the likelihood of
stenosis and stricture formation [24]. It is possible
that the non-uniform distribution of cells onto tubular
scaffolds, observed with the dynamic rotation seeding
method in this study, might increase the risk of sub-
sequent stricturing of the construct caused by unequal
distribution of tissue in the construct. The even distri-
bution of cells achieved with the Halbach cylinder
device is likely to reduce the risk of this occurrence.

This study demonstrates proof-of-principle that a
Halbach device was capable of delivering SPION-loaded
cells onto the lumenal surface of isolated segments of
jejuna whose walls were considerably thicker (1–2 mm)
compared with the polycarbonate membranes. On the
basis of these rudimentaryfindings, it is feasible that a simi-
lar compact permanent magnet device could assist with
surgical techniques where the delivery of cell suspensions
or sheets of cells to the luminal surface of hollow organs is
required, which would be difficult to achieve with
electromagnets. This might include in situ delivery and
engraftment of adult stem cells in therapeutic applications
for patients with enteropathies associated with dys-
functional intestinal epithelium (microvillus inclusion
disease), mucositis (chemo- or radiation therapy induced),
intestinal graft versus host disease or short bowel syn-
drome. This process could be aided in situ by using a
Halbach cylinder that is hinged or clamped so that it
could be positioned around a segment of continuous
bowel. Furthermore, the use of the Halbach cylinder for
cell delivery offers the possibility of delivering consecutive
layers of different cell types to laminated tissues with
distinct functional layers, such as those found in the gastro-
intestinal and airway tracts. A positive side effect of
magnetic cell delivery is the ability to use non-invasive
clinical or preclinical MRI to assess the success and quality
of cell engraftment prior to the implantation of a scaffold or
in vivo for in situ delivery strategies [25–27]. Optimization
of the configuration of magnets for specific tissues will
enable the seeding method to be tailored for tissues of
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different shapes and sizes, as well as defined bands of tissue,
such as cartilage found in the larynx and trachea.
5. CONCLUSION

The novel concept of a Halbach cylinder for tissue
engineering provides an adaptable and efficient solution
for delivering cells in a rapid and uniform manner for
therapeutic applications.

The authors are grateful for the support of the Crucible
Centre UCL and the British Heart Foundation. This work
was undertaken at UCL/UCLH, which receives funding
from the Department of Health’s NIHR as a Comprehensive
Biomedical Research Centre.
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