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A challenge in current stem cell therapies for Parkinson’s disease (PD) is
controlling neuronal outgrowth from the substantia nigra towards the
targeted area where connectivity is required in the striatum. Here we present
progress towards controlling directional neurite extensions through the
application of iron-oxide magnetic nanoparticles (MNPs) labelled neuronal
cells combined with a magnetic array generating large spatially variant
field gradients (greater than 20 T m−1). We investigated the viability of this
approach in both two-dimensional and organotypic brain slice models and
validated the observed changes in neurite directionality using mathematical
models. Results showed that MNP-labelled cells exhibited a shift in
directional neurite outgrowth when cultured in a magnetic field gradient,
which broadly agreed with mathematical modelling of the magnetic force
gradients and predicted MNP force direction. We translated our approach
to an ex vivo rat brain slice where we observed directional neurite outgrowth
of transplanted MNP-labelled cells from the substantia nigra towards
the striatum. The improved directionality highlights the viability of this
approach as a remote-control methodology for the control and manipulation
of cellular growth for regenerative medicine applications. This study pre-
sents a new tool to overcome challenges faced in the development of new
therapies for PD.
1. Introduction
Parkinson’s disease (PD) is a neurodegenerative condition that arises during the
progressive degeneration of midbrain dopaminergic (mDA) neurons in the sub-
stantia nigra pars compacta (SNc). The loss of mDA neurons results in the loss
of connections between the SNc and striatum. While pharmacological treatments
exist for the short-term replacement of dopamine in the SNc-striatal circuit, there
is a critical clinical need for cell therapies to restore dopaminergic cells in the SNc
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Figure 1. (a) Schematic of the experimental set-up. Poly-acrylic acid/rhodamine functionalized MNP with an Fe2O3 core was synthesized and incubated with PC12
cells to allow internalization. (b) The MNP-tagged cells were cultured in differentiation media while being exposed to static magnetic fields in order to direct neurite
extension along the magnetic field gradients. (c) MNP-tagged neurons were also injected into rat brain slices modelling the nigral-striatal pathway. Magnetic fields
were then used to direct neurite extension from the cells at the injection site towards the striatum.
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[1–4]. Potential cell therapies for this condition also depend
upon the ability of the transplanted cells to reinnervate with
neurons in the striatum. However, the rate of regeneration in
the central nervous system is slow [5,6] which limits recovery.
This technically challenging aspect of neuronal cell engineering
is crucial for successful cell integration, circuit reconnection
and ultimately disease remission. Several approaches to
directing neuronal growth have been investigated, including
the use of mechanical cues and magnetic nanoparticles
(MNPs) to generate tension to guide outgrowth [7–9]. While
the study of neuronal outgrowths has been investigated over
a long period of time, the control of outgrowth direction is a
relatively newer approach that offers ways of progressing
potential cell therapies for neurodegenerative conditions.

Within the regeneration process growth cones are
extended from the neuronal cell which are capable of
generating forces through their motion, which can aid
in growth and repair [10]. Combining the mobility of
these growth cones and biological cues enables neuronal
outgrowths to become directed to a target region [11]. There-
fore, it is considered that other approaches to generating
directional cues could help achieve more complete reinner-
vation. One potential approach to generating topological
gradients and directional cues is through the use of MNPs
guided by magnetic fields [6,8,9,12,13]. MNPs are a suitable
candidate for applying mechanical forces to neuronal cells,
being widely used in biomedicine settings, such uses as
MRI contrasts [14–16], and are commercially available, with
previously demonstrated biological safety.

MNPs have attracted attention as force carriers for the
manipulation of cells owing to their ability to be con-
trolled remotely through externally applied magnetic fields.
Through the application of magnetic fields, the resulting
forces can be applied either internally or externally to a cell,
for example: through internalization into endosomes, or by
binding to receptors and ion channels at the cell membrane.
This approach has been recently used in a variety of cell and
tissue engineering applications to regulate cell signalling path-
ways, control cell differentiation and promote tissue repair
[12,17,18]. Commonly, varying magnetic fields are employed
to create a field gradient (varying in time) to act upon MNPs
[19]. However, static magnetic fields can also be designed to
vary in space and therefore offer another method to generate
sufficient field gradients to induce forces acting on MNPs.

To study the efficacy of using MNPs and static magnetic
fields to help direct the neuronal outgrowths, we employ
PC12 cells with MNPs and used a magnetic gradient to
magnetically control neurite extension while undergoing
differentiation (figure 1a,b). PC12 cells are a well-established
model neuronal cell line in PD research. When cultured with
neurotrophic factors, PC12 differentiate into neuron-like cells
with neuronal morphology and express neuronal markers
[20,21]. We then tested the translational potential of this
approach in rat organotypic brain slices, which were used as



Table 1. Parameters used for magnetic and MNP simulations.

simulation property value units

BR 1.42 T

MNP diameter 8.4 nm

MNP density 5240 kg m−3

χ 4.27 dimensionless
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a model of the SNc-striatal circuit. Using this system, we
injected primary rat embryonic ventral midbrain (VM) dopa-
minergic precursor cells, which had been pre-labelled with
MNP, into the SNc of rat brain slices. We then orientated the
slices under the magnetic field gradient to promote directed
cell and neurite outgrowth from the transplant region towards
the striatum (figure 1c). After 8 days,we assessed cell and neur-
ite outgrowth under magnetic control. The overall aim of this
research was to demonstrate controlled directional neurite
outgrowth in neuronal cells, which was validated using
mathematical models. This technology provides proof of prin-
ciple for magnetic control of neuronal outgrowth with clear
applications for neurodegenerative cell therapies.
2. Methods
2.1. Computational methods
The magnetic field profiles were simulated by employing a finite-
element (FE) approach using the commercial software COMSOL
v5.1. Magnetic fields and the resulting gradients were simulated
by employing the Magnetic Fields, No Currents toolbox, with
initialization parameters (remnant magnetization BR) matching
those of the neodymium iron-boron (NdFeB) magnets used in
the experimental device (table 1). To calculate the directional
motion of MNPs, the resulting field profiles were combined
with the Particle Tracing for Fluid Flow toolbox with MNPs
simulated as particles with diameter, mass and magnetic suscep-
tibility (χ) matching those of experimentally employed MNPs
(table 1).

The magnetic susceptibility (χ) of the MNPs is of key impor-
tance when calculating the forces acting on a particle. The MNPs
chosen for this study were iron-oxide particles coated with
PAA (Fe2O3-PAA2K). The MNP diameter is 8.4 ± 1.9 nm with
saturation magnetization values of 51–57 emu g−1 [12]. These
particles have previously been reported to have good levels of
internalization and stable magnetization within biological sys-
tems over long time periods [22]. From a Langevin function of
magnetization, the magnetic behaviour of these particles is
easily reproduced, and the susceptibility was calculated to be
4.27 from the change in magnetization at zero field.

In the instance of an MNP located within static magnetic field
the force acting upon it while in a fluid medium can be found
from the following equation [23]:

FM ¼ 2pr3pm0mp

mp � mf

mp þ 2mf
rH2, ð2:1Þ

where rp is the radius of the particle (in m), μp and μf is the
permeability of the MNP and surrounding fluid, respectively,
(where μ = 1 + χ) and rH is the magnetic field gradient in
(A m−2). The motion for each MNP was calculated using the
magnetophoretic force (equation (2.1)) applied across the sample
region with the fluid medium taken to be water (μf = 1) as an
analogy to the MNP being located either in the cell or culture
medium. MNP motion simulations included viscous drag and
were simulated for a total time period of 8 h.

2.2. Magnetic device
To enable forces to be applied upon MNPs, a magnetic field
(and gradient) needs to be established over the sample region.
To achieve this, a device consisting of NdFeB permanent mag-
nets (N42 grade) was created (as shown in figure 2a; electronic
supplementary material, figure S1). The magnetic field was simu-
lated using a FE method and the resulting magnetic field profile
is shown in figure 2c, ranging from field strengths of approxi-
mately 700 to approximately 70 mT. The magnetic array device
was mapped in three dimensions using an M3D-2A-PORT mag-
netic field mapper (SENIS) at a scan resolution of 200 µm (x,y)
and a step size of 0.5 mm (z). The measured field map is
shown in figure 2c; the values of magnetic field and the field gra-
dient are found to align with the simulated magnetic field. The
magnetic field gradient found along the magnetic field orien-
tation is shown in figure 2d and is found to be greater than
20 T m−1 across the sample region.

2.3. Cell culture
The rat adrenal phaeochromocytoma cell line, PC12 (CRL-1721),
obtained from ATCC, were cultured in suspension in basal
medium made from Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% horse serum (heat inactivated),
10% fetal bovine serum, 1% penicillin-streptomycin and 1%
L-glutamine. Cells were kept in incubator at 37°C and 5% CO2.

2.4. Magnetic nanoparticles labelling
Cells were labelled with rhodamine-fluorescent Fe2O3-PAA2K

MNPs which were previously described and characterized
by Bongaerts et al. [12]. The MNPs had a mean hydrodynamic
size of 30.1 nm and were superparamagnetic in nature with a
saturation magnetization of 55.7 emu g−1. Cells were labelled in
suspension at a concentration of 2 mM (iron) in pre-warmed
complete basal medium for 24 h prior to seeding.

2.5. PC12 differentiation
For differentiation into a neuronal phenotype, PC12 cells were
seeded at 20 000 cells cm−2 density on 1% poly-L-lysine (Sigma)
and 10 µg µl−1 laminin (Sigma L2020) coated glass-bottom dishes
24 h before initiating differentiation. Cells were differentiated for
8 days in culturewith differentiationmedium: Dulbecco’smodified
Eagle’s medium (Gibco) supplemented with 5% horse serum (heat
inactivated), 1% penicillin-streptomycin, 1% L-glutamine and
100 ng µl−1 nerve growth factor (recombinant human β-NGF
450-01, Peprotech) with media replenishment every 2 days.

2.6. Live/dead staining
PC12 cells were incubated with MNP as above and cultured in
neuronal differentiation media under a static magnetic field
with peak flux density of less than 200 mT over 8 days. Cell via-
bility was then assessed after 8 days using a ReadyProbes™ cell
viability assay (ThermoFisher) according to the manufacturer’s
instructions.

2.7. Rat brain slice preparation
Organotypic slice cultures were prepared from postnatal day 5–8
rat pups according to the interface method as previously
described [18,24]. Briefly, pups were terminally anaesthetized
by intraperitoneal injection of pentobarbital in accordance with
UK Animals (Scientific Procedures) Act 1986. Sagittal brain
sections of 300 µm were cut at 10° angles using a vibratome



(a) (b)

(c) (d)

700

600

500

400

(m
T

)

300

200

100

30 25 20 15 10X-position across
sample area (mm)

Y-p
os

iti
on

 ac
ro

ss

sa
mple

 ar
ea

 (m
m)

5 0

10

700 700
35

30

25

20

15

10

field gradient (T m−1)

X co-ordinate across sample region (mm)

imaging region
5

0
0 5 10 15 20 25 30 35

600

500

400

(m
T

)

fi
el

d 
gr

ad
ie

nt
 (

T
 m

−1
)

300

200

100

500

300

100

m
ag

ne
tic

 f
ie

ld
 (

m
T

)

5
0

–5
–10

Figure 2. (a) Shows assembled device with sample. (b) Shows a schematic of the device highlighting the orientation of the permanent magnets and the simulated
magnetic field. (c) Three-dimensional map of magnetic flux density across the sample area confirmed a steep gradient across the sample region. (d ) Shows the resulting
magnetic field gradient, and the imaging region highlighted demonstrates that in the sample region investigated the field gradient is greater than 20 T m−1.
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(Leica). Following removal of the cortex and hippocampus, slices
were placed onto PTFE membranes with 0.4 µm pores to allow
access to nutrients from below and maintain gaseous exchange
from above.
2.8. Injection of magnetic nanoparticle labelled ventral
midbrain cells

Slices were cultured for 7 days (with SN removed) before trans-
plantation of E14 VM cells to the SN region of the slice. The day
before transplantation, the VM was dissected from E14 rat
embryos, dissociated and resuspended in medium containing
8 mM Fe2O3-PAA2K MNPs (iron concentration). The suspension
was added to the well of a plate and incubated overnight. The
MNPs prevented the cells from adhering to the plate without
affecting cell viability. The next day, 200–500 nl of MNP-loaded
VM cell suspension was pipetted into the SN region of the
slice. The slice was then transferred to a Petri dish and orientated
within the magnet device so that the striatum was exposed to the
largest flux density in order to promote cell/neurite growth
towards the striatum. The magnetic device was housed within
a cell culture incubator at 37°C, 5% CO2. Control slices were
cultured in six-well plates at 37°C, 5% CO2 under no magnetic
field. Slices were fixed 7 days following cell transplantation
and immuno-stained for tyrosine hydroxylase (TH) to visualize
both the cell bodies and process of dopamine neurons in the
tissue and transplant.
2.9. Imaging
Light and fluorescent images were taken with EVOS M5000 or
EVOS XL core microscopes (Thermofisher Scientific). Three-
dimensional Z-stack imaging was conducted using Olympus
Fluoview FV1000 confocal microscope. Neurite angle
measurement was performed using the angle measurement
tool in FIJI ImageJ2 software.

2.10. Analysis of rat brain slices
Images for each slice were stitched to form a montage, then
rotated so that the striatal-SN axis was in the same plane for
each sample. Each slice image was then divided into a grid of
20 regions of interest (ROI’s) covering three regions as shown
in electronic supplementary material, figure S2a. These regions
consisted of the implant area, the striatal region and an out-
growth area located between the implant area and the
striatum. For each sample, the mean grey value of each ROI in
the outgrowth region was measured. These values were cor-
rected by subtracting the mean grey value of the slice
background due to staining from the background slice tissue.
The orientation of TH+ cells and neurites present in the out-
growth region was also assessed using a directionality plug-in
in ImageJ. This was used to calculate the relative average
amount of TH+ structures at each orientation (±90°) within
each sample. Only samples which contained TH+ cells and or
neurites in the outgrowth region were included in the analysis.

2.11. Statistical methods
All statistical analysis was completed using Stata 17.0.

For two-dimensional neurite growth measurements, the
measured angles were transformed to be a deflection relative to
the field direction irrespective of lateral travel (i.e. ignoring
left/right direction, with the key metric being the deflection
angle). This results in measured deflection angles in the range
of 0− 90°. To evaluate the distributions in both control and
MNP group, a Levene test for variance and a Shapiro test for nor-
mality were performed. It was found that the two distributions
had equal variance and were both non-normally distributed
(Levene test: p > 0.05, Shapiro test: p < 0.05). From the description
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labelled with AA2K-MNPs at day 1 (i) and day 3 (ii) after differentiation, with white arrow showing MNPs in neurite extension (scale bar = 10 µm).

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20220576

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 N

ov
em

be
r 

20
22

 

of these distributions, a Kruskal–Wallis test was chosen as a
suitable statistical test.

For pixel intensity analysis of slice TH staining, data are
presented as medians +/- interquartile range (IQR). Statistical
significance at 95% confidence level was applied using a
Mann–Whitney test (two-tailed, unpaired), p < 0.05 was
considered statistically significant.
3. Results
3.1. Simulation of magnetic nanoparticle motion
Thedirectionof force exerted onMNPswithin the sample region
can be simulated to gain understanding as to how the external
magnetic field and resulting gradientwill drive directional neur-
ite outgrowths. The force acting on anMNP and therefore to the
attached sub-cellular structures and organelles in a static mag-
netic field can be calculated by employing a magnetophoretic
model (equation (2.1)). The magnetophoretic model results in
MNP motion along the direction of applied force.

Particle trajectories were simulated in a water medium
over a time period of 8 h as an indication to the resulting
directional outgrowth. Viscous drag forces were included to
better understand the magnitude of forces exerted on the
MNPs. The angle between the final position and the initiali-
zation position relative to the field direction was calculated
for each simulated MNP.

Initial particle positions were randomized to within a sub-
region of the entire sample region which represented the
locations available for imaging in experimental studies (indi-
cated by the grey circle in figure 3a, black dots identify initial
positions for a random sampling of particle positions). A total
of 1500 particles were initialized with a resulting 1147 particle
positions having a final position within the sampling region.
The resulting angle of MNP motion is shown in figure 3b, it is
of note that themajority of particles do notmove along the hori-
zontal (along the direction of the applied field) but have a small
angular offset in the vertical direction (perpendicular to the
main applied field direction). This can be seen from comparing
simulations that only include forces created through the appli-
cation of Bx components, to those in which Bx and By are
included in the force calculation (figure 3b). When only Bx com-
ponents of magnetic field are included, the applied force and
resulting directional motion of MNPs show a narrower range
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Table 2. Description of control and MNP groups for neurite growth
analysis, and the resulting angle of growth (median and IQR).

control group MNP group

N 3 4

n 2487 3394

median

(IQR)

46.332 (25.084,

69.075)

36.345 (18.138,

62.103)
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of deflection from the direction of applied field. The resulting
width of the peak indicates the field gradient is not uniform
across the sample area in Bx. Furthermore, when both the Bx
and By components are included, the resulting MNP motion
becomes more varied. In this scenario, the median angle is
found to be 30.35°. From this, it is clear the combination of
field gradients, not just the field gradient along the main direc-
tion of applied field are fundamental for the resulting directional
force experienced by the MNP and their subsequent motion.

3.2. Neurite growth in a two-dimensional culture
PC12 cells labelled with Fe2O3-PAA2K MNPs (figure 4a) were
differentiatedwithin the device (MNP group) and non-labelled
cells within the device (control group) for a period of 8 days to
encourage neurite growth. Fluorescent microscopy confirmed
the presence of MNP after 1 day (figure 4b(i)), with MNP still
detectable after 3 days of differentiation (figure 4b(ii)). Cell via-
bility in response to MNP and magnetic field gradients was
assessed using a live/dead assay. Results showed no effect of
either MNP or magnetic field gradients on cell viability (elec-
tronic supplementary material, figure S2). We next assessed
the effect of MNP and magnetic gradients on directional neur-
ite outgrowth in vitro. From repeat incubations (MNP group
N = 4, control group N = 3), images of cells with neurite out-
growths were taken from the imaging region (sample area
simulated in figure 3a); summary statistics can be found in
table 2. For each cell with neuronal outgrowths, the direction
of growth was calculated as an angular displacement from
the direction of applied magnetic field. The distribution of
measured angle of neurite outgrowth is shown in figure 5a,b.
The distribution of measured angles within the control group
shows no preferential direction. However, the distribution
found from the MNP group shows more favoured growth
directions towards 0° and 180°. The resulting distribution of
angles found from the MNP is skewed to the lower values, as
can be seen from figure 5b, and the differences in median and
IQR (dashed lines).

From the descriptive data the median angle of deflection
from the direction of field has been reduced from the control
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group value of 46.332 (IQR: 25.084, 69.075) to the device
group value 36.345 (IQR: 18.138, 62.103). A Kruskal–Wallis
test shows a significant difference between control group
and MNP group with p < 0.001. Therefore, it has been
shown that the influence of a static MNP on MNP-labelled
cells can significantly increase the directional growth of neur-
ites in two-dimensional slices.
3.3. Ex vivo rat brain slice model
Following the in vitro experiments, we then tested the magnetic
system in amore complex ex vivo rat brain slicemodel using pri-
mary VM cells labelled with Fe2O3-PAA2K MNPs. We first
confirmed MNP loading in VM cells using live cell imaging
(figure 6a). Phase contrast and fluorescence microscopy
(figure 6a(i–iii)) confirmed MNP loading in cells after 24 h of
incubation. Rat brain slices were then loaded into Petri dishes
(figure 6b(i)) before injection with the MNP-labelled cells.
Slices were then placed within the gradient magnetic device
for 7 days with the striatum positioned closest to the largest
flux density to encourage cell growth from the implant site
towards the striatum (figure 6b(ii)). Fluorescent microscopy of
the slices confirmed TH+ cell bodies andMNP at the transplan-
tation site after 7 days in both groups indicating the presence of
transplanted dopaminergic neurons (figure 6c(i,ii)).

Next, we quantified the degree of TH +ve cell and neurite
outgrowth away from the injection site in the presence or
absence of the magnetic field gradient. This was achieved
by analysing the amount of TH+ staining distal to the
interface between the transplant and host explant boundary
(figure 7a). The control groups showed relatively less out-
growth reaching the striatum, whereas slices exposed to the
magnetic device showed a trend for denser outgrowth
(figure 7b). For analysis, each slice was divided into zones
comprising the injection zone, striatal zone and an outgrowth
zone located between the injection and striatal zone (elec-
tronic supplementary material, figure S3a). The intensity of
TH staining within the outgrowth zones was then quantified.
Though there was no significant difference in the number of
TH+ cells migrating into the proximal portion of the out-
growth zone of the host tissue (figure 7c(i,ii)), results
showed a significant increase in TH staining intensity in
this region in the magnet group. Though there is the possi-
bility that even a non-significant rise in the number of TH+
neurons migrating into this region could increase the over
TH+ staining, the significant increase in the staining in the
magnet group was interpreted as being an indication that
the overall neurite outgrowth in this group is relatively
higher than in the control group (figure 7c; electronic sup-
plementary material, figure S3b). We also analysed the
directionality of the TH+ cells and neurites present in the out-
growth zone using the directionality ImageJ plug-in
(electronic supplementary material, figure S3c(i)). Results
showed a small shift in the orientation of the MNP-loaded
cells and neurites when exposed to the magnetic field
(trend only), with these cells and neurites aligning more
towards the upper striatum. By contrast, the cells and neur-
ites in the control group (where present) tended to align
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towards the lower striatum (electronic supplementary
material, figure S3c(ii)).
4. Discussion
Directional control of neuronal processes is one of the
long-standing challenges in neuronal tissue engineering.
This technical barrier must be overcome before cell therapies
can be harnessed for treatment of neurodegenerative dis-
eases. Multiple recent studies, including from our group,
have demonstrated the potential for MNP and magnetic
fields to control cell signalling and influence direction of
neurite outgrowth in vitro [6,9,18,25]. For instance, Semeano
et al. recently demonstrated that MNP embedded in col-
lagen-based coatings can stimulate microtubule expression,
promote neurite elongation and can influence cell migration
when combined with static magnetic fields [26]. Bongaerts
et al. recently used Fe2O3-PAA2K-MNP and static magnetic
fields provided by arrays of magnetized pillars to direct cell
migration and induce neurite outgrowth in differentiated
cells in the direction of the pillars [12]. In the current study,
we created an asymmetric array of permanent magnets that
provided a steep magnetic field gradient over a 3 cm
region. We used this array to promote directional outgrowth
of neurites using the same Fe2O3-PAA2K-MNP which were
internalized in neuronal cells. In both studies, Fe2O3-
PAA2K-MNP were non-specifically targeted and passively
taken up by cells. Within this study, we also tested the short-
term toxicity of the MNP and magnetic fields. Importantly,
neither MNP nor static magnetic fields had any noticeable
effect on cell viability, which is a critical consideration when
developing MNP-based treatments. The application of static
magnetic fields in both studies imparted non-specific tensile
forces to cells to directly influence the directionality of neurite
outgrowth. This effect is to be expected given the crucial role
that mechanical forces play in control of cell polarity and neur-
ite outgrowth [27]. Having said this, the precise downstream
mechanisms through which the MNP-induced forces are
transduced to cellular structures to alter neurite directionality
require further study.

We also compared neurite outgrowth angles with MNP
directional motion predicted using mathematical models.
FE analysis simulations were performed to investigate the
magnetic field gradients and resulting directional motion
of MNPs. The simulation of the magnetic field gave field pro-
files and resulting field gradients that closely resembled that
of the configured device. The resulting directions of motion
are not directly parallel to the applied magnetic field
(which would result in a 0° deflection) and are indicative
that the combination of magnetic field vectors and molecular
guidance signals from growth factors (such as nerve growth
factor) secreted from neighbouring neurons play competing
roles in the resulting neurite outgrowth direction [11,28].
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Despite the small discrepancy between predicted MNP
direction and observed neurite outgrowth direction, we still
demonstrate that application of the magnetic gradient leads
to a significant difference in the experimental outgrowth
direction. The change in preferential outgrowth direction
broadly mapped the changes in magnetic field gradient
across the sample. It is of note that the MNP-labelled group
had a median direction of 36.35°, compared with the
median direction of motion from simulations of 21.53°. It is
noted that the mathematical modelling approach demon-
strated here does not include biological factors such as
cell-binding and competing forces which may arise from
biological mechanisms, including cues from neighbouring
cells. However, these values measured are consistent with
other mechanistic models found in literature which suggest
the resulting growth direction would be approximately
30° due to the combination of magnetic vector directions [9].

Finally, we investigated the effect of our magnetic gradi-
ent device in a more complex ex vivo brain slice model
using primary neurons to test the translational potential of
our approach. Our experiments demonstrated that primary
neuronal cells can be loaded with MNPs without inducing
toxicity, and neuronal cell transplants can be tracked on
brain slices for at least 7 days. These properties are important
to consider in neuronal tissue engineering, which requires
minimal MNP toxicity and maximal cell survival over time.
Crucially, our results showed that magnetic gradients can
promote dopaminergic outgrowth of MNP-labelled cells
towards the striatum. Previous studies have shown it is poss-
ible to remotely trigger cell signalling and direct neuronal
stem cells to sites of injury in vivo using MNP and magnetic
guidance systems. These approaches were shown to facilitate
neuronal differentiation and brain repair as well as alter
neuronal electrophysiology and alter animal behaviour,
respectively [29,30]. To our knowledge, the work presented
here is the first study to demonstrate magnetically controlled
cell and neurite outgrowth in primary dopaminergic cells
transplanted into a complex ex vivo model. It should be
noted that the magnetic field gradients used in our system
(greater than 20 T m−1) are an order of magnitude greater
than the field gradients currently used in the clinic. For
example, MRI scanners use field gradients in the region of
5–50 mT m−1 [31], while larger field gradients (500 mT m−1)
have been used for related in vivo studies [32]. The magnetic
device within this study was designed to exhibit substantially
steeper field gradients, as these would be sufficient field gra-
dients to elicit a strong enough directional force on individual
MNPs. These high field gradients are required to enable inter-
action of MNPs and magnetic field across the large physical
distance between the substantia nigra and a permanent
magnet located at the skull surface. While the current study
confirms proof of principle for our technique, an alternative
magnetic device, with similar magnetic field profiles, would
be necessary before the approach could be translated to the
clinic. Future work will focus on magnetic field optimization
to promote further increases in directional neuronal out-
growth, but the ability to control cell behaviour in this way
is nonetheless an important step which will ultimately be
required for translation of neuronal cell therapies to the clinic.

Neurodegenerative conditions such as PD urgently
require new therapies; however, directional control of neurite
extension is one critical factor that is preventing clinical
uptake of cell therapies for these diseases. In this work, we
have demonstrated remote-controlled neurite outgrowth
from neuronal cells in vitro and in an ex vivo model of the
nigral-striatal pathway using MNP and magnetic gradients.
Our experimental observations of directional neurite out-
growth closely resemble the predicted MNP motion
calculated by mathematical modelling. This study highlights
the benefits that magnetic control systems can have on
directing neuronal cell behaviour and shows that this strategy
can form a useful component of cell therapy toolkits.
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