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ARTICLE INFO ABSTRACT
Keywords: The ability to control the growth and orientation of neurites over long distances has significant implications for
Neurite growth regenerative therapies and the development of physiologically relevant brain tissue models. In this study, the

Magnetic nanoparticles
Magnetic forces
Magnetogenetics
Neuroregeneration

forces generated on magnetic nanoparticles internalised within intracellular endosomes are used to direct the
orientation of neuronal outgrowth in cell cultures. Following differentiation, neurite orientation was observed
after 3 days application of magnetic forces to human neuroblastoma (SH-SY5Y) cells, and after 4 days application
to rat cortical primary neurons. The direction of neurite outgrowth was quantified using a 2D Fourier transform
analysis, showing agreement with the derived magnetic force vectors. Orientation control was found to be
effective over areas >1cm? using modest forces of ~10 fN per endosome, apparently limited only by the local
confluence of the cells. A bioinformatics analysis of protein expression in cells exposed to magnetic forces
revealed changes to cell signaling and metabolic pathways resulting in enhanced carbohydrate metabolism, as
well as the perturbation of processes related to cellular organisation and proliferation. Additionally, in cell
culture regions where the measured force vectors converged, large (~100 pm) SH-SY5Y neuroclusters loaded
with nanoparticles were found, connected by unusually thick linear neurite fibres. This could suggest a
magnetically driven enhancement of neurocluster growth, with the clusters themselves contributing to the local
forces that direct outgrowth. Such structures, which have not been previously observed, could provide new
insights into the development and possible enhancement of neural circuitry.

Statement of Significance: A magnetic force approach for directing outgrowth in neuronal cells over macroscopic
areas is successfully demonstrated. Cells were incubated with magnetic nanoparticles which were sequestered
into intracellular compartments. Permanent magnet arrays created local intracellular magnetic force vectors
mediated via the internalized nanoparticles, which were found to precisely guide neurite orientation. Analysis of
cellular protein expression suggested the mechanism for directed growth involved specific cell signaling and
metabolic pathways. In addition, highly unusual straight and thick neural fibers were observed that connected
large ‘magnetic’ spherical cell clusters. The results reported will advance nanotechnology and cell therapy for
neuro-regeneration where magnetic forces could help to reconnect damaged neurons, or even build artificial
neuronal architectures.

1. Introduction considered as alternative treatments in this area for some time. Nano-
technology based regenerative medicine methods include the manipu-

Neurodegenerative diseases such as Parkinson’s disease affect mil- lation of cellular processes towards a desired direction, or remote
lions worldwide, with pharmaceutical interventions so far failing to control of intrinsic and extrinsic cell structures using small nanoscale
provide cures [1]. Regenerative medicine approaches have been actively structures [2-4]. However, these approaches require the transplantation
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of dopaminergic neurons into the area of disease, and previous studies
have been unable to show the re-establishment of the neuronal circuits
[5,6] required to restore brain function.

A crucial step towards re-establishing neuronal circuitry is the ability
to manipulate axon growth. The mechanical stimuli that drive
outgrowth and elongation of developing axons are not fully understood.
However, the balance between forces generated within the growth cone
and axonal shaft is known to play a key role [7,8]. Of the different
extrinsic forces that could modulate these processes, the application of
weak forces (<1 nN) over longer time periods (days to weeks) has been
found to promote axonal outgrowth [7], with such forces resembling the
weak endogenous forces that are essential for nervous system develop-
ment [9].

The enhancement of axon growth using mechanical forces is a pro-
cess commonly referred to as ‘stretch-growth’ [10,11]. The potential to
both study and manipulate axon growth using mechanical stimuli has
been an active area of research for many years, with the methods used
ranging from direct mechanical manipulation of the growth cone using
microneedles [12,13] and optical or magnetic tweezers [14,15], to
methods that manipulate adherent cells via substrate movement [16,
17].

The mechanical manipulation of neuronal cell processes can also be
achieved remotely and without direct contact, through the use of mag-
netic nanoparticles (MNPs).These have proven to be a useful tool in the
field of biomedicine due to their biocompatibility and cell modulating
properties [18-20]. Sometimes referred to as magnetogenetics, such
methods have arisen as an approach to remotely control specific sig-
nalling pathways, for example by functionalising MNPs to a target
mechano-receptor [21-23]. Although a promising tool, the brain is a
complex system with a variety of signalling cascades and further
research is required to determine target receptor complexes which can
control neuronal circuitry [24].

Despite these challenges, MNP mediated mechanical and physical
stimuli have been shown to exert cytoskeletal changes, as well as
affecting cell migration and polarity [25-28]. Non-specific spatiotem-
poral MNP routes have also been explored, although these relied on
topographical cues on the cell substrate [29] or microfluidic devices to
study control of neurite outgrowth [30]. Therefore, it is unclear whether
the growth observed was due to the influence of a magnetic field
through the action of MNPs, or simply the biochemical and physical
influence of the platforms used to study these effects [29-32].

A recent study also demonstrated that magneto-mechanical forces
can stimulate axon growth using a process described by the authors as
“magnetic nano-pulling” [33]. This study focused on unravelling the
axonal growth mechanisms that lead to axon elongation through inter-
calated mass addition under stretching with very weak (~pN) magnetic
forces. The authors proposed a model whereby nano-pulling promoted
the stabilization of microtubules in growing axons, ultimately activating
local translation to supply the necessary proteins and associated vesicles
required to sustain axon outgrowth. Principal component analysis
following RNA sequencing of axons, revealed the involvement of genes
related to cytoskeleton and synapse remodelling, suggesting that the
stretching also enhanced neuronal maturation. This study also indicated
that mechanical stimulation actuated by weak magnetic forces, may
speed up synapse formation and development towards maturation. This
is important for potential applications using magnetic stretching to
reconstitute neural circuitry, as regaining functionality also requires the
restoration of synaptic signalling.

Complementary to this, novel tools such as optogenetics have made
great advances for understanding and manipulating neuronal activity, as
well as offering potential methods to bypass synaptic defects [17]. For
neuro-regenerative studies optogenetics does have some drawbacks: for
instance, light may not penetrate to the required depth within the tissue
and in addition could produce local heating effects and non-specific
toxicity [34]. To mitigate this, recent approaches for stimulating deep
brain areas have explored the direct targeting of light sensitive cells
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using internal light generation methods, such as bioluminescence [35].

In a previous study we demonstrated that neuronal outgrowth could
be directed towards magnetic microstructures as a result of the packing
of intracellular endosomes with MNPs, thereby driving cellular actua-
tion [24]. However, this work focused on individual cells observed over
short time scales, rather than assessing the longer-term growth of cell
populations. Similarly, other studies have successfully demonstrated
induced directionality in neuronal outgrowth over short distances local
to the cell bodies [24,31,32,36-39].

Here, we report a spatially controlled magnetic force approach to
direct neuronal outgrowth following endosomal packing with MNPs,
demonstrating results in both an immortalised neuronal cell line (SH-
SY5Y), and in primary rat cortical neurons. It is possible that magnetic
force vectors could induce anisotropy in the overall mechanical cues
experienced by cells in the vicinity of these forces, thus influencing the
local direction of neurite outgrowth. To observe such effects, rather than
focusing on the response of individual cells, or directly assessing the
elongation of axons under magnetic stretching, we instead explore how
local variations in the direction and magnitude of the forces affect the
orientational growth of neurites in cell populations.

To test the correlation between local magnetic force direction and
orientation of neurites, we used a simple permanent magnet array that
was positioned under cell culture plates. The arrangement of the mag-
nets in the array was chosen to produce a pattern in the orientation of
magnetic forces that could be reflected in the subsequent neurite
growth. By mapping the neurite outgrowth in cell populations covering
regions where both the direction and magnitude of the magnetic forces
varied, we show how even very weak magnetic forces are sufficient to
uniformly align neurites in large populations of neuronal cells over areas
of ~1 cm?. We also show the unexpected formation of large clusters of
neuronal cells in specific regions, which are connected by unusually
thick and linear neurite fibres.

2. Experimental section
2.1. Cell culture

In all instances, cells were seeded on tissue culture vessels pre -
coated in laminin diluted 5pg/ml in phosphate buffer saline (PBS)
(Scientific laboratory supplies limited) and poly-i-ornithine (Sigma)
diluted 20pg/ml in sterile dH50 and incubated at 37°C and 5 % COo.

The human SH-SY5Y cell line were maintained in DMEM F-12
(Corning), supplemented with 10 % FBS, 1 % antibiotic-antimycotic
(Gibco). Cells were differentiated towards a neuronal like phenotype
using 10 pm retinoic acid (RA) and 50 ng/ml brain derived neurotrophic
growth factor (BDNF). On day 7 of differentiation, cells underwent
supplementation with MNPs corresponding in an iron concentration of 3
mM pre incubated in serum free media containing BDNF and RA. Cell
labelling was performed over 24 hrs at 37 °C, with subsequent PBS
washes to remove unbound particles.

Cell culture plates were then positioned directly on top of a magnet
array which comprised of stacks of 6 mm diameter NdFeB permanent
magnets, positioned in a regular array of holes in an aluminium plate
(see Scheme 1). The cell culture plate position was such that the cell
monolayer was 1 mm above the surface of the disc magnets. The cells
were cultured in this arrangement for 3 days or 3 weeks.

For primary cell studies; long-distant, cortical projection neurons
were dissected from a region of the E17 rat brain (day of plugging = E0)
approximating the immature primary motor cortex. Meninges from the
tissue were carefully peeled away in cold Neurobasal buffer, with the aid
of a dissection microscope. Cells were triturated approximately 20 times
using a standard 200 pl pipette tip to obtain single cells suspension. The
primary rat cortical neurons were grown on coated 6 well plates and
cultured in Neurobasal-based medium (Thermofisher), containing 10 %
FBS, 1 % Glutamax (Thermofisher), 1 % B27 (Thermofisher), 1x pen/
strp/fungizone (Thermofisher) and 1.5 % glucose (Sigma). MNPs
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1) Cells expanded and differentiated
with BDNF and RA

3) Cells positioned on permanent
magnetic array for incubation
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2) Rhodamine tagged MNP pre incubated in
serum free media and added to cells for 24 hrs

Scheme 1. Summary of experimental methodology for culture of neuronal cells loaded with fluorescently tagged magnetic nanoparticles (MNPs) exposed to variable
magnetic fields. The orange dashed area shown on the permanent magnet array image indicates the region where magnetic forces were compared to images of cell
and neurite growth. BDNF - Brain Derived Neurotrophic Factor; RA — Retinoic Acid.

corresponding to an iron concentration of 1 mM were pre incubated in
Neurobasal medium, supplemented with 1 % B27, 1 % antibiotic-
antimycotic and 1 % Glutamax were added to the cells after 48 hrs.
Cells were then positioned directly above the magnetic array for 4 days
and fixed with 4 % PFA.

2.2. MNP synthesis and characterisation

The sorted maghemite nanoparticles were synthesized by an inverse
co-precipitation method. The acidic iron (II) and iron (III) ions solution
(250 g of FeCly,4H,0, 50 mL of HCl 37 %, 250 mL of deionized (DI)
water, 176 mL of FeClz 27 %) was added dropwise over 30 h into 2 L of 5
% ammonia in water under agitation. This procedure is in favour of a
short nucleation process and a more pronounced growth of the particles
to reach larger particle sizes. After rinsing the obtained Fe3O4 nano-
particles, they were oxidized into y-FexO3 nanoparticles by boiling them
with a solution of iron (III) nitrate (200 g of Fe(NOg3)3 in 500 mL of DI
water) for 30 min. After several washing steps, the nanoparticles were
finally size sorted by gradually adding nitric acid to increase the ionic
strength of the solution and thus make the larger particles flocculate to
decrease their polydispersity. At this stage, a dispersion of maghemite an
iron concentration of 0.52 M was obtained.

The particles were then functionalized with rhodamine B to make
them fluorescent and with poly(acrylic acid) to keep them colloidally
stable in biological media. To functionalize the maghemite nano-
particles with rhodamine B, first 0.3 g of amino-PEG-phosphonic acid
hydrochloride (phosph-PEG-NH;, Mw = 2100 g/mol, Specific polymers,
Castries, France) were dissolved in 59.7 g of DI water. The pH of the
solution was brought to 8.5 with 30 % ammonia. Then, 1.53 mL of a 10
mg/mL solution of rhodamine B isothiocyanate was added to the
phosph-PEG-NH;, solution. The solution was agitated for two days, and
the pH of this phosph-PEG-Rho solution was finally brought to 2 by the
addition of nitric acid. 52.2 g of this solution was slowly added to 148 g
of the dispersion of maghemite nanoparticles previously diluted to be at

1 wt% (percentage by weight). After 10 min of agitation, the nano-
particles were then added dropwise to 266 g of a solution of poly(acrylic
acid) (PAA8k, Mw = 8000 g/mol) at 1 wt% at pH=2. The MNPs were
then magnetically removed from the solution and redispersed in a 20 %
ammonia solution. They were then dialyzed against DI water 5 times and
finally redispersed in a 200 mM HEPES buffer at pH=7.4.

The obtained maghemite nanoparticles were characterized by
transmission electron microscopy (TEM) on a JEOL 1011 instrument, by
dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS and by
superconducting quantum interference device (SQUID) magnetometry
on a Quantum Design MPMS-XL instrument at the platform “Mesures
Physiques a Basses Températures” of Sorbonne Université. The results of
this characterization can be seen in Figure S3. The average physical
diameter, measured by measuring over 700 particles on ImageJ is 17.4
nm. The mean hydrodynamic sizes of the particles dispersed in the
HEPES buffer is 73.6 nm, with a polydispersity index of 0.209. Finally,
the MNPs are superparamagnetic with a saturation magnetization of 60
emu/g.

2.3. Immunofluorescence

Samples were fixed with 4 % paraformaldehyde (PFA, Sigma), and
permeabilised with Triton-X100 (Sigma) diluted 1:1000 in PBS for 10
min. Cells were then blocked with 2 % BSA (Fisher) in PBS for 2 h Cells
were then stained with anti BIII — Tubulin antibody (Abcam) diluted
1:1000 in 1 % BSA in PBS overnight. Followed by PBS washes and
staining for secondary antibody anti-mouse FITC (Sigma) diluted 1:1000
in 1 % BSA in PBS for 1 hour. Cells were then counterstained with DAPI
for 15 min and imaged.

2.4. XTT assay

Cells were seeded onto 96 well plate at a density of 10° cells per well
for MNP loading at day 3 and day 21 respectively. The cells were then



T. Nahar et al.

expanded and differentiated as described previously. On day 7 of dif-
ferentiation, cells were supplemented with medium containing particles
ranging from 0.078 mM — 10 mM. Samples were tested in quadrupli-
cates. Upon day 3 and day 21 of MNP incubation an XTT assay was
conducted (ab232856, Abcam) according to the manufacturer’s guid-
ance and absorbance was read at 450 nm.

2.5. Characterisation of magnetic field gradients

To determine the magnetic force vectors on the nanoparticles in the
cells, the magnetic field generated across the permanent magnet array
was measured using a 3D magnetic field mapping system that utilises a
3-axis Hall probe (Senis AG, M3D-2A-PORT). As described earlier, the
cell monolayer was positioned 1 mm above the surfaces of the perma-
nent magnets during the cell culture experiments. Magnetic field gra-
dients in this XY plane (i.e., the plane containing the cell monolayer)
were determined by measuring the X and Y components of the magnetic
field intensity, H, across regions of interest at a height of 1 mm above the
permanent magnets. From these magnetic field intensity measurements,
a Matlab script was used to calculate the X and Y components of the
magnetic field gradient as a function of position within this plane.

The vertical (Z) component of the field gradient was determined by
repeating the magnetic field measurements at a height 0.5 mm above the
original position, and dividing the difference in the Z component of the
field at the two positions by the vertical displacement (i.e., 0.5 mm).
Ideally, measurements would have been performed at equal vertical
displacements above and below the plane at which the cells were posi-
tioned. However, due to geometrical constraints, it was not possible to
move the Hall effect sensor closer than 0.9 mm to the magnet surfaces,
and so the Z component of the field gradient determined here is slightly
inaccurate as it represents the values in the plane 0.25 mm above the
position of the cell layer. The X, Y and Z components of the field gradient
determined above were combined to give the overall (X,Y) position-
dependent magnetic field intensity gradient, VH, within the cell plane
(Z =1 mm).

2.6. Image acquisition and analysis

Fluorescence microscopy was performed using a Nikon eclipse Ti-S
operating Micro — manager 1.4 software. Representative images of n =
3 are shown. The larger stitch area (n = 1) was imaged using a
detachable cell counting grid (STEMgrid™-6; Stem cell technologies) for
six well dishes. Each grid represents a 2x2 mm square, which covers the
entire well. Images were analysed using the Image J software to obtain
2D Fourier transforms (2D-FT) of fluorescence or bright field images.
The Oval Profile plugin (authored by Bill O’Connell, http://rsb. info.nih.
gov/ij/plugins/oval-profile.html) was used to obtain radial sum plots
from the 2D-FTs, taking 300 data points around the complete circle. The
final radial sum plots presented were filtered using an 11-point sliding
window smoothing to improve visibility of the broad peaks associated
with average neurite alignment.

Sample preparation for sequential window acquisition of all theoretical
fragment ion spectra (SWATH)- mass spectrometry determination: Samples
were collected for proteomic analysis by washing with PBS and addition
of trypsin. Upon detachment, 500 pl of DMEM containing 10 % FBS was
added to the wells and the cells harvested into 1.5 ml eppendorf tubes.
The cells were then spun down at 365 x g for 6 mins. Upon centrifuga-
tion, the supernatant was discarded, and the pellet immediately frozen
at —80 °C.

Cell pellets were extracted by resuspending in 3-4 vol (w/v) in 8 M
urea dissolved in 100 mM ammonium bicarbonate in sterile distilled
water plus 2 % sodium deoxycholate, left on ice for ~5 —10 min, and
sonicated using a Soniprep 150 for 10 s at a setting of 5 amplitude mi-
crons. Samples were centrifuged at 13,000 RPM (MSE, Heathfield, UK;
MSB010.CX2.5 Micro Centaur) at 4 °C for 5 min to pellet insoluble
material. Using a Pierce™ BCA Protein Assay Kit (23,227;
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ThermoScientific), the protein concentrations of the cell extractions
were calculated. A FLUOstar Omega microplate reader (BMG LABTECH)
was used to read the absorbance at 562 nm and a standard calibration
curve derived from a plot of the average-blank corrected absorbance
versus concentration for each of the standards.

A 50 pg aliquot of each sample was diluted with 8 M urea/2 % so-
dium deoxycholate in 100 mM ammonium bicarbonate to obtain equal
concentration and reduced with Tris (2-carboxyethyl) phosphine (5
mM) at 30 °C for 1 h followed by alkylation with iodoacetamide (10
mM) in the dark at room temperature for 30 min. Following reaction
quenching with 20 mM DTT, each sample was digested with trypsin
(1:50; protease:protein) overnight. Peptides were taken to clean-up by
C-18, then dried and resuspended to 1 pg/ul in loading buffer (100 %
water, 0.1 % formic acid). Data independent acquisition was performed
on individual samples (DIA-MS). In addition, a pool of all the samples
was prepared, and a portion subjected to nanoLC MS/MS analysis using
data dependent acquisition (DDA-MS). The remaining pooled sample
was then fractionated on high-pH C-18 reverse-phase into 12 fractions
before analysing the fractions individually in DDA mode.

DIA data was quantified using Skyline ((64bit) version 21.2.0.369)
with a customised library created from all DDA spectra. DIA data was
then imported and reintegrated and quantified based on the peak
scoring model of MSProphet.

2.7. Data dependent acquisition (DDA)

Peptides (5 pg) were subjected to LCMS/MS using an Ultimate 3000
RSLC (Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific). Peptides were
injected onto a reverse-phase trap (Pepmapl100 C18 5 pm 0.3 x 5 mm)
for pre-concentration and desalted with loading buffer, at 5 pL/min for
10 min. The peptide trap was then switched into line with the analytical
column (Easy-spray Pepmap RSLC C18 2 ym, 50 cm x75 pm ID). Peptides
were eluted from the column using a linear solvent gradient: linear 4-40
% of buffer B (mobile phase A: 99.9 % water and 0.1 % formic acid;
mobile phase B: 80 % acetonitrile, 20 % water and 0.1 % formic acid)
over 120 min, linear 40-60 % of buffer B for 30 min, sharp increase to 95
% buffer B within 0.1 min, isocratic 95 % of buffer B for 15 min, sharp
decrease to 2 % buffer B within 0.1 min and isocratic 2 % buffer B for 15
min. The mass spectrometer was operated in DDA positive ion mode
with a cycle time of 1.5 s. The Orbitrap was selected as the MS1 detector
at a resolution of 120,000 with a scan range of m/z 375 to 1500. Pep-
tides with charge states 2 to 5 were selected for fragmentation in the ion
trap using HCD as collision energy.

The raw data files were converted into mgf using MSconvert (Pro-
teoWizard) and searched using Mascot with trypsin as the cleavage
enzyme and carbamidomethylation as a fixed modification of cysteines
against the Swissprot database, restricted only to proteins from humans.
Note that the iRT peptides were added to this database. The mass ac-
curacy for the MS scan was set to 20 ppm and for the fragment ion mass
to 0.6 Da Trypsin was selected as the enzyme with 1 missed cleavage
allowed. Carbamidomethylation was set as fixed and oxidised methio-
nine as a variable modification.

2.8. Data independent acquisition (DIA mode)

Sample (5 pg) was injected onto the same LCMS set up as above with
the same gradient, however data acquisition was done in DIA mode. The
DIA MS method alternates between a MS scan and a tMS2 scan con-
taining 24 scan windows. The MS scan has the following parameters: the
Orbitrap at 120,000 resolution is selected as detector with a m/z range
from 400 to 1000. The tMS2 scan uses HCD as activation energy with
fragments detected in the Orbitrap at 30,000 resolution. The first 20 m/z
windows are 20 mass units wide from 410 to 790 followed by a 30 m/z
window from 790 to 820, a 40 m/z window from 820 to 860, a 50 m/z
window from 860 to 910 and a 60 m/z window from 910 to 970. DIA
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data was quantified using Skyline ((64-bit) version 21.2.0.369) with a
customised library created from all DDA spectra. DIA data was then
imported and reintegrated and quantified based on the peak scoring
model of MSProphet.

Bioinformatics analysis of differentially expressed proteins:
Following mass spectrometry analysis, the data was filtered to include
proteins identified from >2 peptides that were significantly (p < 0.01)
changed in expression by either 25 % or 50 % between SH-SY5Y cells
loaded with MNPs and exposed to magnetic fields, and control cells.
Next, Ingenuity Pathway Analysis (IPA) software was used to identify
enriched cellular processes and pathways with which the differentially
expressed proteins are associated. A p-value was determined using the
right-tailed Fisher’s Exact Test to assess the likelihood that the

DAPI

right-field

IR

57

_-Field + MNP

+ Field - MNP

+ Field + MNP + Field + MNP

+ Field + MNP

BIHI - tubulin
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association of each cellular or molecular function with its corresponding
set of proteins is a result of random chance.

2.9. Statistical analysis

To process data from the XTT assay, statistical analysis was per-
formed to compare cell metabolic activity on cells N = 4, (measured via
absorbance at 450 nm) at Day 3 and Day 21 for various MNP concen-
trations. A paired t-test was chosen for this analysis because the same
samples were measured at two different time points (Day 3 and Day 21)
for each concentration of MNPs. Normality was assessed using the
Shapiro-Wilk test, which confirmed that the data for each concentration
was approximately normally distributed (p < 0.05).

MNP Merge

Fig. 1. Bright field (first column) and fluorescence microscopy images of SH-SY5Y cells cultured under different magnetic field exposure conditions and subsequently
fixed at 2 weeks after MNP loading. Nuclear staining to show cell locations was performed using DAPI (4,6-diamidino-2-phenylindole) (blue), with neurons (and
associated outgrowths) stained using a p-III tubulin fluorescent antibody (green), whilst magnetic nanoparticles (MNPs) could be observed due to their conjugation to
a rhodamine fluorescent dye (red). Controls are shown in rows I and II, whilst rows III, IV and V are cells grown in different positions on the magnet array. A further
control obtained from unloaded cells in the absence of the magnetic field (- Field — MNP) is shown in Fig. 3a. Scale bars = 200 pm.
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To analyze the changes in protein expression between the experi-
mental and control groups for the proteomic experiments, multiple
unpaired t-tests with Welch correction were carried out assuming indi-
vidual variance for each group and applying no correction for multiple
comparisons.

3. Results and discussion

To explore the effect of magnetic forces on neurite outgrowth, a
simple in vitro experimental method was employed in which expanded
and differentiated neuronal-like cells (the human derived cell line, SH-
SY5Y) were loaded with fluorescently tagged MNPs, and subsequently
cultured directly on top of an aluminium plate with an array of holes
containing permanent magnets (Scheme 1). The permanent magnets
were arranged as stacks of 6 mm discs, which could be positioned in
different holes in the plate to obtain different magnetic field configu-
rations. The permanent magnets could also be completely removed from
areas of the array plate for zero field controls (‘- Field + MNP’), with
additional controls provided in the form of unloaded cells (‘+ Field -
MNP’ and ‘-Field - MNP”).

In an initial experiment, MNP loaded cells exposed to magnetic fields
for 2 weeks after nanoparticle labelling, were compared to controls
(Fig. 1). Both cells loaded with MNPs but without exposure to a mag-
netic field (Fig. 1, row I) and unloaded cells exposed to the magnetic
field (Fig. 1, row II), show typical morphology for these cells with a
random orientation of neurite outgrowth. However, for MNP loaded
cells that were exposed to a magnetic field, a clear directional orienta-
tion of neuronal outgrowth is visible (Fig. 1, rows III-V)). The repro-
ducibility of this orientational effect was confirmed even for cells
cultured many months apart (Figure S1). It is evident that there is ag-
gregation of cells to form neuroclusters in all samples, and less confluent
areas appear to develop thicker but more sparse neurite outgrowth
(Fig. 1, rows IILIV) whilst more confluent regions (Fig. 1, row V) show
similar orientation but have thinner and more densely packed neurite
outgrowth (see also for example, Figure S1, position 3).

In our previous study using the same cell type and similar MNPs, we
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found that endosomal accumulation of nanoparticles produced large
intracellular magnetic clusters, containing up to several thousand
superparamagnetic particles [24]. For this earlier study, strong magnetic
field gradients were generated using a 100pm magnetic pillar array
positioned within a uniform magnetic field. The forces on the endosomal
magnetic clusters in cells grown directly onto this array, induced by
these strong magnetic field gradients, were determined to be in the
range of ~100 s fN per endosome. These forces were found to be suffi-
cient to drag developing neurites as well as non-adherent cells towards
the pillars in the magnetic array. However, owing to the size of the
pillars, forces of this magnitude extended to only a few 10 s of micro-
metres from the surface of the pillars.

To confirm the same uptake mechanism for the MNPs and the cells
used here, we performed TEM analysis on cells following incubation
with nanoparticles. Some example images are shown in Figure S2 and
clearly reveal that endosomal accumulation occurred. From measure-
ments of the endosomal sizes seen in these images, it was also possible to
estimate the approximate number of MNPs contained within each en-
dosome (table S1), which dictates the magnetic forces on the MNP filled
endosomes. Building on observations from the previous study
mentioned above, it appears likely that the aligned neurite outgrowth
witnessed here is the result of forces acting on these magnetic endo-
somes. Higher magnification images of MNP loaded cells grown during
magnetic field exposure (Fig. 2) indicate some fluorescence in the MNP
channel (rhodamine) along the lengths of the neurites. This could
indicate the presence of some residual MNPs within the neurites them-
selves following outgrowth as has been observed previously [23],
although here it is difficult to rule out artefacts such as autofluorescence
and scattering caused by the neurite structure. In addition, it can be seen
from the figure that the neuroclusters formed are comprised of cells that
show a high loading of MNPs.

It was our original intention to look for patterns in the behaviour of
neurite growth that reflected the arrangement of the magnets and
consequent local variations in the force orientation. However, vari-
ability in cell seeding density and subsequent growth, resulted in dense
populations of cells confined to specific regions within cell culture wells.

uiingny - iig
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Fig. 2. High magnification bright field and fluorescence microscopy images of SH-SY5Y cells cultured under magnetic field exposure. Nuclear staining to show cell
locations was performed using DAPI (4,6-diamidino-2-phenylindole) (blue), with neurons (and associated outgrowths) stained using a B-III tubulin fluorescent
antibody (green), whilst magnetic nanoparticles (MNPs) could be observed due to their conjugation to a rhodamine fluorescent dye (red). Scale bars = 20 pm.
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We therefore focused on a more detailed characterisation of the neurite
orientation and corresponding magnetic force vectors for these dense
cellular areas (shown as the dashed orange line in Scheme 1).

To validate and quantify the extent of neurite orientation, an analysis
method was developed using the two-dimensional (2D) Fourier trans-
form (FT) of the fluorescence images of neurites obtained from f-III
tubulin staining. The 2D-FT converts the spatial intensity of an image to
a 2D intensity plot in frequency space, thus providing information on
spatial scales and texture within the image. Whilst isotropic variations in
image features produce a circular distribution of intensity in the 2D-FT,
anisotropy within an image will confine the intensity in the 2D-FT along
specific directions. For example, an image composed of perfectly parallel
lines would produce a 2D-FT with intensity concentrated along an axis
orthogonal to the lines in the image. However, variations from this
perfect alignment would produce a distribution in intensity about an
axis orthogonal to the average orientation of the lines. This tool is
therefore very useful for detecting texture within an image and has been
used previously for both biological [40] and materials applications [41].
To determine the average orientation of neurites within the images here,
we obtained the 2D-FT and then performed radial sums of the intensity
measured outwards from the central point, as a function of angle. The
peaks in these radial sum plots reveal the direction of an axis orthogonal
to the average neurite fibre orientation, which is crossed twice during
the full 360-degree radial sum.

For cells grown in the absence of a magnetic field (Fig. 3a), the
corresponding 2D-FT displays a circular (symmetric) distribution of in-
tensity about the central point (Fig. 3b). This is characteristic of a
randomly orientated texture within the image (in this case the image
texture being dominated by the neurites). To further quantify this, radial
sums of the intensity within the 2D-FT were plotted as a function of
angle (Fig. 3c). To provide comparisons between different images, the

Acta Biomaterialia xxx (xxxx) Xxx

intensity shown in these plots was normalised to the total integrated
intensity in the 2D-FT.

The same processes were performed on the fluorescence image taken
from MNP loaded cells grown under magnetic field exposure (Fig. 3d-f).
The orientation of the neurites seen in the fluorescence image (Fig. 3d)
produces a distinct anisotropy of the intensity in the 2D-FT (resembling
a bow tie in shape), along an axis that is perpendicular to the average
orientation direction of the neurites (Fig. 3e). This anisotropy axis is
revealed more clearly in the radial sum plot (Fig. 3f), showing two clear
peaks separated by 180° that reveal the maximum intensity axis as the
radial sum performs a complete revolution of 360°. From this analysis,
the average neurite orientation is determined to be 25° with respect to
the horizontal, which is consistent with a qualitative visualisation of the
fluorescence image (Fig. 3d). In comparison, for the control sample only
very weak peaks can be discerned at 0 and 180°, arising from an artefact
producing weak horizontal and vertical intensity in the 2D-FT due to the
image pixilation. In addition, small but sharp peaks can also be seen in
the radial sum plots, and as streaks in the 2D-FTs indicating that a minor
proportion of neurites within the images are preferentially orientated
along other directions.

To assess the degree of correspondence between the magnetic forces
imparted on the magnetic endosomes in the cells and the resulting
orientation of the neurites, the direction and amplitude of the magnetic
forces were determined by measuring the magnetic field distribution
across the regions of cell growth. As described in the Experimental
section, from these field measurements, the X, Y and Z components of
the 3D field gradient were determined, and consequently the position-
dependent magnetic field intensity gradient within the cell monolayer
plane was obtained. The corresponding 3D force vector on a magnetic
particle where the gradient magnetic field at the particle position is VH,
and it is assumed that the particle moment is aligned with the local
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Fig. 3. Quantification of neurite orientation in fluorescence images of SH-SY5Y cells stained for -III tubulin (a,d) using 2D FT of the fluorescence images (b,e) and
corresponding radial sum plots (c,f). Analysis was performed on unloaded controls in the absence of a magnetic field (top row) and on MNP loaded cells grown under
magnetic field exposure (bottom row). The intensity shown in the radial sum plots was normalised to the total integrated intensity in the 2D-FT. Scale bars = 100 pm.
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magnetic field, is given by the expression:

F, = pom,VH @

where u, is the permeability of free space, and m, is the magnetic
moment of the particle, i.e.

my, = pV,Ms x 1073 (2)

with p being the mass density of the particles, V, the particle volume, Mg
the saturation magnetisation of the particles (in emu/kg), and the 103
term is required to convert from cgs to SI units.

For superparamagnetic particles, as used in the experiments here, in
the absence of a magnetic field the directions of particle magnetic mo-
ments are constantly flipped due to thermal effects, resulting in a net
zero magnetisation. However, when a field is applied a net magnet-
isation occurs that depends on the strength of the field and the tem-
perature of the system. A Langevin function can be employed as a good
approximation of this field dependent magnetisation behaviour. Thus, if
the average number of superparamagnetic particles internalised within
an endosome is given by N,q:, then the force per endosome can be
determined by scaling Eq. (1), modified to account for the use of
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superparamagnetic particles accordingly as:

1
Fendo = Npare X ,uomp{coth(s) - ;}VH 3)

where the variable, ¢, used in the Langevin function shown in the { }
above is given by

_ HoHm,
£= T @

with kg the Boltzmann constant, and T the temperature of the system.
The parameter Nyq: was obtained here from the earlier estimates of
particle numbers in the endosomes derived from the TEM measurements
(Figure S2, table S1), and this value and the other parameters required to
determine the force vector in Eq. (3), are given in Figure S3 and table S2.
An example of the field measurements across a region of interest on the
magnet array plate corresponding to the height at which the cells were
grown (i.e., the cell monolayer), together with the derived force vectors,
are shown in Fig. 4. The vertical component of the magnetic field de-
pends on the position and orientation of the stacks, as well as the number
of magnet discs in each stack (Fig. 4a), measured across the region of
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Fig. 4. Measurement and derivation of magnetic forces on magnetic nanoparticle clusters within cellular endosomes induced using the permanent magnet array
plate. (a) The vertical component of the field across a region of interest, measured at the height of the cell monolayer. (b) Component of the magnetic forces in the cell
monolayer plane, derived from spatially dependent magnetic field intensity measurements. (c) Enlarged region showing in-plane magnetic forces (yellow-boxed area
in (b)). (d) 3D force vectors determined across the same area as shown in (c). The heat maps and associated colour bars in (b) and (c) indicate the magnitude of the in-

plane force per nanoparticle filled endosome in fN.
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interest. As the cells were grown under 2D cell culture conditions, the
components of the forces within the cell monolayer plane are expected
to dominate neurite outgrowth. These are shown in Figs. 4b and 4c,
where the colour intensity is the amplitude of the in-plane force, and the
arrows show the directions of these forces. As expected, the strongest
forces occur in the vicinity of the magnet disc stacks, but the distribution
of the forces shows complex behaviour that depends on the arrangement
of neighbouring stacks.

An area corresponding to a region of interest where confluent cells
were found directly above one of the magnet stacks in a follow up cell
culture experiment is shown in Figs. 4c and 4d. Here, strong in-plane
forces are directed outwards from the centre of the magnet disc to-
wards the perimeter, which are met by weaker but more uniform forces
directed towards the magnet from outside the perimeter. Closer in-
spection of the forces (Fig. 4c) reveals a slight asymmetry to the force
distribution, caused by a neighbouring magnet stack positioned below
and to the left. This asymmetry results in the angles of the in-plane force
vectors that occur outside the magnet perimeter, to be greater (ie.,
aligned closer to the Y-axis) on the left-hand side of the region compared
to those on the right. Analysis of the 3D force vectors (Fig. 4d) shows
that the moderate force vectors in the outer region beyond the magnet
perimeter are in fact tilted out of the cell plane, whilst the strong force
vectors in the central region are fully in-plane. Strong vertical (out-of-
plane) forces were found between these two regions, just outside the
position of the magnetic rim (these can be seen more clearly in the
animated 3D force vectors plots linked in the Supporting Information).

To compare the derived force vectors with the neuronal outgrowth
observed, a set of low magnification fluorescence images were combined
to obtain an area covering ~1cm?, that was centred directly above the
magnet stack discussed above during cell culture. The neurite orienta-
tion analysis presented earlier was employed to quantify the average
alignment of neurite growth in the region just outside the magnet
perimeter, where clear orientation could be observed (Figure S4). The
resulting large area fluorescence map including this analysis is
compared to the equivalent region of the in-plane magnetic force map in
Fig. 5. It is immediately apparent from the figure that the orientation of
the neurites in the outer regions, closely match the directions of the in-
plane force vectors. This confirms that the neurite alignment observed in
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these regions, was indeed induced by the in-plane magnetic forces.
Further conviction in this conclusion is given by the observation of left
to right asymmetry in the distribution of the neurite orientation that is
duplicated in the asymmetry seen in the force vectors, described above.
However, some regions analysed in Fig. 5 do not match the force vectors
quite as closely as others, perhaps indicating that alignment of neurites
will also be affected by cellular growth in neighbouring regions.

As shown in Fig. 5, it appears that neurite alignment occurs when
regions of parallel forces of moderate strength (i.e., in-plane component
of ~10-50 fN per magnetic endosome) are sustained over distances of
several millimetres. This is consistent with previous suggestions that
magnetic forces provide the necessary stimuli to sustain enhanced axon
outgrowth [33], but in the case shown here, this is achieved over the
much greater distances defined by the range of the aligning forces.
Interestingly, the stronger (~100 fN per endosome) and purely in-plane
forces found in the central region, do not appear to direct the neurite
growth in the same way. Closer inspection of the inner-perimeter region
where such strong in-plane forces converge (for example the dashed blue
box shown in Fig. 5) revealed a dramatic impact on the resulting cell
growth. The observed morphology of cells in these regions is strikingly
different to the control (Fig. 6a). Although both groups show apparently
random neurite orientation, the cells that were grown under magnetic
field exposure in regions where the magnetic forces converge, have
unusually thick neurite outgrowth forming straight connections be-
tween the much larger and denser neuroclusters observed. These large
neuroclusters appear also to be heavily loaded with MNPs. However,
unloaded cells found within the same region exhibit similar morphology
and outgrowth to that of the control (see for example the “+ Field -
MNP” control in Fig. 6b) and also (the “- Field + MNP” control shown in
Fig. 1).

It seems therefore that the strong in-plane forces in these regions
encourage the growth of large neuroclusters. This could be due to
migration or possibly proliferation of MNP-loaded cells caused by the
strong magnetic forces present. However, neuronal cells tend not to
divide once differentiated, and even if the field did induce proliferation,
a reduction in MNP loading of the cells would be expected due to cell
division. In contrast, the resulting neuroclusters formed appear to be
heavily loaded with MNPs, despite being >100 pm in diameter.
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Fig. 5. Mapping of fibre growth compared to in-plane magnetic force vectors over a wide area of the culture (~1 cm?). SH-SY5Y cells were stained for f-III tubulin
showing average neurite orientation quantified using the 2D-FT method (LHS), compared to the in-plane magnetic forces determined for the same area (RHS). The
average neurite orientations are overlaid as yellow lines on the magnetic force vector plot (RHS). The yellow circle represents the edge of the permanent magnet disc
directly beneath the cell monolayer, and the dashed blue box is the region of interest shown in Fig. 6. The radial region just inside the yellow circle (that includes the
dashed blue box) is referred to as the inner-perimeter region in the discussion, whilst the area where neurite orientation has been quantified is referred to as the
outer-perimeter region. The dark gridlines seen in the composite fluorescence image (LHS) come from a detachable cell counting grid that was used to locate cell

imaging positions relative to the magnet array.
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Fig. 6. Fluorescence images from SH-SY5Y cells with nuclear staining performed using DAPI (4,6-diamidino-2-phenylindole) [blue], neurons (and associated
outgrowths) stained using a B-III tubulin fluorescent antibody [green], and fluorescently tagged magnetic nanoparticles (MNPs) [red]. Cells were grown under
magnetic field exposure with MNP loaded cells shown in the LH column, and unloaded cells shown in the RH column. (a) The region shown is identified by the
dashed blue box in Fig. 5 (bottom row). Scale bars = 500 pm. (b) Higher magnification image of the region shown in the white dashed box in (a). Scale bar = 100 pm.

The formation of neuroclusters of SH-SY5Y cells appears to be
ubiquitous in regions of high cell density. Figure S5 shows a comparison
of cluster and neurite growth in cells under different magnetic field
exposure and nanoparticle loading conditions. Small neuroclusters of
variable sizes can be seen to form in all the control samples (Figure S5 a-
c). However, for cells loaded with nanoparticles it is possible that the
formation of clusters could be aided by cell migration influenced by the
magnetic forces. Where no clear overall directionality to the magnetic
force directions induced by the magnet array exists (as for the magnet
centre (Figure S5(e)) and inner-perimeter (Figure S5 (f) regions), neurite
growth appears to be dominated by nearest neighbour interactions be-
tween the clusters. This results in straight-line growth between clusters,
as can be seen in the region directly above the magnet centre (Figure S5
(e)). It is possible that this straight-line growth is enhanced by the
magnetic loading of these clusters, which will be magnetically polarized
by the magnetic field, resulting in additional directional magnetic forces
towards the clusters. This localised magnetic force could act on
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magnetically loaded cells, in a manner analogous to that observed by our
group in our earlier work [24]. In this earlier study, an array of synthetic
magnetically polarized pillars of a similar size to the larger magnetically
loaded cell clusters observed here, were used to induce such local forces.
However, the forces directed towards cell clusters are likely to be sub-
stantially weaker than those exerted by the pillars, due to the different
magnetic field configurations and materials. Regardless of this, larger
cell clusters (such as observed in Figure S5(f)) will produce propor-
tionally stronger magnetic forces.

Where magnetic forces induced by the magnet array have clear long-
range directionality (for example in the outer-perimeter region of the
magnet, Figure S5(d)), the growth of neurites appears to be dominated
by these forces as can be seen by the comparison of these magnetic force
vectors with the neurite alignment (Fig. 5). Importantly, this effect was
observed regardless of variations in local cell density or cluster forma-
tion (see for example Figs. 8, S1 and S7). Thus, the directional growth of
neurites under these magnetic forces appears to be a fundamental effect
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that does not rely on cluster formation, cell migration or proliferation.
However, although these factors may not be prerequisites for alignment,
it is possible that neurite growth is also influenced by them.

At the inner-perimeter region of the magnet, the magnetic force
vectors converge. Thus, any mobile magnetically loaded cells would be
focused into this region by the magnetic forces from the magnet array,
which could account for the growth of the considerably large neuro-
clusters observed in this region (Fig. 6, Figure S5(f)). The combined
localisation of metabolically active cells in these large clusters, together
with possible additional magnetic forces that are generated towards
each neurocluster, could explain the thicker and straighter neurites
observed in these regions. If sizeable local magnetic forces were to occur
near these large magnetic neuroclusters, then magnetic endosomes
within the growing neurites would be pulled towards the clusters at
either end, potentially placing these growing neurites under mechanical
tension.

The concept of tension-driven axon assembly has been reviewed
previously in the context of mechanisms that accommodate the mass
addition required for axons to elongate [42]. However, in our case both
ends of the neurites are most-likely fixed in space, either by anchoring of
the neuroclusters to the base of the cell culture well, or as a consequence
of the dense cellular networks that are formed. In the absence of elon-
gation, it may therefore be possible that the mass addition manifests as a
thickening of the neurites formed between the neuroclusters. We have
not yet assessed the mechanical and functional properties of these thick
neurites. However, previous studies have shown that both structural and
functional properties are preserved when axons are elongated under
mechanical tension [43-45]. It is therefore possible that these thicker
neurites could have enhanced structural and functional integrity
compared to those formed naturally. It may be possible to evaluate such
mechanical changes to neuronal cellular structures using techniques
such as atomic force microscopy (AFM). A review of such methods can
be found in the paper by Jembrek et al. [46].

In addition to tension induced responses, mechanical forces also
control the gating of mechanosensitive channels such as Piezo, TRPV
and TREK, which results in ion flux across the cell membrane. The
downstream signalling events, triggered in response to ion flux, can
regulate neuronal cell behaviours such as neurite extension and axon
growth [31,47,48]. In the current study the local magnetic forces
generated could therefore also be affecting the gating of mechano-
sensitive channels at the cell membrane, resulting in the co-ordinated
axon growth that is observed. These results align with previous work
in this area which demonstrated the role of mechanosensitive channels
in controlling neuron behaviour and axon growth [49].

In order to better understand how the magnetic forces induced the

Table 1
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observed morphological changes to the cells, we explored changes to the
functional signalling and metabolic pathways at the cellular level. To do
this we employed bioinformatics analysis of proteomics data obtained
by Sequential Window Acquisition of all Theoretical mass spectra
(SWATH-MS). Using this approach, changes in protein expression in SH-
SY5Y cells taken from experimental groups using an identical setup to
the magnetic force exposed cells above, were compared to control cell
groups grown with neither MNPs nor magnetic field exposure. In both
cases the proteins were extracted from cells 3-weeks after MNP loading.
In total, 10,982 proteins were identified. Following filtering to include
only proteins identified from >2 peptides, the experimental and control
groups were compared. Proteins that were statistically significant (p-
value <0.01) with an expression change of at least 25 % included 134
proteins with reduced expression and 94 proteins with increased
expression.

Table 1 summarises the molecules (i.e., proteins) that were found to
have a > 50 % change in expression in cells grown under magnetic force
conditions compared to the control, and the corresponding cellular
functions mapped to each set of proteins as identified by Ingenuity
Pathway Analysis (IPA). The corresponding summary of molecules with
a change in expression of >25 % is presented in table 2. The IPA analysis
indicates functions that are statistically likely (p-value <0.01) to have
been affected by the uptake of MNPs and/or application of magnetic
forces to the cells.

From table 1, a statistically significant activation (magnitude of z-
score > 2) is seen for three functions, all of which are implicated in
carbohydrate metabolism. Corresponding network diagrams derived
from the analysis, showing an overview of all the affected functions
associated with carbohydrate metabolism in table 1, are shown in
Figure S6. The proteins DKK1 and sFRP1 are both implicated in Wnt
signalling - a developmental pathway which is involved in the regulation
of neuronal proliferation and differentiation[4]. The upregulation of
these proteins indicated by the analysis (Table 1, Figure S6) would be
expected to block Wnt signalling which could indirectly impact cellular
metabolism [50].

Both the increase in carbohydrate metabolism and the anticipated
downregulation of Wnt signalling could be associated with the uptake
and subsequent processing of the MNPs by the cells. To investigate this
further we performed an assay to study metabolic rate in cells at
different time points following loading of cells with differing MNP
concentrations, but without subsequent exposure to the magnetic field
(Fig. 7). At day 3 the metabolic activity was found to increase in an
approximately linear fashion as a function of MNP loading concentra-
tion (Fig. 7a) showing an almost 4-fold increase at the highest MNP
concentration used compared to unloaded cells. However, 3 weeks after

Molecule (protein) sets and associated cellular functions identified by Ingenuity Pathway Analysis (IPA) following mass spectrometry analysis of proteins extracted
from cells. Data is shown for protein expression changed by 50 % or more in comparison to the control (n = 3), for SH-SY5Y cells loaded with MNPs and exposed to
magnetic fields using identical processes to those used for the cells in Figs. 1-6. The p-value reflects the probability that the association of the biological function with
the identified protein set could be attributable to chance alone (p > 0.01). The activation z-score indicates whether the function associated with a particular protein set
is likely to be activated (positive score) or inhibited (negative score), with z-score magnitudes of > 2 indicating statistically significant activation/inhibition. Where a z-
score is not presented this indicates the effect was not predicted by the analysis. Official gene symbols are used to denote proteins (molecules).

Categories Diseases or Functions p-value Activation z- Molecules
Annotation score
Carbohydrate Metabolism of 0.000123 2.236 B4GALT7,DKK1,HGSNAT,LUM,PHKA1,PLIN2,PXYLP1,SFRP1,STBD1
metabolism polysaccharide
Metabolism of carbohydrate 0.000201 1.89 B4GALT7,DKK1,GAL,GALM,HGSNAT,LUM,MTMR14,PHKA1,PIK3R3,PLCG2,PLIN2,
PML,PXYLP1,SFRP1,ST6GALNAC5,STBD1
Synthesis of carbohydrate 0.000879 2.449 B4GALT7,DKK1,GAL,LUM,MTMR14,PHKA1,PIK3R3,PLCG2,PLIN2,PXYLP1,SFRP1,
ST6GALNACS
Synthesis of 0.00126 not predicted B4GALT7,DKK1,LUM,PXYLP1,SFRP1
glycosaminoglycan
Synthesis of polysaccharide 0.00308 2.236 B4GALT7,DKK1,LUM,PLIN2,PXYLP1,SFRP1
Small molecule Release of dopamine 0.00689 not predicted CARTPT,CHRNAS5,GAL
biochemistry
Cell morphology Sprouting 0.0195 —0.896 ADAMTS1,CYLD,EIF4EBP1,MID1,PROX1,PRSS12,SEMA3C,TIMP3
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Table 2
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Molecule (protein) sets and associated cellular functions identified by Ingenuity Pathway Analysis (IPA) following mass spectrometry analysis of proteins extracted
from cells. Data is shown for protein expression changed by 25 % or more in comparison to the control (n = 3), for SH-SY5Y cells loaded with MNPs and exposed to
magnetic fields using identical processes to those used for the cells in Figs. 1-6. The p-value reflects the probability that the association of the biological function with
the identified protein set could be attributable to chance alone (p > 0.01). The activation z-score indicates whether the function associated with a particular protein set
is likely to be activated (positive score) or inhibited (negative score), with z-score magnitudes of > 2 indicating statistically significant activation/inhibition. Where a z-

score is not presented this indicates the effect was not predicted by the analysis. Official gene symbols are used to denote proteins (molecules).

Categories Diseases or Functions p-value Activation z- Molecules
Annotation score
Cellular development Growth of neurites 0.000117 1.05 CD47,DHCR24,EIF4EBP1,EXTL3,FGF1,GAL,GNAQ,MDK,MFN1,MID1,NDEL1,PRPH,RPL4,
SEMAS3C,VIM,VPS13B,ZFYVE26
Outgrowth of neurites 0.00107 1.528 CD47,EXTL3,FGF1,GAL,GNAQ,MDK,MFN1,NDEL1,PRPH,RPL4,VIM,VPS13B,ZFYVE26
Proliferation of 0.000104 1.44 CD47,DHCR24,EIF4EBP1,EXTL3,FGF1,GAL,GNAQ,IGFBP2,MDK,MFN1,MID1,NDEL1,PRPH,
neuronal cells RPL4,SEMA3C,VIM,VPS13B,ZFYVE26,ZNF335
Cellular assembly and Movement of lysosome  0.00263 not predicted MYO1B,NDEL1
organisation Organization of 0.00312 1.002 ANPEP,CD47,CEP192,CEP72,CYLD,DKK1,EIF4EBP1,FGF1,FHL2,FMNL2,GAL,LDLR,MDK,
cytoplasm MFN1,MID1,MKLN1,MPP1,MRTFA,MYO1A,MYO1B,NCKIPSD,NDEL1,PEX2,PLCG2,PRPH,
PRSS12,PTCD2,RPL4,SEMA3C,SFRP1,SLC3A2,TIMP3,TRAPPCS8,VIM,WDR81,ZNF335
Organization of 0.00716 1.002 ANPEP,CD47,CEP192,CEP72,CYLD,DKK1,EIF4EBP1,FGF1,FHL2,FMNL2,GAL,LDLR,MDK,
cytoskeleton MFN1,MID1,MKLN1,MPP1,MRTFA,MYO1A,MYO1B,NCKIPSD,NDEL1,PLCG2,PRPH,PRSS12,
RPL4,SEMA3C,SFRP1,SLC3A2,TIMP3,VIM,ZNF335
Cellular growth and Growth of neurites 0.000117 1.05 CD47,DHCR24,EIF4EBP1,EXTL3,FGF1,GAL,GNAQ,MDK,MFN1,MID1,NDEL1,PRPH,RPLA4,
proliferation SEMA3C,VIM,VPS13B,ZFYVE26
Outgrowth of neurites 0.00107 1.528 CD47,EXTL3,FGF1,GAL,GNAQ,MDK,MFN1,NDEL1,PRPH,RPL4,VIM,VPS13B,ZFYVE26
Proliferation of 0.000104 1.44 CD47,DHCR24,EIF4EBP1,EXTL3,FGF1,GAL,GNAQ,IGFBP2,MDK,MFN1,MID1,NDEL1,PRPH,
neuronal cells RPL4,SEMA3C,VIM,VPS13B,ZFYVE26,ZNF335
Cell morphology Elongation of cells 0.00559 not predicted CD47,FGF1,MFN1,SFRP1
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Fig. 7. Cell metabolic rate assessed using the colorimetric XTT assay (absorbance, OD 450 nm). SH-SY5Y cells were analysed following their loading with different
MNP concentrations (n = 4). Results are shown on: (a) day 3 after MNP loading, and (b) day 21 after MNP loading. Error bars = SEM, * (p < 0.05), ns (no

significance).

MNP loading the effect had diminished for even the highest MNP con-
centration (Fig. 7b). The transient nature of the effect suggests that it is
unlikely that MNP loading of cells alone is responsible for the increase in
carbohydrate metabolism found in the cells used in the proteomics
experiment, as these were processed at the same late time point (3 weeks
after MNP loading). It is therefore possible that the application of me-
chanical (magnetic) forces could also play a role in the enhanced
metabolism of the cells.

In addition to changes to carbohydrate metabolism, alterations to
functions associated with cellular growth and development were found
when proteins with a change in expression of >25 % were included and
analysed (table 2). From the table, an apparent trend in activation can be
seen for functions associated with processes that enhance neurite
development, such as cellular re-organisation and growth. Cellular re-
organisation is known to involve the Wnt signalling pathway [51] and
so the observed upregulation of the DKK1 protein which blocks this
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pathway, could also play a role here. In this case the magnitude of the
activation z-scores was <2 and so it was not possible to assign statistical
significance to the apparent activation of these functions. However, the
consistently low p-values derived clearly indicate that these processes
were affected by the uptake of MNPs and exposure to magnetic forces
experienced by the cells.

As discussed earlier, in prior work [33] RNA sequencing of axons
under magnetic stretching revealed cytoskeleton remodelling, which
also features in the IPA analysis here (table 2). This previous study also
found evidence of cellular processes that can modulate high energy
metabolism, which could link to the increased carbohydrate metabolism
described above. However, when making comparisons between these
earlier measurements and the proteomics data reported here, it is
necessary to account for the different targets in each case (axons in the
prior study versus whole cell populations in the current work). In addi-
tion, proteomics and RNA sequencing would not necessarily be expected
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to follow the same patterns, as the latter measures processes upstream of
post-transcriptional regulation that affects protein expression [52].

From the experiments described above, induced orientation and
changes in neurite outgrowth and morphology are seen to occur after
2-3 weeks of cell culture under the influence of magnetic forces. To
develop further insight into the onset of directional neurite outgrowth,
we conducted a study to assess neuronal alignment of MNP loaded cells
cultured on the magnet array plate at an earlier stage of growth. In
agreement with our own observations, published differentiation pro-
tocols suggest that SH-SY5Y cells begin to project neurite outgrowth
between day 7-10 [53]. Therefore, onset of neurite orientation was
studied for cells exposed to magnetic forces for 3 days following MNP
labelling (corresponding to days 8-10 post differentiation). These cells
would thus experience magnetic forces during the early stages of neurite
outgrowth, and were subsequently fixed and analysed 3 weeks after
MNP labelling.

The resulting fluorescence images obtained are shown in Fig. 8,
revealing a pronounced degree of orientation of the neurites after only 3
days of magnetic force exposure. This was quantified as before, using the
2D-FT analysis, with clear peaks being observed in the radial sum plot
that are extremely similar to those measured from the equivalent 3-week
exposure (Fig. 8). In particular, the orientation of the neurites appears to
be identical at this early stage of growth to that found in the longer term
sample. Although the density and morphology of the neurites in this 3-
day sample is different to that in the longer-term sample, the cell
confluence was much lower and so direct comparisons require caution.
Owing to this low confluence, there were insufficient cells in the 3-day
sample for clear observations in the regions where large neuroclusters
were previously observed (Figure 6; Figure S5f). However, an assess-
ment of the outer-perimeter regions revealed a remarkably close
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agreement to the neurite alignment found in the 3-week exposure
sample (Figure S7). The development of induced neurite orientation
after only 3 days of magnetic force exposure is likely to be enhanced by
the stimulated metabolism of the cells at this time point due to MNP
internalisation, as discussed earlier (Fig. 7).

In an additional experiment, we examined cells exposed to magnetic
forces for just 3 h after MNP labelling. We anticipated that such a time
scale would be too short for mechanically stimulated orientation effects
to occur. However, free MNP clusters should respond very rapidly to the
magnetic field gradients produced by the array, and so this process
would align any MNPs that avoided both cellular capture and the sub-
sequent washing steps that were applied prior to positioning on the
magnet array. Alignment of such free MNP clusters on the well plate
might provide topological guidance cues for neurite outgrowth that
reflected the magnetic force vectors from the array but would not
require sustained magnetic forces during neurite growth. However, no
evidence of alignment was found when cells exposed to the magnetic
array for 3 h were compared to those exposed for 3 days (Figure S8),
confirming that the orientation effects observed were unlikely to be
caused by such topological effects.

To confirm that the orientation effects observed in the SH-SY5Y cells
were not unique to immortalised cells lines, we performed similar ex-
periments with primary rat cortical neurons exposed to the magnet array
during cell culture. As with the SH-SY5Y cells, we found uptake of MNPs
occurred within a 48-hour period. TEM analysis performed on primary
cells following MNP labelling revealed aggregation of MNPs within
endosomes, in a similar fashion to that found with the SH-SY5Y cells
(Figure S9). After 4 days of exposure to magnetic fields, the cells were
fixed and stained as before. The resulting fluorescence images show a
clear alignment of neuronal processes for the cells loaded with MNPS
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Fig. 8. Assessment of magnetic field exposure confined to early-stage neurite outgrowth vs longer term exposure, for cells grown in the same position on the magnet
array. Imaging and analysis were performed 3 weeks after MNP labelling for both cases. (a) MNP loaded SH-SY5Y cells grown in a magnetic field for 3 days (days
8-10 post differentiation). (b) MNP loaded SH-SY5Y cells grown under magnetic field exposure for 3 weeks (days 8-28 post differentiation). Fluorescence images are
shown (LHS) for neurons (and associated outgrowths) stained using a B-III tubulin fluorescent antibody [green] Radial sum plots obtained from the 2D-FT of the
fluorescence images are shown for each sample (RHS). Given the variation in feature intensity in the two images, for a better comparison of the peak shapes and
positions in the radial sum plots, a background intensity was removed from the data and the maximum intensity normalised to unity. The analysed regions in both

cases correspond to box 15 in Figure S4. Scale bars = 100 pm.
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and grown under magnetic field exposure (Fig. 9). In addition, we found
that primary cells grown on the same magnet array arrangement used
earlier (Fig. 5) were aligned along very similar directions to the SHSY-5Y
cells, which also corresponded to the derived magnetic force vectors for
the regions observed (Figure S10).

At this stage of culture for these primary cells, the formation of large
clusters of primary neurons can be seen for all growth conditions, with
evidence of MNP labelling of neurons (Fig. 9a). Additional observations
of primary cells grown with and without MNP labelling and magnetic
field exposure, are presented in Figure S11, and show similar clustering
effects with clear localisation of MNPs into these large neuroclusters.
However, the formation of thick, linear, and possibly multi-stranded
fibres can only be observed for the cells containing MNPs and grown
under a magnetic field (Fig. 9(b) and (c)), again suggesting the role of
magnetic forces on driving the development of this morphology.

The ability to see magnetic force alignment effects in primary
neuronal cells offers potential for exploring the control of axonal growth
using in vivo models. Such studies would require more sophisticated
methods to obtain the desired magnetic force vectors than the simple
permanent magnet array systems applied here. One possibility would be
to exploit magnetic field gradients similar to those used in magnetic
particle imaging (MPI) instruments. An exploration of using the mag-
netic forces obtainable in such systems to guide magnetic particles has
been described previously Griese et al. [54]. However, further devel-
opment work will be necessary to accommodate the MNPs and field
gradients needed for alignment of axons in vivo.

Acta Biomaterialia xxx (xxxx) Xxx
4. Conclusion

In summary, we have demonstrated the induction of long-range
neurite orientation using magnetic forces as low as 10 fN acting on
neuronal endosomes partially filled with MNPs. Using a simple system
consisting of an aluminium plate holder enabling differing arrangements
of stacks of cylindrical permanent magnets, we were able to create a
variable magnetic force distribution over large areas where cells were
grown in 2D culture. The alignment of the neurites in different regions of
the cell culture was quantified using an analysis of the 2D-FT of the
fluorescence images, following staining with a p-III tubulin fluorescent
antibody. A detailed characterisation of the magnetic force vectors
revealed a close correspondence with the average alignment of the
neurites, confirming that the magnetic forces were able to guide neurite
growth.

By subjecting the cells to extremely low forces over an extended
growth period of several weeks, we have shown clear changes in
orientation and cell morphology. This is in contrast to previous studies
in which higher forces over a shorter period have resulted in less
noticeable differences [24]. We have also demonstrated that directed
neuronal alignment can be achieved over long distances using just
magnetic forces, without the topographical or chemical cues required in
previous work [29,30]. This is particularly significant for applications in
neuroregeneration, as cells within the central nervous system may not
exhibit the same topographical or chemical cues. A bioinformatics
analysis of protein expression in cells exposed to magnetic forces, indi-
cated an activation of carbohydrate metabolism, with further evidence
suggesting processes related to cellular organisation were also affected.

In addition to the alignment of neurites, we also found that strong in-

I - Field — MNP

+ Field + MNP

+ Field + MNP

(b) Merge

Fig. 9. Bright field (first row) and fluorescence microscopy images of primary rat cortical neurons cultured under different magnetic field exposure conditions for 4
days and subsequently fixed 7 days post culture. Nuclear staining to show cell locations was performed using DAPI (4',6-diamidino-2-phenylindole) [blue], with
neurons (and associated outgrowths) stained using a B-III tubulin fluorescent antibody [green], whilst magnetic nanoparticles (MNPs) could be observed due to their
conjugation to a rhodamine fluorescent dye [red]. For part (a) Controls are shown in the first column whilst the second and third columns show cells grown in
different positions on a magnet array. Parts (b) and (c) depicts higher magnification of the areas indicated by the orange and blue dashed squares in (a). Scale bar =

100p m for part (a) and (b) and 50p m for part c.
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plane forces could dramatically enhance the growth of cellular neuro-
clusters in differentiating cells, as well as creating highly unusual thick
linear neurite networks between them. We suggest that these large
(~100 pm) MNP-loaded neuroclusters could function as localised
magnetic particles. This could account for the neurite growth, as they
would contribute additional magnetic forces directed along the shortest
paths between the neuroclusters. To our knowledge, this type of cellular
structure has not been witnessed before and could find applications in
the creation of artificial neuronal networks, with the morphology of
these thick linear neurites possibly enabling enhanced electrophysio-
logical performance. However, the utilisation of MNP loaded cellular
networks will also require assessment of exogenous MNP uptake on
neuronal cell functional behaviour independently of magnetic force
application, particularly in cases where large clustering of cells occurs.
This could be achieved by studying protein and gene expression as a
function of MNP loading and cell clustering, using similar methods to
those applied here. In addition, the future development of more so-
phisticated magnetic field systems that allow independent control of
both force amplitude and direction, will help determine the cellular
mechanisms that dominate either axon reorganisation or growth. Such
studies will inform on the potential efficacy of magnetic force-based
methods for engineering neural circuitry.
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