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Abstract

There is a growing body of evidence indicating the importance of physical stimuli for neuronal growth and development. Specifically, results
from published experimental studies indicate that forces, when carefully controlled, can modulate neuronal regeneration. Here, we validate a
non-invasive approach for physical guidance of nerve regeneration based on the synergic use of magnetic nanoparticles (MNPs) and magnetic
fields (Ms). The concept is that the application of a tensile force to a neuronal cell can stimulate neurite initiation or axon elongation in the
desired direction, the MNPs being used to generate this tensile force under the effect of a static external magnetic field providing the required
directional orientation. In a neuron-like cell line, we have confirmed that MNPs direct the neurite outgrowth preferentially along the direction
imposed by an external magnetic field, by inducing a net angle displacement (about 30°) of neurite direction.

From the Clinical Editor: This study validates that non-invasive approaches for physical guidance of nerve regeneration based on the
synergic use of magnetic nanoparticles and magnetic fields are possible. The hypothesis was confirmed by observing preferential neurite
outgrowth in a cell culture system along the direction imposed by an external magnetic field.

© 2014 Elsevier Inc. All rights reserved.
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Nerve regeneration and recovery of nerve function have been Functional recovery is then totally dependent on the growth and
a major issue in neuroscience in regards to the treatment of  extension of axons from the proximal end across the injured site
injured neurons after accidents or degenerative diseases.! The until they reach their distal target, e.g., denervated muscle.” In
regeneration of peripheral nerves exemplifies the plasticity humans, axonal regeneration occurs at a rate of about 2-5 mm/day;
which exists within the nervous system. Following an injury to a and thus significant complete injuries (neurotmesis) can take many
peripheral nerve, the section distal to the injury site degenerates. months for effective return of function.® Extensive research in

Abbreviation: MNPs, Magnetic nanoparticles; M, Magnetic fields; NFs, Neurotrophic factors; NGF-3, Nerve growth factor beta; BSA, Bovine serum
albumin; NGFy,,,, Fluoscently labelled NGF-f3; TPF, Tetrafluorophenyl; f-MNP, MNP labelled with NGFg,,,; FBS, Fetal bovine serum; PLL, Poly-L-lysine;
TEM, Transmission electron microscopy; HAADF, High angle annular dark field; EDS, Energy-dispersive X-Ray Spectroscopy; EDAX, EDS detector; SEM,
Scanning electron microscopy; PI, Propidium iodide; T4, Doubling time; PEI, Polyethylenimine; SPION, Superparamagnetic iron oxide nanoparticles; p-TrkA,
Phosphorylated TrkA; K, Control; P, Pellet; S, Supernatant; FIB, Focused ion beam; STEM, Scanning TEM; FEM, Finite element modelling.
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bioengineering has been focused on the development of innovative
strategies for reducing this prolonged recovery time. The
underlying concepts of these strategies involve physical and
biochemical guidance i) to direct axonal re-growth and ii)
to stimulate axonal elongation across the nerve lesion site. For a
long time, neuroscientists have focused on biochemical guidance
cues such as molecules capable of orientating migrating and
growing cells (e.g., netrins, ephrins, semaphorins) and factors
influencing neuronal growth (e.g., growth factors, neurotrans-
mitters, glial cells and extracellular matrix proteins).* However,
exclusive focus on biochemical processes involved in neuronal
regeneration has not so far resulted in significant therapeutic gains.
An alternative approach is the “guidance therapy” based on the use
of'scaffolds (autologous tissue grafts, non-autologous tissue grafts,
natural based materials, synthetic materials, etc.) working as “nerve
guides” or “nerve guidance channels”. They provide a conduit
during the nerve regeneration process for the diffusion of growth
factors secreted by the injured nerve ends and to limit the injury site
infiltration by scar tissue.”™®

The importance of mechanical factors for the nervous system
has been appreciated only recently. It has become widely
accepted that cellular tension is a crucial factor in neuronal
development.” The idea that tension is involved in the morpho-
genesis of the nervous system arose in the late 1970s, when
experimental pioneering work revealed that neuronal processes
in vitro are under tension.'® Later, it was demonstrated that the
external application of mechanical tension alone is sufficient to
initiate axonal outgrowth.'' Neurite initiation and elongation as
functions of the applied tensile force were generally studied
using glass microneedles but, recently, Fass et al reported the
use of magnetic beads for force application. '

Although the role of mechanical force for neurite initiation
and elongation is a well investigated topic, its influence in
directing axonal re-growth is poorly studied. The control of
directional movement is obviously a crucial issue in nerve
regeneration as regeneration cannot occur until the proximal end
of the injured nerve reaches its destination. During the rege-
neration process, neurons send out the leading tips of their
processes called growth cones. They are highly motile structures
that provide the machinery to move forward. Recent work sug-
gests that growth cones also generate forces (through cytoskel-
etal dynamics, kinesin, dynein, and myosin) which induce
axonal elongation, and axons lengthen by stretching.'® They also
possess detectors of guidance cues that translate environmental
cues into directional movement and thus guide neuronal pro-
cesses toward their destination.'* Guidance cues are classically
understood to be attractive or repulsive molecules, capable of
orientating neuronal cells. Generally, a growth cone’s response
to a certain guidance cue depends on several factors and it is
difficult to gain control on this process. An alternative approach
proposed in literature is to introduce topographic cues to guide
neuronal navigation.'>'® Although several reports have demon-
strated the cell culture benefit of these cues, they usually fail
when tested therapeutically. One problem is that the non-
invasive delivery of these cues is difficult if not impossible to
achieve. Here, we validate an alternative approach for physical
guidance. Specifically, we demonstrate that magnetic nano-
particles (MNPs) and magnetic fields (Ms) can be used for

physical guidance of neuronal processes. We found that the
application of a tensile force to a neuron or an axon can stimulate
neurite initiation or axon elongation in the desired direction. In
this work, MNPs are used to generate these tensile forces under
the effect of an external magnetic field and to achieve directional
orientation (Figure 1).

The first draft of this idea was reported by a patent submitted
in 1998 (US6132360 A) which describes a methodology based
on MNPs which are actively incorporated into neurons (and their
axons) of a severed or interrupted nerve. This is then exposed to
an external magnetic field which is moved longitudinally to the
severed/interrupted nerve, thereby stretching the MNPs-loaded
neurons and their axons along the desired axis for bringing the
gap. To our knowledge, no practical demonstration of this con-
cept has been provided to date and our work represents the first
proof of concept.

This methodology has the potential for clinical translation as
static magnetic fields are extensively used in medical imaging. '’
Additionally, magnetic nanoparticles are employed in biomed-
icine. Currently, many clinical diagnostic/therapeutic tools use
MNPs, e.g., MRI contrast agents in magnetic resonance imaging
and magnetic hyperthermia, vectors for drug delivery and mag-
netic cell separation, etc.?’>

Additionally, in combination with recent advances in func-
tionalization chemistry MNPs can be easily functionalised with
biological molecules, e.g., neural binders to enhance MNP
binding to neuronal cells**>* or neurotrophic factors (NFs) to
stimulate peripheral neurons to regenerate their axon” or spe-
cific antibody to track signaling endosome and control their
subcellular localization in order to alter growth cone motility and
to halt neurite growth.%

In the present work, we produced and characterised MNPs
functionalised with nerve growth factor beta (NGF-f3), demon-
strating that these particles are able to trigger PC12 differenti-
ation in a neuronal phenotype and, most importantly, to direct the
orientation of newly formed neurites.

Methods
Functionalisation of MNPs

MNPs were synthesised by a modification of the well-established
oxidative hydrolysis method (i.e., the precipitation of an iron salt in
basic media with a mild oxidant).>’” Specifically, in situ polymer
coating was achieved by adding polyethylenimine (PEI, 25 kDa)
during the reaction, as described in a previous work. >

The protein (a mixture NGF-3 /BSA 1:6 w/w) (Sigma,
N1408) was labelled with Alexa Fluor 488 (Life Science,
A10235). TFP ester of the dye efficiently reacted with primary
amines of proteins. Purification through a size exclusion resin
allowed to discard the unincorporated dye. The concentration of
the purified labelled protein was evaluated by UV—vis analysis.
The absorbance spectrum revealed the presence of two peaks: at
280 and 494 nm, typical of proteins and Alexa Fluor 488,
respectively (Figures S1-2, supplementary material).

The functionalization of the particles was carried out by adding
the labelled protein (concentration of NGFyqyo 35 ugml_l) to
MNPs (500 pgml ). The resulting suspension was dispersed at
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Figure 1. Nerve regeneration mediated by MNPs. MNPs bind to the injured nerve, a magnetic field is thus applied. MNPs create a mechanical tension which
stimulates nerve regeneration in the direction imposed by the magnetic force. This physical guidance directs more efficiently the regeneration of the injured nerve

from the proximal toward the distal stump.

room temperature for three hours with stirring. Unbound NGFg,,
was removed and f-MNPs were re-suspended in water.

The amount of NGFgq,,, bound to the surface of MNPs was
calculated by subtraction, i.e., by measuring the absorbance at
280 nm of the supernatant derived from the previous washing
steps. The NGFq,o concentration was obtained by using a
calibration curve obtained with a known amount of NGF gy,
protein. The amount of NGFg,,, adsorbed on MNP surface was
about 10(%5) pg of NGFgyo per mg of MNPs (n = 6).

f-MNPs were characterized by Z-potential (Zeta sizer Nano™
from Malvern Instrument) and by Western blot analysis on protein
extracts from PC12 cells using phospho-TrkA (Tyr490) Antibody
(Cell Signaling, 9141).

Cell culture

Rat pheochromocytoma PC12 cells obtained from American
Type Culture Collection (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium with 10% horse serum, 5% fetal
bovine serum (FBS), 100 IU/ml penicillin, 100 pgml '
streptomycin and 2 mM L-glutamine. Cells were cultured in
poly-L-lysine (PLL, Sigma, P1274) coated dishes and maintained
at 37 °C in a saturated humidity atmosphere of 95% air and 5%
CO,. For cell differentiation, PC12 cells were incubated in
serum-reduced medium (2% FBS).

TEM and SEM/FIB analysis

Transmission electron microscopy (TEM) was performed
using a FEI Tecnai T20 microscope, operating at acceleration
voltage of 200 kV. STEM-HAADF images were obtained in a
FEI Tecnai F30 microscope operated at an acceleration voltage of
300 kV. The microscope was equipped with a high angle annular

dark field (HAADF) detector and an Energy-dispersive X-Ray
Spectroscopy (EDS) detector (EDAX). The preparation of the
cells was made by seeding PC12 cells on 6 well plate previously
treated with PLL (10 ugml_l) at a density of 3 - 10° cells/well.
Subsequently, the growth medium was removed and replaced with
the reduced medium containing f-MNPs (10 ugml ™ "). After 24 h
of incubation cells were prepared for TEM imaging according to a
standard protocol (supplementary material).

SEM/FIB cross sectioned cells were analyzed using scanning
electron microscopy (SEM INSPECT F50, FEI Company) and
dual-beam FIB/SEM (Nova 200 NanoLab, FEI Company). PC12
cells were grown on coverslip coated with PLL and treated with
f-MNPs (10 pgml™"). After 24 h of incubation the cells were
washed with PBS, fixed and dehydrated (additional information
in supplementary material). After drying the samples were
sputtered with 30 nm of gold. SEM images were taken at 5 and
30 kV with a FEG column, and a combined Ga-based 30 kV
(10 pA) ion beam was used to cross-section single cells. These
investigations were completed by EDS for chemical analysis.

Cell viability

For dose—response studies, PC12 cells were incubated for
72 h in reduced culture medium modified with f-MNPs
(1-100 pgml ).

Cell cytotoxicity was assessed using a FACScan cytometer
(Becton Dickinson). Acquired data were analysed using
CellQuest Pro software (version 3.4). Before acquisition,
adherent cells were washed with PBS, detached by trypsinization
and suspended in measuring buffer containing propidium iodide
(PT) 0.5 pgml ' Controls (normal cells, cell treated with PI and
cells incubated with f-MNPs) were first used as references for
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Figure 2. Zeta potential vs pH for f-MNPs (grey circles) and MNPs (black
rhombi). The positive value of the MNPs is due to the presence of the free PEI
amino groups on the particle surface, while the negative value of f-MNPs is in
agreement with the isoelectric point of the proteins.

adjusting the voltage controlling forward scatter and side scatter.
10° events/sample were acquired. Results were expressed as a
percentage of red-stained cells over the total cell number. For the
evaluation of the cell doubling time, cells were removed by
trypsinization and counted in a Burker’s chamber. Doubling time
(T4) was calculated, assuming a constant growth rate, by using
the following formula: T4 = (t; — to) - In (2)/In (q,/qo), Where qq
represents the cell number at time t, and q; the cell number at
time t;.

Magnetic field

Numerical simulations using Finite Element Modelling
(FEM) were used to design the magnetic applicator. The mag-
netic field was generated by a magnetic applicator composed of
eight magnets arranged in a Halbach-like cylinder configuration
(Figure S6.B, supplementary material). The central space was
designed to fit the current sample holders, i.e., 3-cm Ibidi Petri
dishes. This configuration guarantees in the central space a
constant magnetic force with a radial direction outwards.

Neurite orientation

PC12 cells were seeded in Ibidi Petri dishes (Ibidi, 80156)
pre-coated with PLL 1 pgml ™ '. After 24 h from seeding, cells
were treated with 10 pgml™' of f-MNPs mixed to reduced
serum medium. Cells were incubated again for 24 h to allow the
nanoparticles to interact with cells and to induce differentiation.
The Petri dish was put inside the magnetic applicator. After
3 days, the angle 6 between the direction of each neurite and the
radial direction outwards, the neurite length and the neurite
number were measured. Neurite orientation was quantified as
orientation index which was defined as Oi = cos(f), with
0<6<m (Oi ~1 when the neurite has the radial direction
outwards). Neurites were selected by fixing a cut-off of 10 pm
in length. Experiments were carried out in 6-plicate. For each
experiment, 25 pictures were acquired. For each picture an
average of 460 neurites was counted. Analysis was performed
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Figure 3. Western blot analysis (p-TrkA 140 kDa and a-tubulin 50 kDa)
carried out on PC12 cell extracts. The cells were grown in serum supple-
mented medium (K;) or starved in serum-reduced medium (all other lanes):
untreated control (K,), treatment with NGF-p, NGF o, -MNP, MNP, pellet
(P) and supernatant (S). P and S were obtained from magnetic separation of a
mixture -MNPs:medium (1:10). The bioactivities of NGF-f3, NGFy,,, and f-
MNP are similar; the presence of p-TrkA was found in the pellet but not in the
supernatant which reveals the stability of f-MNPs in the medium. For all
treated samples the concentration of particles and NGF was 10 pgml~' and
80 ngml ™!, respectively.

Table 1
Effect of -MNPs on PC12 cell line.

10 pgml™" 20 pgml™" 50 pgml™" 100 pgml ™!
Cytoxicity (%) 14+04 1305 22+04 38+08

Cell doubling time (h) 46.9 £ 6.5 457+ 11.4 48.6+13.8 61.4 + 15.1

Cell viability assay was carried out by PI staining via flow cytometry (mean +
s.e.m., n=6, p<0,0001). Cell doubling time was calculated as described in
Methods (mean =+ s.e.m., n=6, p=0.13). One-way ANOVA.

by using image analysis software “Image J” (http://rsb.info.nih.
gov/ij/).

Statistics

The distributions of the variables were found to be no normal
by Kolmogorov—Smirnov test; therefore, their values were ex-
pressed as median and interquartile range. After normalization
with rank transform,?’ the effect of treatments was assessed by
one-way analysis of variance. Specifically, Kolmogorov—
Smirnov test furnished a statistic D = 0.1047 (P < 0.001),
D =0.119 (P <0.001) and D = 0.2229 (P < 0.001) for neurite
orientation, length and number, respectively; after rank trans-
form, the corresponding Kolmogorov—Smirnov statistics were
D =0.0018 (P = 1), D=10.0006 (P = 1) and D = 0.0874 (P =
0.358). Treatments were compared to the single control group
with a post-hoc Dunnett’s test. Multiple comparisons between
groups were performed with Bonferroni correction. A P value
less than 0.05 was considered to be statistically significant.
Statistical analyses were performed with R statistical software.

Results

The home-made MNPs used in this work exhibit a core size of
25 nm and a value of saturation magnetization of 58 Am?kg. A
large magnetization value is a crucial parameter for maximizing
the force exerted by the external magnetic field on the MNP-
axon complex. The presence of a thin polymer coating (about
0.7-0.9 nm) was observed from high resolution TEM images and
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Figure 4. Cellular localization of f-MNPs. (A-B) TEM analysis of PC12 cells incubated 24 h with -MNPs 10 pgml~'. White arrows: particles in the cytoplasm,
yellow arrows: particles entering and membrane invagination; (C) STEM-HAADF image (— 173 °C) of PC12 cells incubated 24 h with f-MNPs 10 pgml "
Inset: EDS spectrum of cytoplasmatic f-MNPs; (D) SEM/FIB of PC12 cells incubated 72 h with f-MNPs 10 pgml ™ ': cross section of a single cell; inset: EDS

analysis of -MNPs in the growth cone of the cell.

confirmed by Z-potential, infrared and XPS spectroscopy.® The
total mass of PEI in the particles was around 14% (w/w) and the
amount of the PEI on the particle surface was estimated 10 + 2 pg
per mg of MNPs (supplementary material). PEI offers primary and
secondary amine-groups that have been used to functionalize the
particles with a fluorescently labelled NGF-3 (NGFp,,,). This
fluorescent protein was achieved by covalent reaction between a
protein mixture (NGF-p /BSA 1:6 w/w) and Alexa Fluor 488. The
degree of the labelling was about 1.5 mol of dye per mole of
protein (n = 6) and the efficiency of the labelling process was
about 90% (n = 6) (supplementary material). The conjugation of
the MNPs to the labelled protein (f-MNP) was achieved
by electrostatic interactions. The shift towards negative values
of Z-potential of f-MNPs compared to naked MNPs provides
evidence of the absorption of the labelled protein on the surface of
the MNPs (Figure 2). -MNPs were tested on PC12 cells as these
possess specific cell surface receptors that bind NGF.?° In the
presence of this growth factor, cells undergo a dramatic change in
phenotype wherein they acquire a large part of the characteristic

properties of sympathetic neurons. PC12 cells treated with the
complex f-MNPs were found to exhibit a phenotype similar to the
control culture (Figure S3, supplementary material). This result
was confirmed by Western Blot analysis. It is known that NGF
activates TrkA receptor leading to its phosphorylation (p-TrkA).>'
The antibody against p-TrkA (Tyr490), which detects endogenous
levels of TrkA only when activated by NGF (i.e., phosphorylated
at tyrosine 490), was used to analyse the levels of PC12 cell
differentiation. The analysis confirmed that the fluorescent
labelling of NGF-B did not alter the bio-functionality of the
protein, which is also preserved after the conjugation with MNPs.
Interestingly, experimental data demonstrated that the f-MNP
complex is also stable when mixed to the cell culture medium,
which indicates that non-specific adsorption of plasma
proteins does not alter the stability and the integrity of the
conjugate (Figure 3). Minimal cytotoxicity is another crucial
requirement for any biomedical application. In a concentration
range of 5-100 pgml ', a negligible cytotoxicity (<5%) was
found after 72 h of incubation with the particles. Similarly, the
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addition of the particles to the culture medium did not
significantly interfere with the replication rate (Table 1). The
trafficking of the particles inside the cells was monitored by TEM
analysis (Figure 4, A-B). Particles appeared to enter the cells by
an endocytic-like pathway. A cluster of particles was localised on
the cell membrane which engulfs (Figure 4, 4-B, yellow arrows)
them forming vesicles which internalise the particles in the
cytoplasm (Figure 4, A-B, white arrows). No particles were
detected in nuclei and no damages at the cytoplasmatic organelles
were found.

The presence of Fe inside the cells was confirmed by STEM-
HAADF images and EDS spectra. In this mode, the sample is
scanned with a small probe (around 1 nm in diameter) and an
image and a spectrum can be collected simultaneously. Only
electrons scattered at very high angles are collected in an annular
detector to form the image, which is very sensitive to variations
in atomic number. This technique is ideal for the identification of
metallic particles in organic tissues. Thus, iron-based nanopar-
ticles appear with a much brighter contrast in the image (Figure 4,
C). The collection of EDS spectra proved the presence of iron
material inside the cells (inset Figure 4, C). SEM analysis
allowed to study the internal distribution of particles in adherent
cells. EDS spectra performed on differentiated PC12 cells cross-
sectioned by FIB/SEM confirmed the particle localization also in
the growth cone of the cells (Figure 4, D and Figures S4-5 of
supplementary material).

The aim of the present work was to demonstrate that MNPs can
be exploited to manipulate axons/neurites under external magnetic
forces for directing their orientation. Experiments were carried out
in 3-cm Ibidi Petri dishes placed inside a Halbach-like cylinder
magnetic applicator, which provided a constant magnetic field
gradient of 46.5 Tm ' in the radial direction. In this set-up, cells
are exposed to the same magnetic force which is proportional to the
magnetic field gradient, independent from the magnetic field value
and with the radial outward direction (Figure 5). We measured the
angles between the long axis of the neurites and the radial outward
direction (i.e., direction of the magnetic force). The evidence that
the synergic combination of f-MNPs and magnetic field influences
the orientation of growing neuronal processes is shown in Figure 6.
Specifically, in cells treated with f-MNPs, the exposure to the
magnetic field induces neurites to grow preferentially along the
direction of the magnetic force. Furthermore, experimental
evidences demonstrated that neither the functionalised MNPs nor
the magnetic field alone influences the direction of the neurite
growth (Figure 6, 4). The median value of the orientation index in
the absence of particles and magnetic field was 0.006. This value
was not statistically significant different from that obtained
when the magnetic field was applied (0.001, P =0.61) or
cells are treated with f-MNPs (0.07; P = 0.54). As opposite,
the neuronal processes tend to be arranged parallel to the
magnetic force in the presence of both f-MNPs and magnetic
field and the median value of the orientation index was 0.57
which was much higher than those in all other groups
(P <0.001). Cells treated with both particles and magnetic
fields thus have a narrow angle distribution, i.e., cells are
preferentially aligned to the radial direction compared to the
other groups. Figure 6, B represents the trend of the angle
distribution in presence of f-MNPs (f-MNP', M) or the
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Figure 5. FEM modeling of the magnetic field inside the magnetic applicator.
Top panel: Flux density B distribution inside the magnetic applicator,
calculated from finite element simulation of the NdFeB magnet array. Bottom
panel: graphs of tangential flux density B(7) and derivative % (Tm™") along
the radial direction inside the applicator. The dotted line is an average value
for 48 estimated in 46.5 Tm .

dr

magnetic field (f-MNP~, M") or both (f-MNP', M™),
normalised with respect to the control (MNP , M"). This
representation clearly shows that cells treated f-MNPs alone
or magnetic field alone have the same angle distribution of the
control, in contrast with cells treated with both f-MNPs and
magnetic field.

Discussion

The iron oxide nanoparticles, synthesized by our team, offer a
high saturation magnetization and a low cytotoxic profile.?®
They were functionalised with NGF-f3 for gaining specificity
and triggering PC12 differentiation. In PC12 cells cultured with
the f-MNPs, the particles were found to localize intracellularly
by endocytosis and no signs of cytotoxicity could be detected.
Similar results have been described in a number of studies
reported in literature to evaluate the potential toxicity of
superparamagnetic iron oxide nanoparticles (SPION).?? Works
in literature refer that SPIONs are quickly taken up by PC12 and
the cellular uptake involves endocytosis.>* SPIONs degrade in
some intracellular endosomes/lysosomes between few days from
administration. Specifically, SPION-containing endosomes were
found to fuse with lysosomes, causing rapid dissociation at low
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Figure 6. Effect of f-MNPs and magnetic field on the orientation of neuronal processes of PC12 cells. Four experimental groups were tested: cells treated with
both f-MNPs and the magnetic field (f-MNP ", M), with f-MNPs and a null magnetic field (f-MNP", M "), without f-MNPs and the magnetic field (-MNP~, M ™)
or without f-MNPs and a null magnetic field (f-MNP~, M ). (A) Neurite orientation index: the box-plot shows the median, interquartile ranges, the max and the
minimum value. Dunnett’s test ***P < 0.001 n = 6. (B) Number of neurites (normalised with respect to the control: -MNP~, M) grouped for classes of angles

they form with the radial direction outwards.

pH of the iron core in soluble Fe(III), progressively incorporated
into the iron-storing proteins.>**> Most importantly, our f-MNPs
were found not only in endosomes/lysosomes but also in the
cone growth of developing neurites.

In this work, we have demonstrated that f-MNPs and external
magnetic fields can influence the growth direction of neurites,
aligning them preferentially to the direction of the magnetic
force. We assume that the mechanism involved in the re-
direction of the neurites could be ascribed to the magnetic force
acting on the MNP-bound neurite, which allows manipulation
and orientation of the axons in order to orient and to overcome
inhibitory factors.

A physical explanation of the obtained results is provided in
the following. In a non-uniform magnetic field, the net force F’
exerted on a magnetic nanoparticle with magnetic moment m is
given by:

F=(m-V)B (1)

In our experimental set-up, the only non-null component of the
magnetic field gradient is the radial one (dB/dr = 46.5 Tm™ ). As
we found a value of saturation magnetization M of 58 Am’kg "'
and a coercive field H, of 4.81 kAm "“'? we can assume that
particle magnetization saturated and Eq. (1) becomes:

dB dB
F=my—=pVM,—~1.1-101N 2
s dr p dr 2)

Where p is the particle density and ¥ the MNP volume.

Mass of f-MNPs up-taken by PC12 cells was calculated from
the corresponding saturation magnetization M per cell at
T =—23.17 °C as described in Fass and Odde'? and it was
found 9.9 £ 0.2 pg corresponding to a number of particles per
cell n¥NP~2.5 - 10°. A single neurite will be thus subjected to

a force F,., given by the (2) multiplied for the number of

Table 2

Parameters used in mathematical model.

Parameter Descriptions Value Ref
p Particle density 5000 kgm > *
A\ MNP volume 8210 m? *
Veytop Cell cytoplasm volume 441-107"%m? *
S Cell adhesion surface 72-10 " m? *
r Neurite radius 75-107"m *
nMNP Number of MNPs per cell 2.5-10° *
1(ty) Neurite length at ¢, 3.6-10°m *
€ Spring constant value 24-107* N/m 49
Ny Number of bridge for cell ~5 10" 0

Those marked with * are experimentally evaluated.

magnetic particles entrapped in the neurite:

Fneur = nA[NPF (3)

neur
We assume a uniform particle distribution in cell cytoplasm:

mnp _  une Vneur (4)

Tpeur = Teell

chtop

Where V., and V. are the cell cytoplasm volume and
neurite volume, respectively. In a polar coordinate system,
where the origin is the neurite origin, the radial con}ponent? is
the neurite direction and the angular component is 6, this force
has two components, the radial F',cyr = Fpeur cos 0 and the
angular F° . = Fpewr sin 0. The latter is the effective
component for orienting the neurite (the first stretch the neurite
along its axis).

We modeled the neurite as a rigid semi-cone with height / and
radius r, anchored to the substrate with bridges (#,, is the number
of bridges per unit of surface and ¢ is their spring constant).
Adhesion is promoted by the positive charges on poly-L-lysine
which attract the negative charges of cell membrane due to the
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Table 3
Analysis of neurite length (n=6, p=0.08) and neurite number per cell (n=6, p=0.42).

£-MNP*, M* £-MNP", M~ MNP, M" MNP, M~
Neurite length (pum) 36.5 [21.7-54.5] 25.5[17.6-44.2] 30.2 [23.7-40.0] 26.1 [18.7-38.2]
Neurite number per cell 2 [2-3] 2 [1-3] 2 [2-3] 2 [1-3]

One-way ANOVA.

glycocalyx. This induces an electrostatic bond formation, similar
to the ligand-receptor-mediated interaction.**

To model mathematically the phenomenon, we will use a
simple model, already validated in our previous studies.>” Ap-
plying the Bell theory to a receptor-ligand bond, the bond lifetime

T when the cell is stressed by the external force is given by>™>":

7 = roel )

(5)
where E, is the free energy change on binding, 7, is the bind-
ing cleft, fis the force applied per bond and kT = 4.1 - 10 %' Jis
the thermal energy. In the literature, for a representative antigen—
antibody bond, E, is estimated about 5.9 - 10720 J, the binding
cleft8 rS;) 0.5 nm, within a factor of 2, and T in the order of
10 °s.

Bonds in cell adhesion will therefore be continually created,
loaded over some period of time, then fail. Under the effect of the
angular component of the force acting on the bond, dynamic
process of bond loading, failure, and formation drives cytoskeletal
movements, resulting in a displacement of 1(t) A8 at any time 7.

By imposing the equilibrium on the neurite:

F(:z,eur(ev t) = 25&9%: i(l(t)—ia) = %g&ﬁr I:(l(t)) _1:|

(6)

We imposed the following boundary conditions: 7, = 0 (time
of application of the magnetic field), 6(ty) = 5 (Figure 6, median
value of -MNP M ) and the length / increases linearly over the
time from #; = —24 h (application of the differentiating stimulus)
to #r= 72 h (time lapse of the experiment).

By substituting in Eq. 6 the values reported in Table 2 and
solving the equation, we found 6(ts)~% which is in optimal
agreement with our experimental data (Figure 6, median value of
MNP "M ").

This corresponds to a net neurite angle displacement of ~ % in
the time of the experiment. Additionally the proposed model
allows to theorize which are the key parameters controlling the
process, i.e., the magnetization of the particles, the strength of the
applied magnetic field and the amount of particles interacting with
the neuronal process. These parameters should be carefully opti-
mized time by time, depending on the experimental set-up, and this
is particularly relevant for planning future in vivo experiments.

This finding represents the first demonstration that the

synergic use of MNPs and M can influence the orientation of

the neuronal growth processes. M alone has no influence on the
direction of newly formed neurites of PC12 cells, although a
previous work by Kim et al*' reported that neurites grew pre-
ferentially in a direction perpendicular to the direction of a static
magnetic field. These results are difficult to interpret because
details of the magnetic field and magnetic gradient used were
not provided, and thus the direction of the generated magnetic
force cannot be correlated with preferential direction of growth.
The same authors reported that 11 nm iron oxide nanoparticles
(in absence of magnetic field) enhance in a dose-dependent
manner the neurite outgrowth of PC12 cells exposed to both
particles and NGF. The authors suggested a mechanism in which
iron triggers the activation of cell adhesion molecules that are
associated with cell matrix interactions.*?

Concerning the length distribution of neurites, we observed
a trend toward statistical significance (P = 0.08, one-way
ANOVA) with the higher values for cells treated with both
the particles and the magnetic field (38% over the control
f-MNP M , corresponding to an increase in the elongation rate
of about 0.14 umh ') (Table 3), according to the role of forces in
neurite lengthening. "

We have no evidence of enhanced neurite initiation as neurite
number seems not to be influenced in any experimental group
tested (P = 0.42, one-way ANOVA) (Table 3), coherently with
data reported in literature which refer that forces typically
required for experimentally induced neurite initiation from PC12
cells are in the range of 3-10 nN.*

Of note, our protocol allows the application of force in the pN
range (30 pN at whole cell level, below 1 pN at neurite level)
over long times (days). In previous works, force was applied to
neurons for determination of the relationship between applied
tensions and elongation rate with calibrated glass needles as
described by Lamoureux et al and Zheng et al****: a calibrated
needle is generally used to apply a constant force and the neurite
is pulled in steps of 30-60 min; tension is usually varied between
0.1 and 10 nN. By using this methodology, the rate of neurite
elongation in PC12 cells and chick sensory neurons was found to
be a function of the applied force above some minimum
threshold tension (usually around 1 nN)**** and the elongation
rate was found similar for both peripheral and central neurons
(about 1 umh ™" per 10 pN of applied force)**-*® However, the
effects of very low tensions over longer time scale (days) have
been very poorly investigated because glass microneedle tech-
nique does not allow to apply and study the effect of pN forces
on cells and their processes. This is exemplified by two studies
on forebrain neurons. By using glass microneedle technique
Chada et al did not detect a minimum threshold tension required
for elongation*® while it was observed by Fass et al who used
magnetic beads to apply force with greater accuracy and
precision in the pN range.'? Additionally, microneedle
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methodology applies a minimum force of 0.1 nN which is too
crude to investigate effects on neurons over a time scale longer
than 1 h.

Here we report the use of a MNP-based technique for
application of very low mechanical tensions (range of pN) which
could be used to systematically investigate the role of force on
neurite direction and elongation at longer time scales. An
important aspect of our work and similar studies reported in
literature*”** is thus that forces need to be applied at low levels
over long time periods (generally days, 72 h in our study).

In conclusion, our results showed that the multifunctional
nanoparticles could be efficient agents for magnetically-driven
“actuation” of growing neuronal processes. In addition to the
evidence that mechanical tension created by MNPs can induce
“stretch growth” of neurites or process initiation,'* we dem-
onstrated that it is also able to support “physical guidance” for
directing the outgrowth process and this mechanism occurs by
applying very low forces (in the pN range). Together with the
previously published results, our findings indicate that forces,
when carefully controlled, could act as powerful stimulants of
neurite development. The tension produced by MNPs could
contribute to the successful treatment of lesions to the peripheral
nervous system or central nervous system which have, until very
recently, been considered incurable. Obviously, further work is
required to translate these findings on models of nerve regene-
ration and validate them in-vivo.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano0.2013.12.008.
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