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Nervous system damage caused by physical trauma or degenerative diseases can

result in loss of sensory and motor function for patients. Biomaterial interventions have

shown promise in animal studies, providing contact guidance for extending neurites

or sustained release of various drugs and growth factors; however, these approaches

often target only one aspect of the regeneration process. More recent studies investigate

hybrid approaches, creating complex materials that can reduce inflammation or provide

neuroprotection in addition to stimulating growth and regeneration. Magnetic materials

have shown promise in this field, as they can be manipulated non-invasively, are easily

functionalized, and can be used to mechanically stimulate cells. By combining different

types of biomaterials (hydrogels, nanoparticles, electrospun fibers) and incorporating

magnetic elements, magnetic materials can provide multiple physical and chemical cues

to promote regeneration. This review, for the first time, will provide an overview of design

strategies for promoting regeneration after neural injury with magnetic biomaterials.

Keywords: biomaterials, magnetic nanoparticles, neural regeneration, iron oxide nanoparticles, nervous

system injury

INTRODUCTION

Nervous system injury caused by physical trauma to the brain, spinal cord, or peripheral nerves
results in loss of neural function. There are ∼17,000 new spinal cord injury (SCI) cases each year
in the United States, and <1% experience full neurological recovery (NSCISC, 2019). There are
an estimated 1.7 million new traumatic brain injury (TBI) cases each year in the United States
(Frati et al., 2017; Reis et al., 2017), with 50% experiencing long-term deficits (Frati et al., 2017).
While peripheral nerve injuries are more common and carry significant clinical relevance (Alvites
et al., 2018), incidence is difficult to estimate; however, ∼2–3% of Level I Emergency Department
intakes involve peripheral nerve trauma (Robinson, 2000). Successful nerve regeneration and full
functional recovery after severe nerve injury is rare, with few FDA-approved therapies available
for patients (Arslantunali et al., 2014). Innovative biomaterial-based therapies are rapidly emerging
for improving outcomes after nerve injury. Various hydrogels, nanoparticles, and fibrous materials
have been developed and explored by researchers to provide physical and chemical cues to cells,
promoting regeneration (Ziemba and Gilbert, 2017). In this review, for the first time, we summarize
recent advances in the design of magnetic biomaterials for promoting neural regeneration. First,
we describe the pathophysiology of traumatic injury in both the central nervous system (CNS)
and peripheral nervous system (PNS), as well as the properties of magnetic materials and their
importance in biomaterial design. We then highlight studies utilizing different strategies for neural
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regeneration with magnetic biomaterials, namely drug and gene
delivery, cell stimulation and transplantation, and combinations
of both. The review ends with a discussion about the challenges
that must be addressed before magnetic biomaterials as neural
injury therapies can become clinically feasible, and the direction
in which future studies in the field are headed.

Key differences exist between the CNS and PNS in their
response to injury, most notably the cellular response, changes
in the extracellular matrix (ECM), and capacity for functional
regeneration (Vargas and Barres, 2007; Huebner and Strittmatter,
2009; Alvites et al., 2018; Quraishe et al., 2018; Zigmond
and Echevarria, 2019). Here, we describe the typical events
following trauma to the CNS and PNS and their implications for
regenerative outcomes.

Central Nervous System Injury
Pathophysiology
CNS tissue is particularly limited in its capacity for regeneration
(Huebner and Strittmatter, 2009; Bollaerts et al., 2017). Following
SCI or TBI, a complex multicellular cascade is initiated, which
propagates damage for weeks to months after the initial trauma.
Physical trauma is sustained to the brain or spinal cord, resulting
in hemorrhage and necrosis of neurons and glia. The blood-brain
barrier (BBB) becomes compromised and an initially neutrophil-
mediated inflammatory response is mounted at the injury
epicenter (Karve et al., 2016; Reis et al., 2017; Ziemba and Gilbert,
2017; Zuidema et al., 2018; Albayar et al., 2019). Hours to weeks
post-trauma, persistent inflammatory events cause continued
insult to the tissue surrounding the injury site, known as
secondary injury. Recruited macrophages and resident microglia
polarize to predominantly an M1, or pro-inflammatory, state,
releasing inflammatory cytokines and reactive oxygen species
(ROS) as they phagocytose debris in the injury site (Popovich
et al., 1999; Karve et al., 2016; Bollaerts et al., 2017; Kong
and Gao, 2017; Reis et al., 2017; Ziemba and Gilbert, 2017).
Calcium homeostasis is also affected in response to changes in
BBB permeability, which, along with ROS and inflammatory
cytokines, leads to cell death via apoptosis of neuronal and glial
cells (Liu et al., 1997; Oyinbo, 2011; Karve et al., 2016; Frati et al.,
2017; Reis et al., 2017; Ziemba and Gilbert, 2017; Quraishe et al.,
2018). Axons proximal to the injury site become demyelinated,
as oligodendrocytes have a heightened susceptibility to toxic
factors (Casha et al., 2001; Almad et al., 2011). Distal axons are
lost due to Wallerian axonal degeneration, leading to further
oligodendrocyte apoptosis and accumulation of myelin debris
(Vargas and Barres, 2007; Burda et al., 2016; Frati et al., 2017).

Driven by theM1macrophage-microglial response, astrocytes
assume a reactive phenotype and promote the formation of an
astrogliotic scar around the injury site (Karve et al., 2016; Kong
and Gao, 2017; Liddelow and Barres, 2017; Alizadeh et al., 2019;
Bellver-Landete et al., 2019). The scar serves to physically seal
off the injury lesion and protect healthy tissue; however, it also
acts as a physical and chemical barrier which prevents axonal
regeneration through the injury site (McKeon et al., 1991; Karve
et al., 2016; Zuidema et al., 2018; Huang et al., 2019). Chondroitin
sulfate proteoglycans (CSPGs) are deposited in the ECM of the

scar, some of which act as potent inhibitors of axon outgrowth
and oligodendrocyte regeneration (Canning et al., 1996; Gilbert
et al., 2005; Quraishe et al., 2018; Alizadeh et al., 2019). Taken
together, these factors contribute to a chemical and physical
barrier that hinders neural regeneration at the injury site (Vargas
and Barres, 2007; Reis et al., 2017; Quraishe et al., 2018).

Peripheral Nervous System Injury
Pathophysiology
Distinct differences exist in the pathophysiological response
to trauma sustained to the PNS compared to the CNS.
These differences may explain why functional regeneration is
possible in the PNS (Vargas and Barres, 2007; Alvites et al.,
2018; Quraishe et al., 2018; Zigmond and Echevarria, 2019).
Peripheral nerve trauma first leads to demyelination of axons
by Schwann cells (Rotshenker, 2011; Menorca et al., 2013).
Unlike oligodendrocytes, which die by apoptosis upon loss of
contact with axons (Barres et al., 1993; Vargas and Barres,
2007), Schwann cells shift to a non-myelinating regenerative
phenotype, and proceed to produce neurotrophic factors and
recruit macrophages to the injury site (Vargas and Barres, 2007;
Rotshenker, 2011; Menorca et al., 2013). The blood-nerve barrier
(BNB) can become compromised, allowing macrophages into the
injury site, where they produce factors supporting Schwann cell
proliferation and phagocytosis of debris (Menorca et al., 2013).

Unlike CNS injury, in which proximal axons are progressively
demyelinated (Casha et al., 2001; Almad et al., 2011), minimal
proximal demyelination or degeneration is observed in the PNS,
and proximal neurons instead shift to a regenerative phenotype
(Menorca et al., 2013; Lutz et al., 2017; Alvites et al., 2018;
Zigmond and Echevarria, 2019). As the distal axon fragment
degenerates, Wallerian degeneration quickly occurs in the distal
segment, and myelin debris is cleared by macrophage and
Schwann cell phagocytosis to create a favorable environment for
axonal regeneration (Vargas and Barres, 2007; Rotshenker, 2011;
Alvites et al., 2018; Zigmond and Echevarria, 2019). By contrast,
oligodendrocytes in the CNS do not participate in the clearance
of myelin debris, entering apoptosis as the axon degenerates,
so, myelin debris removal is incomplete and occurs slowly in
the CNS (Vargas and Barres, 2007). Effective removal of myelin
debris is crucial for regeneration, as there are several myelin-
derived inhibitors of axon outgrowth (McKerracher et al., 1994;
Mukhopadhyay et al., 1994; Fournier et al., 2001; Vargas and
Barres, 2007; Zigmond and Echevarria, 2019).

Once debris has been cleared, Schwann cells proliferate,
due largely to macrophage-derived cues, and reconstruct the
ECM to form pathways for axons to regenerate. Schwann
cells further support regeneration by secreting pro-regenerative
growth factors and embedding neural cell adhesion molecules
in the endoneurial connective tissue. This is important because
functional re-innervation is dependent on the growth cone of
the regenerating axon reaching the endoneurial tube before
meeting its target. Axon outgrowth triggers a phenotypic switch
in Schwann cells, promoting a remyelinating phenotype as
regeneration occurs (Alvites et al., 2018).
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MAGNETIC MATERIALS AND THEIR
PROPERTIES

The natural regeneration process is unable to provide full
functional recovery after severe injury, even in the PNS where
regeneration is more successful than in the CNS. Biomaterial-
based strategies have been used in both the CNS and PNS to
provide local and sustained release of therapeutic molecules
as well as provide contact guidance for regenerating cells
(Nectow et al., 2012; Ziemba and Gilbert, 2017; Cangellaris and
Gillette, 2018). Magnetic nanoparticles (MNPs) have recently
been studied as potential biomaterial candidates for their wide
variety of biomedical applications: drug delivery, cell labeling and
targeting, magnetic resonance imaging (MRI) contrast agents,
hyperthermia ablation of tumor cells, and magnet-assisted
transfection (Gupta and Gupta, 2005). For neural regeneration
applications, MNPs have been studied as drug carriers and
cell actuators to generate magnetically responsive therapies that
can be non-invasively manipulated inside the body by external
magnets. This section will describe the properties of MNPs and
how they are important for designing biomedical therapies.

Magnetic properties arise from electrons spinning around the
nuclei of atoms and electrons spinning on their axes. The degree
to which a material is magnetic depends on the atomic structure
of the material and the temperature. In certain atoms, like
iron, nickel, and cobalt, magnetic dipoles generated by spinning
electrons do not cancel each other out, creating a permanent
dipole. The strength of the permanent dipole is termed the
magnetic moment, which is a measure of the capacity of the
dipole to align itself with an external magnetic field (Estelrich
et al., 2015; D’Agata et al., 2017).

A group of adjacent atoms that have their dipoles aligned
in the same direction is called a domain. A ferromagnetic
material has many domains that orient in different directions
but will align in the presence of an external magnetic field.
The magnetic properties of ferromagnetic materials change as
physical size is reduced. When the size of a ferromagnetic
material is lower than a critical diameter (usually around 100–
200 nm), the material becomes a single domain. By reducing the
diameter even further, the material becomes superparamagnetic
(Estelrich et al., 2015). Superparamagnetic materials do not retain
their magnetic properties when an external magnetic field is
removed, while ferromagnetic materials do. This is an important
property for biomedical applications as this prevents attraction
between particles, limiting particle agglomeration (D’Agata
et al., 2017). Due to their nanoscale size, superparamagnetic
nanoparticles can reach their saturation magnetization in the
presence of an external magnetic field, resulting in a high
magnetic moment. However, a particle’s magnetic moment is
partially dependent on its volume, with larger volume resulting
in a larger magnetic attraction. Therefore, larger particles that are
still within the superparamagnetic regime are preferred (Estelrich
et al., 2015). Nanoparticle size must also be considered in
terms of biocompatibility. Larger particles (diameter >200 nm)
are filtered by the spleen and eventually broken down by
phagocytic cells, while smaller particles (diameter <10 nm) are
rapidly removed via extravasation and renal clearance. Particles

ranging from 10 to 100 nm in diameter are usually optimal
for intravenous injection, since they are small enough to evade
the body’s reticuloendothelial system but also penetrate small
capillaries (Gupta and Gupta, 2005).

The most common magnetic materials used for biomedical
applications are the iron oxides magnetite (Fe3O4) and
maghemite (γ-Fe2O3). The two are very similar in structure, and
therefore have similar properties. They differ slightly in their
saturation magnetization values (92–100 emu/g for magnetite
and 60–80 emu/g for maghemite) and superparamagnetic
diameters (25 nm for magnetite and 30 nm for maghemite)
(Estelrich et al., 2015). Other magnetic materials, such as cobalt
and chromium, are highly toxic and therefore are commonly
avoided for use in biomedical applications. Iron-based metal
oxides such as CoFe2O4, NiFe2O4, and MnFe2O4 may be used
as the core of the nanoparticle to provide increased magnetic
susceptibility; however, non-permeable coatings are necessary to
prevent the toxic metals from leaching out into surrounding
tissue (McBain et al., 2008; Kudr et al., 2017).

Magnetite and maghemite are advantageous materials
because they exhibit chemical stability in physiological
conditions, low toxicity, and high magnetic susceptibility.
“Naked” superparamagnetic iron oxide nanoparticles (SPIONs)
are usually hydrophobic due to a thin layer of surfactant used to
synthesize stable particles in an aqueous solution, but particles
can be modified with tailored surface chemistry to further
improve their stability as well as offer functionalization with
ligands or drugs for specific biomedical applications (D’Agata
et al., 2017). The synthesis and surface functionalization of
magnetic nanoparticles has been extensively reviewed (Gupta
and Gupta, 2005; McBain et al., 2008; Estelrich et al., 2015; Hola
et al., 2015). This review will focus on the application of these
functionalization strategies for neural regeneration in both the
CNS and PNS.

MAGNETIC DRUG AND GENE DELIVERY
SYSTEMS FOR PROMOTING NEURAL
REGENERATION

Due to the many advantages of magnetic nanoparticles,
numerous strategies have been developed to use these particles
to deliver drugs or genes to specific cells. There are various
approaches that utilize the magnetic properties of SPIONs to
assist in drug or gene delivery: liposome or micelle encapsulation,
polymer coatings, and direct surface functionalization. The
following sections will focus specifically on using these delivery
systems for neural regeneration applications.

Drug Delivery to the Nervous System via
Magnetic Nanoparticles
Early studies using SPIONs for drug delivery in the nervous
system looked at how different magnetic liposomes and polymer-
encapsulated MNPs affect neurons in vitro. Kim et al. fabricated
magnetic liposomes from oleic acid-coated SPIONs with a
polyethylene glycol (PEG) chain attached to a phospholipid
tail. PC12 cells, a rat-derived cell line commonly used to
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study neuronal differentiation and growth, were exposed to
different concentrations of the liposomes for up to 5 d. The
magnetic liposomes increased neurite outgrowth in a dose-
dependent manner when in the presence of exogeneous nerve
growth factor (NGF). Phosphorylated ERK1/2 (associated with
the NGF signaling pathway), β-tubulin, and integrin β1 were also
upregulated when PC12 cells were incubated with the liposomes
and NGF (Kim et al., 2011). Another study looked at magnetic
microspheres fabricated by encapsulating magnetite particles
and NGF in alginate. Characterization of the release from the
microspheres showed that almost all the NGF was released
after 72 h. Microspheres were internalized by PC12 cells without
influencing viability or differentiation. To demonstrate spatial
control of the microspheres, a permanent magnet was placed on
the side of the well, attracting the microspheres to one location
after being added to the media. Morphological analysis of cells
at different distances from the magnet showed that an NGF
gradient was established, with the extent of neurite outgrowth
following the trend of the gradient (Ciofani et al., 2009). Zuidema
et al. directed primary rat dorsal root ganglion (DRG) neurite
outgrowth by creating a gradient of NGF released from MNPs.
SPIONs were coated with poly-L-lactic acid (PLLA) containing
3 ng/mL NGF. Release characterization showed there was an
initial burst release of 1.1 ng in the first 24 h, which then leveled
off, releasing nanograms of NGF for 7 d. They then combined the
NGF-MNPs with aligned PLLA microfibers to induce directed
neurite outgrowth preferentially on one side of the DRG, creating
a hybrid biomaterial system that alters neurite extension. The
NGF gradient was produced by holding a neodymium magnet
5mm away from the DRG body, attracting the NGF-MNPs.
The neurites extended along the fibers in either direction, but
were significantly longer on the side closest to the NGF particles
(Zuidema et al., 2015).

A major challenge to neural regeneration in both the
peripheral and central nervous systems is the local and sustained
delivery of bioactive factors. Systemic administration can be
toxic and growth factors are not stable for long periods after
injection. Conjugating growth factors to SPIONs has shown
to increase their half-life while also maintaining function. One
group was able to adsorb brain-derived neurotrophic factor
(BDNF) to 60 nm-diameter magnetite nanoparticles at 70%
efficiency. Using an in vitro model of the BBB, they showed
that an external magnet was able to induce transportation of
3.5 times more adsorbed BDNF via MNPs compared to free,
un-adsorbed BDNF across the in vitro BBB model. They also
showed that transport of the BDNF-MNPs did not interfere
with the integrity of their BBB model (Pilakka-Kanthikeel et al.,
2013). Another study looked at the conjugation of NGF toMNPs.
Marcus et al. coated maghemite nanoparticles with human
serum albumin and covalently attached a PEG linker terminated
with N-hydroxysuccinimide, which was used to covalently bind
∼70 NGF molecules per particle. Active NGF levels remained
constant for the NGF-MNPs over 7 d when cultured with PC12
cells, while free NGF (at same starting concentration as the NGF-
MNPs) completely degraded. The NGF-MNPs also increased
neurite length, the number of neurite branch points, and
expression levels of neuronal differentiation markers in the PC12

cells compared to free NGF at the same concentration (Marcus
et al., 2014). Ziv-Polat et al. compared the conjugation of three
different neurotrophic factors: NGF, glial-derived neurotrophic
factor (GDNF), and fibroblast growth factor-2 (FGF-2). SPIONs
were coated with gelatin that was functionalized with activated
double bonds to allow covalent binding of one of the three growth
factors. The neurotrophic factors conjugated to SPIONs showed
a significant increase in stability compared to the free factors
alone both in medium and in tissue cultures over the course of
10 d. The stability of GDNF conjugated to SPIONs increased
the most out of the three factors compared to its corresponding
un-conjugated factor. SPION-conjugated GDNF retained about
90% of its initial concentration as opposed to free GDNF, which
only retained 30% of its initial concentration. The GDNF-MNPs
also had the greatest effect on the onset of myelination in the
DRG cultures; myelin was detected 7 d earlier than in cultures
incubated with free GDNF and 21 d earlier than in control
cultures. Transmission electron micrographs (TEMs) show that
GDNF-MNPs were internalized by both neurons and Schwann
cells in the DRG cultures (Ziv-Polat et al., 2014).

When choosing a functionalization strategy, the target tissue
as well as the subject of therapeutic intervention should be
considered. Using drug-carrying MNPs to target the peripheral
nerve will require different modifications than particles designed
to pass the BBB or blood-cerebral spinal fluid (CSF) barrier.
These considerations will also vary based on the pathophysiology
of the target area; MNPs may enter the lesion site after
spinal cord injury or traumatic brain injury because of the
damaged vasculature at these areas, whereas particles delivering
an Alzheimer’s drug may need functionalization to allow for
receptor-mediated transcytosis through the BBB. The study by
Jeffery et al. shows thatMNPs delivered intravenously can localize
at the lesion site at both 15min and 6 h after hemi-section SCI
without magnetic field guidance, corresponding with blood-CSF
barrier damage (Jeffery et al., 2009). Kong et al. showed that
124-nm diameter polystyrene-coated magnetite particles will not
cross the BBB alone, but will under the influence of an external
magnet placed at the head of the mouse. Most of the particles
were cleared from circulation and localized in the liver and
spleen, but 30% of the particles were still localized in the brain
after 48 h (Kong et al., 2012). The next section will discuss the
different strategies for delivering drugs to the brain using MNPs.

Magnetic Drug Delivery Systems Targeting the Brain
Strategies to improve passage of pharmaceutical agents across
the BBB is an ongoing area of research. MNP-based approaches
have received a lot of attention because of their magnetic
susceptibility, improving site-specific delivery with the aid of
an external magnetic field. Several reviews summarize different
strategies to enhance the ability of MNPs to cross the BBB for
applications including MRI imaging and tumor hyperthermia
(Dilnawaz and Sahoo, 2015; Thomsen et al., 2015; D’Agata
et al., 2017). The combination of surface group functionalization
with the magnetic susceptibility of MNPs is also a promising
approach for drug delivery to the brain. Wen et al. and Aguilera
et al. tested the in vitro potential of a magnetic drug delivery
system to affect endothelial cells, a major component of the
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BBB. Wen et al. fabricated magnetic poly(lactide-co-glycolide)
(PLGA)/lipid liposomes with a quantum dot core coated with
PEG and conjugated with trans-activating transcriptor (TAT)
peptides. They were able to individually encapsulate the drugs
hesperidin, naringin, and glutathione within the liposomes with
loading capacities exceeding 10% and encapsulation efficiencies
exceeding 90%. The liposomes released 20–40% of each drug
within the first 24 h, and about 90% was released over the
course of 8 d. The TAT-conjugated liposomes exhibited a
slightly prolonged release compared to control liposomes. This
study demonstrated that bEnd.3 cells, an endothelial brain cell
line, accumulated higher levels of TAT-liposomes than control
liposomes; therefore, they claimed that the TAT-conjugated
liposomes will be more efficient at delivering drugs to the brain
in vivo (Wen et al., 2014). Aguilera et al. looked at the effect
of dopamine-loaded carboxymethyl cellulose-coated magnetite
nanoparticles on human lung microvascular endothelial cell
cultures. Nearly 40% of the dopamine was released in 1 h,
with the rest releasing more slowly over the course of 4 h.
The MNPs crossed the barrier of cells cultured on a transwell
without magnetic field stimulation and without altering the
barrier integrity (Aguilera et al., 2019). These studies demonstrate
that chemical surface modifications can improve MNP passage
through the BBB. Magnetic targeting with an external magnet
can further improve this efficacy in vivo. Examples of this are
described below.

The ability of SPIONs to enter the brain without disturbing
the integrity of the BBB is an important property for drug
delivery. The types of drugs that can cross the BBB without
modification is limited to small lipophilic molecules, while other
brain delivery strategies rely on transient loosening of brain
endothelial tight junctions (D’Agata et al., 2017). An external
magnetic field generated by a 0.5-T magnet held over the brain
for 1 h after intravenous injection allowed magnetic liposomes
to penetrate the BBB and be taken up by neural cells; however,
the mechanism behind this phenomenon is still unknown.
The study also demonstrated that intra-arterial injection of
the same liposomes loaded with magnetite nanoparticles and
paclitaxel increased the paclitaxel content in the brain by
1.5-fold, even though the intra-arterial dose was 10% of the
intravenous dose (Zhao et al., 2012). Another study compared
BBB crossing efficiency of MNPs with different magnetic field
strengths. Specifically, the effects of a positive- and negative-
pulsed magnetic field generated by electromagnetic coils was
investigated on delivery efficiency of dextran-coated magnetite
SPIONs loaded with osmotin across the BBB, as depicted in
Figure 1. A range of magnetic field conditions were tested,
namely coil currents of 3 or 6A, alternating frequencies of
0.5 or 1.0Hz, and exposure times of 5 or 10min. Significantly
more MNPs reached the brain when 6A, 0.5Hz, and a 10-
min exposure time was used than any other combination of
conditions. The MNPs did not produce any evidence of toxicity
in the brain nor did they disrupt the brain-endothelial barrier.
The particles were then tested in an Alzheimer’s mouse model.
The osmotin-conjugated MNPs were found to attenuate Aβ1–
42-induced memory dysfunction, synaptic disorder and tau
hyperphosphorylation in the hippocampus (Amin et al., 2017).

These studies demonstrate that the method of administration
and type/amount of magnetic field stimulation (static vs. pulsed,
frequency, and strength) impact the efficiency ofMNP delivery to
the brain. This idea is also relevant for targeting the spinal cord,
as explained below.

Magnetic Drug Delivery Systems Targeting the

Spinal Cord
There are currently no studies that deliver drugs via MNPs to
the spinal cord to promote regeneration after injury, but two
studies demonstrate the potential of MNPs for this application.
A preliminary study using MNPs in a T10 contusive SCI
model showed that PEG-chitosan liposomes loaded with SPIONs
injected via caudal vein could pass the blood-CSF barrier. This
study also showed that liposome functionalization with the TAT-
peptide increased the number of liposomes at the injury site. This
occurred without the aid of an external magnetic field, most likely
due to the compromised blood-CSF barrier that is found after
injury (Wang et al., 2010). Another study looked at the effects
of external magnetic field stimulation on MNPs in the spinal
cord lesion. SPIONs were embedded in a 3% agarose hydrogel
and implanted after complete transection of the spinal cord at
the T11 vertebra. Beginning 24 h after injury, rats were exposed
to a 17.96 µT, 50Hz magnetic field for 2 h daily for 5 weeks.
The lesion volume decreased by 58% in groups treated with both
SPIONs and external magnetic field stimulation. Rats in this
treatment group also showed improved functional recovery at
each weekly timepoint; they had improved limb function, balance
and stepping coordination, and sensitivity to thermal stimuli.
This group also exhibited spontaneous bladder evacuation after
11 d, significantly earlier than any of the other groups. This
study also showed that SPION exposure to the glioblastoma U87
cell line with a hydrogen peroxide insult improved cell viability
from 44 to 75%, demonstrating the antioxidant effects of the
particles (Pal et al., 2013). These two studies show the promise
of MNPs for drug delivery after SCI, but more work is needed
to understand the mechanisms behind magnetic field stimulation
in addition to MNP delivery. MNP localization with an external
magnet was demonstrated in peripheral nerves, as described in
the next section.

Magnetic Drug Delivery Systems Targeting Peripheral

Nerves
Marcus et al. tested whether MNPs could be directed and
localized to peripheral nerves in vivo. NGF was conjugated to
maghemite nanoparticles with a functionalized PEG linker. The
NGF-MNPs were injected directly to the sciatic nerve and a
1-T magnetic tip placed 0.5 cm away from the injection site
was positioned at a specific location along the nerve for 5min.
Dissection and staining of the nerve showed clear accumulation
of MNPs at the location the magnetic tip was placed. Next, mice
were given intravenous injections of the NGF-MNPs, while a 0.5-
T magnet was placed near the eye for 30min. Presence of the
external magnet increased the number of MNPs in the retina by
2.5-fold, and even showed significantly higher numbers in the
retina closest to the magnet compared to the opposite retina.
The MNPs were also found in the liver and spleen, but not in the
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FIGURE 1 | Republished with permission of RSC Pub and the Royal Society of Chemistry from Amin et al. (2017) via Copyright Clearance Center. Schematic

representation of the differential effects of the functionalized magnetic field on the transport of magnetic particles across the intact BBB in normal mice. The

functionalized magnetic field was generated using an electromagnetic actuator, and a 10-min exposure time was used for each experiment. The magnetic particles

successfully crossed the BBB and reached the brain under all observed functionalized magnetic field conditions. No histological changes or neurotoxicity in the brain

was observed after the experiments. Moreover, BBB integrity was not disrupted by magnetic particle administration and the functionalized magnetic field.

kidney, lungs, or brain (Marcus et al., 2018). Giannaccini et al.
used polyethylenimine (PEI)-coated iron oxide nanoparticles
to deliver both NGF and vascular endothelial growth factor
(VEGF). Both types of functionalized particles were loaded into
a 5mm synthetic silicon conduit, which was then implanted and
sutured into a 5mm lesion created on a rat median nerve. For
magnetic targeting, a 1.5mm long piece of magnetic tape was
secured at the center of the conduit, keeping the NGF- and
VEGF-MNPs at the center. Only 100 ng of NGF and 5.6 ng of
VEGF conjugated toMNPs showed improved nerve regeneration
and motor function recovery, whereas nerves treated with the
same concentration of free factors had no improvement from
the control. Analysis showed that macrophages were the most
prevalent cell type engulfing the MNPs in the first week, but most
MNPs were found in Schwann cells by the third week after injury
(Giannaccini et al., 2017). Placing the magnetic tape around the
center of the conduit seemed to create a growth factor gradient

that promoted cell migration to bridge the lesion and regenerate
the tissue, demonstrating the advantages of precise spatial control
offered by MNPs. This spatial control is also advantageous for
gene therapies, allowing cells to be transfected faster and more
efficiently in vitro and for delivery to specific tissue regions in
vivo, as detailed below.

Gene Delivery to the Nervous System via
Magnetic Nanoparticles
Using MNPs as nucleic acid vectors to deliver nucleic acids
under the influence of an external magnetic field is termed
“magnetofection.” This technique has many benefits, including
an improved dose-response relationship, increased delivery
rates, and spatial control of delivery. Details on different
formulations, techniques, and mechanisms of magnetofection
have been thoroughly reviewed (Plank et al., 2011). To briefly
highlight the benefits of magnetofection for neural regeneration
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applications, many studies originally relied on viral vectors for
gene delivery to neural stem and progenitor cells; however, viral
transfection is often associated with toxicity, inflammatory, and
oncogenic risks, as well as non-specific cellular uptake (Puhl
et al., 2019). Magnetofection has enabled successful transfection
of oligodendrocyte precursor cells and neural stem/precursor
cells (Jenkins et al., 2011; Pickard et al., 2011; Adams et al.,
2016). As gene and cell therapies improve in efficacy and
affordability, magnetofection may become paramount to the
neural regeneration field.

Gene delivery to the brain is difficult because non-viral
methods exhibit low transfection rates and viral vectors are
usually incapable of crossing the BBB as well as risk causing
an inflammatory and/or immune reaction (Niu et al., 2017).
Soto-Sánchez et al. showed that neurons and other cells in the
brain could be robustly transfected with a plasmid coding for
yellow fluorescent protein (YFP) complexed with commercially
available, positively charged iron oxide nanoparticles. A magnet
was held underneath the head of the mouse for 20min after
magnetocomplexes were directly injected into the cerebral cortex.
The percentage of neurons expressing YFP 3 d post-injection
was 95%, and this dropped only slightly to 86% after 30 d.
Animals injected with the naked plasmid showed no fluorescent
signal at all. Viral vectors have a limited packaging capacity
and therefore cannot carry large sequences of genetic material,
whereas this study demonstrated that magnetocomplexes can
deliver large sequences of genetic material to transfect neurons
efficiently in vivo (Soto-Sánchez et al., 2015). Another study
used oleic acid-coated magnetite nanoparticles conjugated with
NGF via an N-isopropylacrylamide linker as a carrier for a short
hairpin RNA (shRNA) against α-synuclein (α-syn) for treatment
of Parkinson’s disease. MNPs were injected intraperitoneally in
an MPTP-induced Parkinson’s mouse model and after 2 d, the
number of α-syn-positive neurons decreased. MNP delivery of α-
syn shRNA also improved mice behavior; distance traveled and
total ambulation time and speed reached the levels of control
mice (Niu et al., 2017). These studies demonstrate the potential
of MNPs for improving gene delivery efficacy in vivo. A summary
of the different in vivo drug and gene delivery studies is provided
in Table 1.

Magnetic Nanoparticle-Mediated Cell
Manipulation
Another area of research focuses on the interface between MNPs
and cells, since cell transplantation therapies for neural injury
are heavily investigated. One challenge for cell transplantation
therapy is cell retention; transplanted cells must remain present at
the injury site to be therapeutically effective. MNPs can be used to
non-invasively guide cells to a lesion and prevent their migration
away from the lesion using an external magnetic field. There
are two general strategies that use MNPs to stimulate neural
regeneration by manipulating cells: (1) magnetic cell guidance
and (2) magnetic cell transplantation (Figure 2). For magnetic
cell guidance, MNPs are injected in vivo and guided to a location
of interest with an external magnet. The magnet is held at the
location, i.e., the injury site, where the local cells either bind to or

endocytose the particles. The magnetically labeled cells can then
locally deliver drugs and/or be used as local mechanical stimuli.
The MNPs create mechanical tension in response to a static
magnetic field gradient or an alternating/pulsed magnetic field to
either direct or stimulate cell growth, respectively (Figure 2A).

Magnetic cell transplantation differs in that a specific cell type
is isolated and cultured in vitro, labeled with MNPs, and then
injected in vivo. Following injection, cells are guided to the injury
site via use of an external magnet. This approach allows the
cell injection to be at an easily accessible location, since direct
cell transplantation for nerve injury often requires an invasive
procedure that risks further tissue damage. There can also be
greater transplanted cell retention at the injury site due to the
external magnetic actuation of the labeled cells (Figure 2B).

Magnetic Nanoparticle-Induced Cell
Guidance
Early studies in the field focused on how MNPs interact with
neurons in vitro. Marcus et al. compared the interactions between
PC12 cells and four different MNP types: uncoated magnetite
SPIONs, uncoated maghemite SPIONs, starch-coated magnetite
SPIONs, and dextran-coated magnetite SPIONs. Each particle
had a hydrodynamic diameter of 100 nm. Cells were incubated
with concentrations ranging from 0.01 to 0.25 mg/mL. Uncoated
magnetite and starch-coated SPIONs were found bound to the
outside of the cell membrane, uncoated maghemite SPIONs
were internalized by cells, and the dextran-coated SPIONs did
not interact with the cells. Uncoated maghemite SPIONs were
detected inside cells after 1 h, with maximal loading after 24 h.
Cell labeling via maghemite SPION internalization showed no
effect on the PC12 cells’ ability to differentiate and extend
neurites. When a 0.3 T magnetic tip was placed in the center
of a 35mm culture plate for 3 d, 70% of the labeled cells were
found within 3mm of the magnetic tip, demonstrating the ability
of SPION-labeled cells to migrate toward an external magnet
(Marcus et al., 2016).

Riggio et al. compared the abilities of 73-nm PLL-coated
magnetite SPIONs fabricated in house and commercially
available fluidMAG-ARA particles produced by Chemicell to
guide cell migration toward an external magnet. The ARA
particles are composed of a 10 nm maghemite core coated with
glucuronic acid. To better control the comparison, the group
covalently bound PLL to the ARA-MNPs to create a particle
with a hydrodynamic radius of 200 nm, the same hydrodynamic
radius as the PLL-SPIONs. At a concentration of 10µg/mL,
both types of MNPs attached to the cell membrane and were
internalized by SH-SY5Y cells (human neuroblastoma cell line)
after 24 h. Both particles were also able to induce migration of
the cells toward a neodymium cube magnet. The cells labeled
with the homemade SPIONs were more densely populated
closer to the magnet than cells labeled with the commercially
available particles, potentially due to the higher magnetization
saturation of the homemade particles (Riggio et al., 2012). Alon
and colleagues also studied the ability of SPIONs to label PC12
cells and direct their migration. They exposed PC12 cells to
600µg/mL gelatin-coated maghemite SPIONs for 24 h, then
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TABLE 1 | Summary of in vivo magnetic drug and gene delivery systems used to promote neural regeneration.

Target tissue Functional coating

(dry diameter; wet diameter)

Drug or gene delivered Magnetic stimulation Application References

Brain OQCMC and cholesterol

liposomes (20 nm; 74 nm)

Paclitaxel 0.5 T magnet held over the

brain for 1 h

Chemotherapy Zhao et al., 2012

Brain Polystyrene

(10 nm; 124 nm)

Ibuprofen 0.63 T magnet secured to

the animal’s head

None Kong et al., 2012

Brain NeuroMag transfection agent

(184 nm; 196 nm)

EYFP-channel rhodopsin

plasmid

Magnet held beneath the

brain for 20min

Channel rhodopsin gene

therapy

Soto-Sánchez et al., 2015

Brain N-isopropylacrylamide and NGF

(112 nm; 290 nm)

shRNA against α-syn None Parkinson’s disease Niu et al., 2017

Brain Dextran

(90 nm; 350 nm)

Osmotin 6A, 0.5Hz magnetic field Alzheimer’s disease Amin et al., 2017

Spinal cord None; embedded in agarose gel

(6.5 nm; 50 nm)

None 50Hz, 17.96 µT for

2 h daily

Complete spinal cord

transection

Pal et al., 2013

Peripheral nerve PEI

(25 nm; 70 nm)

NGF and VEGF Magnetic tape wrapped

around conduit

Median nerve transection Giannaccini et al., 2017

Peripheral nerve PEG

(18 nm; 100 nm)

NGF 1T magnetic tip placed

0.5 cm away from injection

site

Sciatic nerve injury Marcus et al., 2018

OQCMC, octadecyl quaternized carboxymethyl chitosan.

plated the cells on a ferromagnetic patterned substrate. Magnetic
“hot spots” were generated by 350 mT bar magnets placed
throughout the substrate. After 5 d of culture, the PC12 cells were
preferentially distributed around the magnets, while non-labeled
cells were homogeneously distributed over the substrate (Alon
et al., 2015). Magnetic actuation has been utilized to achieve
more complex cell patterning in other tissue engineering fields.
Curved, parallel, and crossing lines of single cells as well as 3D
structures have been made with this type of technique (Sensenig
et al., 2012). Future studies with neural and glial magnetic cell
patterning are needed to create more complex scaffolds for neural
regeneration purposes.

Riggio et al. looked at how an applied magnetic field
affects the orientation of PC12 cell neuronal growth processes
following exposure to NGF-functionalized SPIONs. Magnetite
SPIONs (25 nm diameter core) were first coated with PEI, then
functionalized via NGF conjugation. The SPIONs were added to
culture at 10µg/mL and incubated for 24 h to allow interaction
and induce differentiation of the PC12 cells. A cylinder magnetic
applicator was then used to provide a constant magnetic field
gradient of 46.5 T/m in the radial direction for 3 d. The
results show that the neurites grow preferentially in the direction
of the magnetic force; however, neither the SPIONs nor the
magnetic field alone had an influence on the direction of neurite
growth. Additionally, the neurites of cells treated with SPIONs
and exposed to the magnetic field were 38% longer than those
cultured without SPIONs and the magnetic field (Riggio et al.,
2014). Primary leech neurons were also shown to extend neurites
preferentially along a magnetic field gradient when incubated
with uncoated maghemite SPIONs (Marcus et al., 2016).

Pita-Thomas and colleagues more specifically studied
filopodial elongation of neurites by functionalizing MNPs with
specific moieties to bind to surface molecules of retinal ganglion
cells. Cholera toxin B and anti-Thy1 antibody were chemically

coupled to 40-nm diameter SPIONs to target GM1-ganglioside
and Thy1, respectively. They found that significantly more
functionalized SPIONs were attached to retinal ganglion cell
growth cones compared to non-functionalized SPIONs. Further,
SPIONs remained bound to the cell membrane without being
internalized. The group fabricated an electromagnetic rod with
a fine tip that was placed ahead of the growth cone at a 45◦

angle while physically contacting the cell culture dish. The forces
produced by the bound SPIONs at the filopodia tips in response
to the magnetic field resulted in almost immediate elongation
of the filopodia. Elongation occurred with forces as little as 3–6
pN and at 20 times the rate of normal elongation. However,
elongated filopodia retracted to their original position upon
removal of the magnetic force. The magnetic tip was then coated
with laminin to bind the filopodia and hold it in its extended
position, but this also failed to induce growth cone advance
(Pita-Thomas et al., 2015). This study highlighted the complexity
of filopodia function and the need for discovery of additional
signaling pathways/structural components in filopodia that
promote growth cone advance to design MNPs capable of
inducing these pathways.

There are few studies that inject MNPs in vivo with the
intention of engulfment by a specific cell type to elicit a response.
Jain et al. fabricated negatively charged magnetic liposomes
with soya lecithin, cholesterol, and phosphatidyl serine that
encapsulated dextran-coated magnetite SPIONs and the anti-
inflammatory drug diclofenac sodium. Additionally, liposomes
were functionalized with the RGD peptide, with the goal of
delivering the drug to the brain after being engulfed and carried
by blood phagocytes like neutrophils and monocytes. To first
test whether these cells phagocytosed the liposomes in vivo,
liposomes were injected intravenously through the caudal vein
and an 0.8 T magnetic field was applied to the selected target
portion of the tail. After 2 h, blood samples were collected from
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FIGURE 2 | MNP-mediated cell manipulation strategies. (A) MNPs are injected intravenously into the animal and an external magnet is used to localize the particles at

the injury site. Local cells at the injury site internalize MNPs via endocytosis. MNPs elicit local mechanical forces in response to external magnetic field stimulation,

inducing axonal extension or glial cell migration into the lesion. (B) Cells are cultured in vitro and labeled with MNPs. These cells are then injected into the animal and

guided to the injury site with an external magnet. Once in the lesion (red area), cells can release regenerative factors to promote regeneration.

the tail segment of the caudal vein where the magnetic field was
applied, and the collected cell types were sorted and counted.
There was a significant increase in the relative number of
neutrophils and monocytes in animals treated with RGD-coated
magnetic liposomes compared to non-magnetic liposomes and
uncoated magnetic liposomes. To assess the liposomes’ ability to
deliver the anti-inflammatory drug to the brain, animals received
an intra-striatal microinjection of human recombinant IL-1β to
produce an inflammatory brain model. Liposomes were then
administered via caudal vein at 1 mg/kg body weight and the

0.8 T magnetic field was applied near the brain of the animal
for 4 h. Analysis of the relative percentage of drug found in
various organs after magnetic field stimulation showed that when
free drug was intravenously administered, only ∼2% reached
the brain. This increased to ∼21% in animals treated with
RGD-coated magnetic liposomes (Jain et al., 2003). Directed
cell guidance in vivo is advantageous because it utilizes native
cells, avoiding immunology issues associated with xenogenic
and allogenic cell transplantation; however, this strategy has
not been fully explored. Most in vivo work has focused on
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magnetic cell transplantation as a therapy for neural injury,
since many believe additional cells are needed to replenish
those lost at the time of injury, either by repopulating the
specific cell types or by secreting factors to increase proliferation
and growth.

Magnetic Nanoparticle-Labeled Cells for
Transplantation
Cell transplantation therapies have shown promise for enhancing
neural repair and regeneration in animal models of nerve injury.
Transplanted stem cells promote regeneration by secreting
growth factors and other signaling molecules to improve cell
migration and proliferation in the lesion. Stem cells are also
advantageous in that they are self-renewing and can differentiate
into many cell types, helping to repopulate lost cells at the
injury site. Mesenchymal stem cells (MSCs) are multipotent
stem cells that have been shown to provide neuroprotection
and promote regeneration in vivo. MSCs are ideal candidates
for transplantation therapies because they are relatively easy
to isolate and preserve, are found abundantly in many tissues,
and display low immunogenicity (Dasari et al., 2014). Bone
marrow derived-MSCs (BMSCs) can be differentiated into
neuronal-like cells in vitro and then labeled with 25µg/mL
SPIONs (Resovist—FDA-approved MRI contrast agent) without
affecting their viability or differentiation state (Zhang et al.,
2014). Human umbilical cord-derived MSCs have also been
labeled with FDA-approved SPIONs (Feridex) at 22.4mg Fe/mL
without affecting cell viability. These cells were injected into a
rat spinal cord and tracked with MRI over 14 d (Hu et al.,
2009). More work is needed to determine if the MSC source
produces different outcomes in nerve injury models. The culture
conditions, however, of MSCs in vitro before transplantation
were shown to impact their efficacy in vivo. Magnetically-labeled
MSCs cultured in spheroids were compared to labeled MSCs
cultured in a traditional 2D monolayer. The cells were injected
into microporous PLA nerve conduits implanted to bridge a
transected rat sciatic nerve and then tracked with MRI. MSCs
derived from 2D culture migrated to the proximal and distal
portions of the injured nerve, whereas more spheroid-derived
MSCs were found at the epicenter of the conduit after 10
d. Animals treated with spheroid-derived MSCs also had the
shortest nerve connection time. Interestingly, spheroid-derived
MSCs could continue to be tracked with MRI up to 31 d, but
2D culture-derived cells could not (Tseng and Hsu, 2014). More
work is needed to determine if the cell response to magnetic field
stimulation differs in spheroid-derived or 2D culture-derived
transplanted MSCs.

MSCs have shown notable potential for improving
regeneration after SCI, so the majority of magnetically-labeled
cell transplantation studies for SCI utilize MSCs. One approach
to magnetic cell targeting is implanting a magnet in the para-
vertebral muscles at the specific site of SCI. MSCs labeled with
SPIONs and administered via intrathecal injection were able to
migrate through the CSF and aggregate near the magnet implant
(Nishida et al., 2006; Vaněček et al., 2012). BMSCs labeled with
25 µg Fe/mL Feridex were injected into the subarachnoid space
after T7 contusion SCI and were found to aggregate around a
magnet implant in the paravertebral muscles after 1 d. The Basso,

Beattie, and Bresnahan (BBB) locomotor test score of the magnet
group significantly improved and the lesion area in the magnet
group was significantly smaller than the non-magnet group 4
weeks after transplantations (Sasaki et al., 2011). Tukmachev
et al. developed a two-magnet system placed on a ring-shaped
holder with alike poles facing toward each other to generate a
“trapping zone” at the lesion site, shown in Figure 3. PLL-coated
SPIONs (140 nm hydrodynamic diameter) were used to label
MSCs. One week after SCI, a half million cells were injected
intrathecally 10 cm from the lesion and the magnetic system
was applied for 2 h. Most of the cells were concentrated at the
lesion and had even infiltrated the tissue, whereas the absence
of the magnetic trapping system resulted in an even distribution
of labeled cells throughout the spinal cord (Tukmachev et al.,
2015). An external magnet was also able to guide MSC migration
to the lesion in another study by Zhang et al. MSCs were labeled
with 50 µg Fe/mL Resovist and injected into Sprague-Dawley
rats via lumbar puncture 7 d after T7-8 contusion SCI. A
neodymium magnet was secured externally over the SCI with
medical adhesive tape. The BBB scores of the animals with the
magnetic guidance were significantly higher than MSCs injected
with no external magnet present after 35 d (Zhang et al., 2015).
To determine the effect of pulsed magnetic field stimulation
on magnetically-labeled MSCs, PEG-PE micelles containing
magnetite SPIONs were incubated with MSCs at 5µg/mL for 6 h,
then injected at the caudal and cephalad portions of the injured
site 7 d after T9 contusion SCI. Rats were then treated with a
50Hz, 1 mT electromagnetic field for 5 h daily. Rats that were
treated with magnetically-labeled MSCs had significantly higher
BBB locomotor scores when exposed to the pulsed magnetic field
after 4 weeks (Cho et al., 2013).

One clinical study has been conducted using magnetically-
labeled MSCs. Autologous bone marrow CD34+ cells were
extracted from patients with chronic SCI, labeled with MNPs,
and delivered to the spinal cord via intrathecal transfusion. The
labeled cells were detectable by MRI 35 d after injection in half of
the patients in that group, whereas magnetic beads injected alone
(no MSCs) were not detectable at all. The MRI showed that the
labeled cells migrated to the injury site, even in the absence of an
external magnetic field (Callera and de Melo, 2007). This study
is the first step toward using magnetically-labeled cells to treat
neural injury in humans.

Neural stem cell (NSC) transplantation has also shown
promise, particularly for improving neural regeneration in the
brain. Primary mouse NSCs were labeled with MNPs in vitro
with 95% labeling efficiency and ∼5.7 pg Fe/cell. Oleic acid-
coated magnetite SPIONs were encapsulated in PLA with a
polyvinyl alcohol coating to create MNPs with tunable amounts
of magnetite. The labeled NSCs were able to differentiate
into neurons, oligodendrocytes, and astrocytes. The ability of
the MNPs to localize labeled NSCs was assessed in a flow
system with an applied magnetic field; cells in suspension were
pumped through a tube with a magnet placed at the center.
Basal cell retention (cells labeled with non-magnetic particles)
was ∼18%, while magnetically-labeled cell retention was ∼68%
with 50 wt% magnetite content MNPs. Particles with 30%
magnetite content only exhibited 40% cell retention at the
magnet in the tube (Adams et al., 2015). Bulte et al. successfully
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FIGURE 3 | Republished with permission of RSC Pub and the Royal Society of Chemistry from Tukmachev et al. (2015) via Copyright Clearance Center. Magnetic

system for MSC targeting into SCI. (A) In vivo application of the non-invasive magnetic system for MSC targeting into SCI of a rat. (B) Schematic representation of the

magnetic targeting strategy.

labeled NSCs with maghemite SPIONs stabilized by carboxyl-
terminated poly(amidoamine) dendrimers. Primary rat NSCs
were stimulated to differentiate into oligodendrocyte progenitors
and then labeled with MNPs at 25 µg Fe/mL for 24 h. These
cells were then injected into both lateral ventricles of neonatal
Long Evans shaker rats, animals that have a defect in the gene
encoding for myelin basic protein. The labeled cells migrated
into the brain parenchyma and were able to form new myelin
(Bulte et al., 2001).

In a focal cerebral ischemia rat model, increased numbers of
SPION-labeledNSCs injected via tail vein were found in the brain
when a 0.32 T neodymium magnet was secured to the outside of
the skull near the ischemic damage for 7 d. The concentration of
iron was estimated to be 260 pg/cell, which did not affect viability
or differentiation state of the NSCs (Song et al., 2010). Yun
et al. showed that zinc-doped ferrite MNPs (ZnMNPs) activate
zinc-mediated Wnt signaling in NSCs, facilitating neuronal
differentiation. Their group fabricated 15-nm diameter ZnMNPs
and labeled NSCs with ∼4.6 pg/cell. Brain stroke was induced
with a middle cerebral artery occlusion and magnetically-labeled
NSCs were injected via the right internal carotid artery. A 1T
neodymium magnet was secured to the rat’s head to direct the
migration of the labeled-NSCs into the cortex and sub-cortex.
After 5 d, cells without magnetic guidance were found in the
olfactory bulb and corpus callosum, while cells with magnetic
guidance were found in the cortex. Additionally, the number of
viable cells delivered to the brain in the magnetically targeted
group was 60-fold larger than the non-magnetically targeted
group. The magnetically-labeled cells also exhibited a 2.5- and
2.2-fold increase in NGF and neurotrophin-3 (NT-3) secretion,
respectively. The animals that received magnetically-labeled
NSCs and external magnetic guidance had ∼20% decrease in
locomotor impairment score 3 weeks after transplantation (Yun
et al., 2018). These studies demonstrate the ability of SPIONs
to successfully label NSCs without affecting their stemness or
viability, as well as the benefits of magnetically-labeled NSCs for
improving neural regeneration.

Various mature cells are also studied for therapeutic
transplantation in addition to stem cells; supporting glia like
Schwann cells and olfactory ensheathing cells (OECs) are among
the heavily investigated. One study showed that Schwann cell
migration patterns could be directed with a 1.4 T neodymium
magnet by labeling the cells with PLL-coated SPIONs (25 nm
diameter). The investigators then tested whether this system
could be used to improve Schwann cell migration into a
culture of astrocytes, since Schwann cells transplanted into an
injured spinal cord display poor migratory ability within the
astrocyte-rich CNS. The number of magnetized Schwann cells
that migrated onto an astrocyte monolayer in vitro increased
2.55-fold with the presence of a magnetic field compared to
without field stimulation (Huang et al., 2017). In another study,
primary rat Schwann cells cultured in a biodegradable chitosan-
glycerophosphate polymer embedded with 28 nm diameter
magnetite SPIONs were found to proliferate more when exposed
to a 2-mT, 50-Hz magnetic field than without the presence
of an external magnetic field. Additionally, the magnetic field
stimulation increased Schwann cell expression and secretion of
BDNF, GDNF, NT-3, and VEGF when cultured on the magnetic
nanocomposites (Liu et al., 2014). The group continued this work
by preparing a conduit filled with Schwann cells embedded in the
magnetic nanocomposite scaffold. The scaffold was implanted
to bridge a 15mm long sciatic nerve gap and the animals were
exposed to a 2 mT, 50Hz magnetic field for 2 h daily. After
12 weeks, the number of myelinated axons in the nerve graft
increased and better motor functional recovery was observed in
animals that received magnetic stimulation with a Schwann cell-
embedded conduit (MG+SCs+MF) compared to those without
magnetic field stimulation (MG+SCs) or without Schwann cells
(MG, MG+MF) (Liu et al., 2017). Two other studies were able to
successfully label OECs with SPIONs and show their migration
can be directed with an external magnet in vitro (Riggio et al.,
2013) and tracked with MRI in vivo (Lee et al., 2004).

Table 2 summarizes the studies that have used SPIONs and a
magnetic field to manipulate cells in vivo. Overall, most studies
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examining magnetized cells in vivo have used SPIONs as a
contrast agent for MRI to track cell migration/position. The in
vitrowork and the few preliminary in vivo studies using magnetic
field stimulation discussed here show the potential for SPION-
assisted cell manipulation for promoting neural regeneration, in
addition to improving image tracking and resolution. The diverse
functions of SPIONs render them useful tools, but few have
combined these functions to create a more powerful therapeutic
intervention that addresses multiple aspects of regeneration. The
following section will detail the few studies that have combined
multiple biomaterial strategies with SPIONs and magnetic field
stimulation to promote neuronal growth.

Magnetic Composite Biomaterials as a
Hybrid Approach for Neural Regeneration
Neural regeneration post-injury is a complex process involving
many cell types and a pathophysiology timeline that requires
different treatment strategies. For this reason, traumatic nerve
injury in both the CNS and PNS is often very debilitating and
difficult to treat. Biomaterial and cell therapy approaches are
extensively studied, but the lack of significant success in animal
models and clinical trials is likely because these approaches
only target one or two aspects of the regeneration process, i.e.,
targeting one cell type or one time point in the repair and
regeneration timeline. Research in this field is moving toward a
hybrid approach, where multiple strategies are used together to
target multiple cell types and time points.

Composite constructs often consist of hydrogels with
either magnetic particles embedded within the hydrogel
network (Figure 4A) or fibers that were electrospun with

MNPs (Figure 4B). These composite materials are promising
approaches for neural regeneration, as both types allow for
non-invasive alignment via an external magnetic field of either
particles or fibers, which provide topographical cues to direct
neurite outgrowth. MNPs are easily functionalized with drugs,
antibodies, or nucleic acids, or these therapeutics can be
incorporated into polymer coatings on the surface of the MNPs
to extend release. FunctionalizedMNPs can then be incorporated
into a hydrogel or fibers to combine topographical cues with
therapeutic molecule delivery. Different therapeutic molecules
can also be incorporated into the different materials (gel, particle
coating, polymer fibers) so that they are released at rates that
align with certain physiological time points. For example, an
anti-inflammatory can be mixed in the hydrogel solution so that
it is acutely released during the initial stage of inflammation
after injury, while a neurotrophic drug can be incorporated
into a polymer fiber to be released over weeks while damaged
axons regrow. The following studies demonstrate the diversity of
composites that can be fabricated.

Antman-Passig and Shefi embedded SPIONs in a collagen
liquid suspension that was then allowed to solidify in a static
magnetic field. They controlled the aggregation of the particles in
the gel by tuning the gelation rate and the strength of the external
magnetic field, forming strings of magnetic particles that follow
the magnetic field lines (depicted in Figure 4A). Antman-Passig
and Shefi were also able to alter the magnetic particles and
gel formation dynamics to achieve alignment of the collagen
fibers as they formed. To achieve this, uncoated magnetite
and maghemite particles with 50 or 100 nm hydrodynamic
diameters were compared as well as dextran, starch, or citric acid

TABLE 2 | SPION-assisted cell manipulation in vivo.

Cell type Functional coating Cell guidance or

transplantation

Magnetic stimulation Application References

Macrophages RGD-anchored liposomes

carrying dextran-coated

SPIONs

Magnetic cell guidance 0.8 T magnet held at the

brain

Drug delivery to the

brain

Jain et al., 2003

Mesenchymal stem

cells

Dextran* Magnetic cell transplantation 380 mT magnet implanted

in paravertebral muscles

T7 contusion SCI Sasaki et al., 2011

Mesenchymal stem

cells

PLL Magnetic cell transplantation 1.2 T magnet implanted in

paravertebral muscles

T8-9 contusion SCI Vaněček et al., 2012

Mesenchymal stem

cells

PEG-PE micelles Magnetic cell transplantation 1 mT, 50Hz magnetic field

for 5 h daily

T9 contusion SCI Cho et al., 2013

Mesenchymal stem

cells

PLL Magnetic cell transplantation 1.2 T magnets held over

lesion

T10 contusion SCI Tukmachev et al., 2015

Mesenchymal stem

cells

Carboxy-dextran** Magnetic cell transplantation Magnet externally secured

at lesion

T7-8 contusion SCI Zhang et al., 2015

Neural stem cells Dextran* Magnetic cell transplantation 320 mT magnet secured to

the animal’s head

Focal cerebral

ischemia

Song et al., 2010

Neural stem cells PLL ZnMNPs Magnetic cell transplantation 1 T magnet secured to

animal’s head

Middle cerebral artery

occlusion

Yun et al., 2018

Schwann cells None; embedded in

chitosan-glycerophosphate

scaffold

Magnetic cell transplantation 2 mT, 50Hz for 2 h daily Sciatic nerve

transection

Liu et al., 2017

Studies that utilize an external magnetic field in addition to magnetized cells were included. *Feridex is a solution of dextran-coated SPIONs and was used for this study. Feridex was

approved by the FDA in 1996 as a liver imaging contrast agent, then was discontinued due to lack of sales in 2008. **Resovist is a solution of carboxy-dextran-coated SPIONs and was

used for this study. Resovist was approved as an imaging contrast agent by the FDA in 2001 (Cortajarena et al., 2014).
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FIGURE 4 | Magnetic composite materials for supporting neural regeneration and non-invasive positioning. (A) MNPs embedded in a hydrogel can be aligned with a

magnetic field and held in place as the gel solidifies. (B) MNP-loaded fibers can be aligned with a magnetic field and held in place as a gel solidifies. The MNPs can be

functionalized with drugs, antibodies, nucleic acids, or fluorophores in either system. Naked MNPs can be loaded alongside drugs in the hydrogel or in the polymer

fiber solution before electrospinning. Coaxial fibers with MNP-loaded core and drug-containing sheath can also be fabricated to offer magnetic alignment with tunable

fiber nanotopography.

salt-coated MNPs. They found that 100-nm magnetite particles
demonstrated better collagen fiber alignment than all the other
particles tested, so this formulation was studied with a culture
of primary leech neurons dispersed throughout the gel. A low
magnetic field (255G) was applied for 40min, and cells were
cultured in the gel for 7 d. Cells within the oriented gels led to
significantly elongated neuronal shape with an aspect ratio close
to 3, twice the ratio of the control. The majority of the cells
aligned with the topography that was directed by the magnetic
field; 60% of the cells produced neurites aligned within 15◦ of the
magnetic field lines (Antman-Passig and Shefi, 2016).

Rose et al. took a slightly different approach to producing
magnetically-responsive topography within a hydrogel. Magnetic
rod-shaped PEG microgels were fabricated with a mold-based
soft lithography approach, then embedded in a macroscopic
hydrogel matrix that could be crosslinked to fix the oriented
microgels in place. A concentration of 400µg/mL SPIONs,
corresponding to 0.0046 vol%, were homogeneously distributed
in microgels with dimensions 50 × 5 × 5 µm3. In a 100
mT magnetic field, these microgels aligned in ∼36 s. Increasing
the SPION content or the magnetic field strength resulted in

shorter orientation times, but microgels began to aggregate, so
the 400µg/mL SPION concentration and 100 mT field were
used in cell experiments. The microgels were dispersed within
a human fibrin hydrogel in various concentrations with chick
DRG for 5 d to determine the cell response to the microgel
topography cues. A mean inter-microgel distance of 34µm in
the fibrin gel (1 v/v%) was enough to orient neurite outgrowth.
Increasing the microgel content did not significantly enhance
neurite guidance, and concentrations lower than 1%microgels in
the fibrin hydrogel did not result in neurite alignment. Overall,
this design allows precise control over microgel dimensions,
shape, stiffness, porosity, and water and SPION content so that
the overall construct can be tailored to different macro- and
micro-environments (Rose et al., 2017).

Aligned electrospun fibers have been shown to significantly
increase neurite outgrowth compared to gels, acting as a
substrate for cell adhesion. In an early study, Kriha et al.
added superparamagnetic cobalt nanoparticles into electrospun
poly(methyl methacrylate-vinyl acetate) copolymer fibers.
They demonstrated that 50–100µm fiber fragments could be
manipulated with a 1.4 T ferromagnet to position the fibers
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between two hippocampal neurons, prompting connection
(Kriha et al., 2007). As electrospun fibers require an invasive
procedure to implant at the injury site to maintain fiber
alignment, two groups aimed to increase the translational
efficacy of fibers by developing magnetic fibers that can be
injected and then aligned with a magnetic field. Omidinia-
Anarkoli et al. created an injectable hydrogel with short magnetic
fibers that orient in a low strength (<300 mT) magnetic field.
Aligned PLGA fibers were electrospun with 10 wt/wt% SPIONs
and cut into 100-µm long segments. Fiber diameter was 700 nm,
while particle diameter was 5 nm. The fiber segments were
then mixed in a fibrinogen solution and subjected to a 100 mT
magnetic field, while thrombin was added to form a fibrin gel,
immobilizing the aligned fibers within it. Chick DRG grown in
the gels for 7 d produced neurites that aligned with magnetically
oriented fibers, whereas neurites extended radially in gels without
fibers. Neurite extension increased by 55% for aligned short
fibers compared to gels without any fibers. This demonstrates
the ability of short fibers to be injected and magnetically
oriented to enhance neurite outgrowth through a gel
(Omidinia-Anarkoli et al., 2017).

Johnson et al. aimed to improve upon this approach by using
millimeter-scale fibers to provide a more continuous contact
guidance compared to micro-scale fibers dispersed through a
gel. PLLA fibers were electrospun with various percentages
(0–8 w/w%) of oleic acid-coated SPIONs (12 nm diameter).
The fiber mats were then cut into 5–6mm segments and
rolled into conduits. These conduits were loaded into a 22-
G needle and injected into a well in vitro; magnetic conduits
fabricated with 6% SPION electrospun fibers aligned with a
1.42 T magnetic field in 0.87 s after injection into either collagen
(2 mg/mL) or fibrinogen (10 mg/mL) solutions. Additionally,
primary rat neurons from dissociated DRG cultured on SPION-
containing fibers yielded a significant increase in the mean
neurite outgrowth compared to the control PLLA fibers. A 3D
neurite outgrowth model was tested by injecting a single conduit
of 6% SPION fibers into the collagen or fibrinogen solutions
containing a suspended DRG. The conduit was oriented using
a magnet so that the end of one side of the conduit was in
contact with the DRG body and the long axis of the conduit
extended away. Neurites that contacted the fibers oriented in
the same direction as the fibers, and the average neurite length
on the fibers increased 1.4 times (collagen) or 3 times (fibrin)
compared to neurites that extended into the gel alone (Johnson
et al., 2018). The ability to remotely control the positioning of
a larger construct within a viscous solution is a promising first
step for implementation of magnetic materials in vivo. Though
preliminary, these studies attempt to improve upon biomaterial
strategies for promoting neural regeneration by incorporating
magnetic elements. Magnetic coaxial fibers (depicted in Figure 4)
have also been fabricated (Song et al., 2006; Sung et al., 2012;
Lee et al., 2015), but there are currently no published studies
that have used magnetic coaxial fibers for neural regeneration
applications. Future studies are needed to develop these types
of composite materials and determine their efficacy. The next
section will consider the general challenges moving forward with
magnetic composite materials.

CHALLENGES ASSOCIATED WITH
MAGNETIC MATERIALS FOR CLINICAL
APPLICATIONS

Despite the recent advances in magnetic composite materials
described here, there are a few major challenges that must
be addressed before these types of therapies make it to the
clinic. First, the optimal magnetic field stimulation paired
with the type, size, shape, and functional coating of SPIONs
for promoting neural regeneration is currently unknown.
Different magnetic carriers travel differently through blood
and tissues and the same type of magnetic carrier experiences
different motion resistance based on the type of bodily fluid
or tissue that it is moving through. For example, 100 nm
chitosan-coated SPIONs penetrated deeper into liver tissue than
kidney or brain tissue in the presence of a 0.4 T magnetic
field in vitro. The study also showed that 500-nm chitosan-
coated SPIONs penetrated deeper in the liver, penetrated to
the same depth in the kidney, and penetrated less deep in
the brain, as compared to their 1-µm sized counterparts
(Kulkarni et al., 2015). Therefore, optimization of different
particle parameters (size, coating, etc.) for specific applications
is critical. Additionally, different aspects of magnetic field
stimulation should be considered, including the strength of
the field, whether it is a static, pulsed, or alternating field,
and the duration of stimulation. If the field stimulation is
dynamic, the stimulation frequency can have varying effects
as well. For example, higher frequencies (30–300 kHz) are
used for cancer hyperthermia, where stimulation of MNPs
generates localized heating to kill tumor cells (Stigliano et al.,
2013). In contrast, lower frequencies (<100Hz) have been
shown to activate mechanosenstive ion channels and promote
cell growth (Hughes et al., 2005). However, less is known
about the upper limit of safe frequency stimulation since heat
generation of moving particles in different tissues is not well-
characterized (Kalambur et al., 2005). In terms of strength,
MRI systems most commonly found in hospitals today are
either 1.5 or 3 T. However, 7 T systems are becoming more
common, providing higher-resolution images without causing
tissue damage (Nowogrodzki, 2018). It is currently unknown
how MRI machines can be utilized to move SPIONs through
the body or at what concentrations and pulse frequencies does
SPION movement become detrimental to cell viability. Table 3
summarizes some of the important parameters to consider when
designing magnetic composite materials; however, this list is not
exhaustive. There are many possible combinations of magnetic
field and particle parameters, so mathematical modeling and

TABLE 3 | Parameters to consider when designing magnetic composite materials.

Magnetic particles Magnetic field stimulation Application

Material Strength Type of animal model

Size Type (static, pulsed,

alternating)

Therapeutic molecules

Surface coating Frequency (if dynamic) Release rate of therapeutics

Duration Method of administration
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simulations may be necessary to provide guidance for more
efficient optimization.

Another major challenge is effectively penetrating deep
tissues with magnetic composite materials, since an external
magnet’s strength decreases quickly with distance. This can
be achieved by either improving external magnets to provide
stronger and deeper magnetic gradients or by optimizing the
magnetic materials to react more strongly in a magnetic gradient
(Shapiro et al., 2015). The composite approach may be beneficial
to increasing the magnetic susceptibility of the materials;
for example, incorporating higher concentrations of MNPs
in electrospun fibers linearly increased the fibers’ saturation
magnetization (Johnson et al., 2018). Additionally, MRI systems
can be improved to provide higher resolution tracking of MNPs,
which will help to determine how these particles move in vivo.

There will be further challenges related to the translation
of these composite materials into animal models and clinical
trials. Contusive injuries are the most clinically relevant type of
nervous system injury; however, injecting composite materials
into a swollen and inflamed tissue and remotely controlling
their positioning without further damage to the tissue will
not be a trivial task. To show potential efficacy, a first step
could be to demonstrate that magnetic composite materials
can be remotely manipulated in vivo within a transection
injury. However, for these materials to be clinically relevant
for human use, efficacy in crush injuries will also need to
be established.

CONCLUSION

Research in neural regeneration is moving toward hybrid
approaches, as current pharmacological and surgical approaches
lack efficacy. The complex pathophysiology of nervous system

injury requires therapies that target multiple aspects of the
repair and regeneration process for various durations. Magnetic
composite materials offer a wide range of design parameters that
can be tailored to achieve this. MNPs can be coated with drugs,
growth factors, or nucleic acids, or these therapeutics can be
incorporated into polymer coatings on the surface of the MNPs
to extend release. Functionalized MNPs can then be embedded
within a hydrogel or electrospun fibers or internalized by cells
used for transplantation therapy or by native cells in vivo. These
types of composite materials offer many possible combinations
of physical and chemical cues that can be tailored to multiple
different cell types and/or timescales of drug release to target
specific events in the pathophysiology timeline. Overall, there is
a need for collaboration between engineers, chemists, biologists,
mathematicians, and clinicians to overcome the challenges
mentioned above and generate composite magnetic materials
that can be translated for human use.
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