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Remote guiding of neural cells using magnetic nantigdes and magnetic fields

ABSTRACT

Nerve regeneration, as a treatment of traumaticengjuries or degenerative diseases,
has been pursued along the last decades, stingulatith basic and applied research.
The strategies for nerve regeneration have beest&édoecently by the consolidation of
nanotechnology, allowing innovative approachesughophysical or chemical guidance
of axonal re-growth across the nerve gap afterrseirgury. As an example, many
guidance therapies are based on nano-patterneidldsahat serve as “nerve guidance
channels” providing an effective conduit during tierve regeneration process. These
recent advances have provided new therapeutic Iplitess as alternatives to
established surgical techniques.

The present work has been developed within the dvamnk of a novel, minimally
invasive methodology for physical axon guidanceebdasn the use of magnetic
nanoparticles (MNPs) and magnetic fields (H). trategy is based on the hypothesis
that the neural cells can, under the applicatioaroexternally produced tensile force,
guide the process of neurite outgrowth and axonggtion along the desired direction
imposed by this force. The central goal of this kvbas been to demonstrate that
magnetic nanoparticles (MNPs) can be used to genénase tensile forces under the
effect of an external magnetic field gradient, d@nese forces can in turn provoke the

orientation of neurites along the magnetic fielaediion.

The MNPs used for this purpose were polyethylensgrtioated F£, nanoparticles
(PEI-MNPs) with sizes of 25 + 5 nm and good magnegsponse. Neuron-like PC12
cell line was selected for in vitro experiments.|HRMEPs showed low toxicity effects
on PC12 cells. Nanoparticle uptake quantificaticaaswarried out via iron-thiocyanate
complex colorimetric assay. The intracellular dimition of the PEI-MNPs was
analyzed by TEM and dual-beam (FIB/SEM) techniqUdsese analyses revealed the
coexistence of both fully incorporated PEI-MNPs gadtially-internalized PEI-MNP-
clusters crossing the cell membrane. The changesarphology and cytoskeletal
structure of cells exposed to PEI-MNPs were ingaséid using optical and confocal
microscopy .When PEI-MNPs loaded PC12 cells wengosad to a static magnetic
field (0.020 T), neurites outgrowth of PC12 cellaswnpreferentially aligned to the

direction of the magnetic force. An increment o treurite length was also observed.
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We demonstrated that the produced re-directionhef rteurites has its origin in the
magnetic force acting on the MNPs previously loaki¢ol the neurites. Furthermore, an
additional effect of the incorporated MNPs has bekserved, i.e., that the MNPs can
stimulate the neurite outgrowth process, openimgpibssibility of a two-fold therapy:

remote orientation and stimulation of axonal gravithese results open the possibility

of non-invasive, multifunctional therapies for nerinjury based on these MNPs and
external magnetic fields.

Key words: Neurite outgrowth, Magnetic nanoparticles, Neutod#dferentiation,
Magnetic field, Regeneration.



Direccionamiento neuronal remoto usando nanopaléi€y campos magnéticos

RESUMEN

La regeneracion del sistema nervioso, como tratamipara las lesiones nerviosas
traumaticas o enfermedades degenerativas, ha s@ladea perseguida a lo largo de
décadas. El surgimiento de la nanotecnologia haipeéo nuevas estrategias para la
regeneracion nerviosa, a través de enfoques innoemdbasados en materiales
nanoestructurados. Varias terapias de guiado nalusm basan en estos ‘andamios’
nano-estructurados que sirven como “canales dedguigervios " que proporcionan un

conducto eficaz durante el proceso de regeneraabnervio.

El presente trabajo se ha desarrollado en el mdecouna nueva metodologia,
minimamente invasiva, para el guiado fisico de itesuly axones basada en el uso de
nanoparticulas magnéticas (NPM) y campos magnétipbsados remotamente. Esta
estrategia se basa en la hipdtesis de que lasaséhduronales pueden, bajo la
aplicacion de una fuerza de traccion producida hcaga externamente, guiar el
proceso de crecimiento de las neuritas y el alaieygm del axén a lo largo de la
direccién impuesta por dichos campos magnéticosbjgetivo central de este trabajo ha
sido demostrar que las nanoparticulas magnétic®M@N pueden utilizarse para
generar estas fuerzas de traccion bajo el efectondgradiente de campo magnético
externo, y estas fuerzas puede a su vez provocaiektacion de las neuritas a lo largo
de la direccion del campo magnético.

Las NPMs utilizadas estdn compuestas por un nuokegnético de R©, recubierto
por polietilenimina (PEI-NPMs), con tamafios de 25 iim. Células de la linea PC12
fueron seleccionadas como modelo neuronal paraXpsrimentos in vitro. Las PEI-
NPMs mostraron una baja toxicidad en células P€ %8, cuantificacion se llevo a cabo
a través de ensayos de absorcidon colorimétrica anediun complejo de hierro-
tiocianato. El estudio de la distribucion intradatude las NPMs mediante técnicas de
doble haz (FIB / SEM) y TEM revel6 la coexistencla aglomerados de NPMs
internalizados en el espacio intracelular, juntem @iros aglomerados parcialmente
internalizados, es decir, atravesando la membrahdac. Cuando las células PC12
cargadas con PEI-NPMs fueron expuestas a un canagoético estatico se observo
que el crecimiento de las neuritas ocurria prefeéadmente en la direccion de la fuerza

magnética externa aplicada. Simultaneamente, seendbs un incremento
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estadisticamente significativo en la longitud prdroade las neuritas cuando éstas se

encontraban cargadas con NPMs y sometidas al caragoético externo.

Hemos demostrado que la orientacion de los axpratucida tiene su origen en la
fuerza magnética que actia sobre las NPMs previemeoorporadas a las neuritas.
Por otra parte, se ha observado un efecto adicidealas NPMs incorporadas,
especificamente que las NPMs pueden estimular aepo de crecimiento de las
neuritas, abriendo la posibilidad de una terapifut¢ional: la orientacion remota en
conjunto con la estimulacion del crecimiento axonaktos resultados abren la
posibilidad de nuevas terapias multifuncionalesimasivas para lesiones nerviosas

severas, mediante el uso de NPMs y de campos niaggékternos.

Palabras clave: Crecimiento de neuritas, Nanoparticulas magnétibégrenciacion

neuronal, Campo magnético, Regeneracion.
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Introduction

I. INTRODUCTION

1. Nanotechnology and Nanomedicine

Nanotechnology can be defined as the design, deaization, production and

application of structures, devices and systems dmtrolling shape and size at the
nanometer-length scale; in other words nanoteclgya®the engineering of functional
systems at the molecular level or at < 100 nm rghpe

The medical application of nanotechnology is defimanomedicine and is one of the
fastest growth areas in nanotechnology. In recenades, nanotechnology has become
more widely used in diagnostic and therapeuticd§elEspecially, multifunctional
nanoparticle platforms hold great promise for uséherapeutic applications as a target
probe or carrier of biomolecules, optical dyesi-target molecules, and bioactive drugs
[2]. Many of the unique physical and biological pecties of NPs are related to their
small sizes (in the range of 5 to 100 nm) [3]. Rermore, nanoscale materials and
systems interact with biological systems at theanwllar level so they can be used to

manipulate and control behaviors and functionsiaiblgical systems.
2. Magnetic nanopatrticles

Among nanometer-sized objects, nanoparticles (NRs)e proved to be useful as
building blocks for the development of nano-biomials [3]. As intermediates between
the molecular and the solid states, inorganic narimbes combine chemical
accessibility in solution with physical propertielsthe bulk phase [2]. For any specific
application in biomedical sciences, the selectibthe NPs is often determined by the
physical properties of the core material constigitithem, as well as the

chemical/biological characteristics of the funcibnoating.

Among these nanoscale materials investigated faymeéedical use, magnetic
nanoparticles (MNPs) have gained significant aibent MNPs are composed of
magnetic materials such as iron, nickel, cobalt thredr oxides like magnetite (k@,),
maghemite (-Fe,03), cobalt ferrite (F&CoQ,) or chromium di-oxide (Crg) [4, 5].
Specially, iron-oxide nanoparticles are the mosplegred for biomedical applications
due to their smaller toxicity when compared to ottmagnetic materials such as cobalt
and nickel [5]. Their application is possible dug their chemical stability and
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biocompatibility [6, 7]. Therefore, MNPs are reailhferesting to bioscience due to their
ability to respond to external, long range magnéetds; this capacity have been
exploited to manipulate NPs under external magrfetices for targeting purposes, as
well as for cell separation and labeling, drug \d&ly, magnetic resonance imaging

(MRI) [6, 7], and heating at the nanometer scaléhanfield of magnetic hyperthermia

[8].

Magnetic nanoparticles can be produced by a nuwienysical and chemical methods
which determine the final properties of the prodittese properties are defined by the
nanoparticle shape and size, the size distribuéiod the surface chemistry of the
resulting particles. The final magnetic properoésn ensemble of colloidal MNPs are
strongly influenced by the degree of structuraledes or impurities of the particle core
and surface [5]. The most common methods describedynthesize iron-oxides

nanoparticles in solution include co-precipitatioridative hydrolysis, microemulsions,

and sol-gel reactions [5, 9].

Application of MNPs on biomedical areas requires tise of a colloidal ferrofluid, or
magnetic colloids, which consist of a suspensiomafynetic particles of nanometric
sizes in a carrier liquid like water. MNPs tendatggregate into large clusters, because
of their large surface-to-volume ratio and dipolpede interaction [3]. The colloidal
stabilization by the surface modification shouldypde biocompatible MNPs [10], and
chemical functionality for the potential attachmehtecognizable ligands or functional
groups [10]. The general approach is the post addivf water-soluble ligands or
polymers, such as polyethyleneimine (PEI) as st agent of MNPs [11, 12]. The
efficacy of PEI-coated nanoparticlesvivo has been reported as considerably high and

with potential for clinical uses [13].

Furthermore, the addition of bioactive moleculeshsas targeting moieties to the MNP
surface is employed to increase their specifiatyard cellular targets or to perform a
specific function. Various biological molecules Buas antibodies, growth factors,
proteins, etc., may be bound to the polymer susfaocato the nanoparticle by

chemically coupling.
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2.1.Physical properties: nanomagnetism and superpamagnetism

As the main interaction between magnetically loadells and the applied magnetic
field is of a purely physical origin, it is importato star this section by briefly

explaining the magnetic behavior of MNPs, in orttebetter understand their behavior
under magnetic forces. MNPs have the ability tpoes to an external magnetic field
gradient that generates a magnetic force pulligMiINPs towards any desired target
place. Therefore, these particles can be direatdccancentrated within the target tissue

by means of an external magnetic field.

The magnetism of a solid is originated from thetdbaotions of the quantum properties
of electrons constituting it. These electrons deiee the magnetic behavior of the solid
and the strength of the interaction between atami. iAt macroscopic scales, these
magnetic interactions between atoms, together thigtrcrystalline structure of the solid,
originate the magnetic response of materials (#®ponse of a material when a
magnetic field is applied on it). When the magnatieractions are weak, the average
magnetic moment will always be zero. However, foorsger magnetic interactions
between the individual moments of the atoms, soraternals exhibits magnetic order
and the result is a nonzero macroscopic magnedizalihese materials are known as
ferromagnets. But despite this *aligning interactia bulk piece of most ferromagnetic
materials normally has a nearly zero macroscopignaéc moment because the interior
of the block is divided into magnetic domains (nudtnain) (Figure 1). Within a single
domain all magnetic moments remain parallel, behedomain is randomly oriented so
that the net magnetic moment of the sample is nearcelled. When the volume of a
small particle is reduced below a certain valudedecritical domain size (Bitica) the
single-domain configuration is adopted (Figure\Wjthin this single magnetic domain
all the atomic magnetic moments will be magnetiakxhg the same direction, adding
up so they behave like a giant magnetic momentefgapamagnet). The value of
critical size (Ritica)) below which a particle of a given material becemangle-domain
is determined by intrinsic properties of that mialere.g., magnetic anisotropy,
magnetic moment and exchange anisotropy), and laysdhe particle shape [15].
Although the actual Bvalues depend on some preparation features, fgnetiée the
critical particle size has been accepted to beinvitie 80-100 nm range. Below these
values the MNPs would be a single magnetic donigh [
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Multi-domain Single-domain

Figure 1. Differences between bulk ferromagnetic tedals and particles with size bellowD

Left: schematic view of magnetic domains in a maitiain ferromagnetic particle having size

larger than the critical diameter D>R For this particle the whole material breaks downro

randomly oriented magnetic regions. Right: for D<BEhe material becomes a single-domain

particle. Adapted from [15].
Superparamagnetism is characterized by not keepiagnetized after the action of
magnetic field, offering advantage of reducing riek particle aggregation [4].
Ferromagnetic NPs, whose size is bellow, Dave a single magnetic domain and
maintain one large magnetic moment (high rationofuced magnetization —M- to the
applied magnetic field —H). However at sufficientiygh temperature (i.e. blocking
temperature, d) thermal energy is sufficient to induce free natatof the particle
resulting in a loss of net magnetization in theealog of an external magnetic field [4].
Lack of remnant magnetization after removal of exdéfields enables the particles to
maintain their colloidal stability and avoids aggmgon making it feasible for their use
in biomedical applications.

2.2.Iron oxide nanoparticles

Magnetic nanoparticles offers promising future pecdives for the treatment of injured
neurons after accident or different type of disosdencluded neural degenerative
disease. One such example is iron oxide nanopestitfon oxide nanoparticles have
magnetic properties and have attracted interestemiy for in vivo tracking or imaging

agents of neuronal cells [17, 18], but also forigimsing cells in response to an external

4
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magnetic field [19, 20]. Iron oxide nanoparticlemcserve as a vehicle to deliver drugs

to a target organ and/or tissue across the bloantbarrier [21, 22].

Many studies have been conducted to evaluate ttenfal applications of iron oxide
nanoparticles in the regeneration of neuronal fonst however, little is known about
the influence of iron oxide nanoparticles on theacellular or molecular level inside

cells.

3. Magnetic nanopatrticles for nerve regeneration

3.1.Biochemistry of neural cell differentiation andnerve regeneration

Nerve regeneration is a major issue in neuroscienoegard to the treatment of injured
neurons after accident or degenerative diseasesder to recover nerve functionality.
Extensive research in bioengineering is exploringovative strategies to improve
molecular and cellular therapies and to create ipaly®r chemical guidance cues to

direct axonal re-growth across the nerve lesian sit

Following injury, nerve regeneration is possiblehé neuronal cell bodies are intact
and the growing axons are provided with the propmroenvironment. Guidance cues
that direct axonal re-growth along an approprigiatial pathway are an important
feature of the regeneration process because neurawves to reconnect with other

neurons or with their correct target tissue viaapge formation.

The formation of neuronal processes and the neguige outgrowth is influenced by
gradient of diffusible neurotrophic factors, cedflutues, substrate bound pathways, and
surface topography. In vivo, glial cells provideieh and supportive environment for
neurite outgrowth through the release of neurotiofdctors, expression of cell surface
ligands, and synthesis of extracellular matrix. k@yong these are Schwann cells, glial
cells of the peripheral nervous system whose poesém nerve grafts enhances the

regeneration of both peripheral and central nerves.

Following a nerve transaction in the peripheralvoas system (PNS), the distal portion
of the nerve begins to degenerate, in which theskgleton and cell membrane of the
disconnected axon begin to break down [23]. In wasp to axon transaction, the

myelin sheath undergoes longitudinal segmentati®chwann cells proliferate and
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produce growth factors in response to denervatad@aning up the debris of the
degenerated region, and laying down tracks whidhtken retract when reinnervation
occurs [24] (Figure 2). Nerve regeneration occura ate of 2-4 mm/day after PNS

injuries [25].

Nerve cell < ) |
body [ =7
\

Injury >>>

—__ Proliferating fol ) )
= gchwann cell D Macrophage Monocyte

Figure 2. In the PNS, support cells aid neuronal regeneration
Proliferating Schwann cells, macrophages and motascyork together
to remove myelin debris, release neurotrophins, kead axons toward
their synaptic targets, resulting in restores nenabfunction.

There are many types of neurotrophic molecules, tm& most important and
representative is nerve growth factor (NGF) thaveha deep influence on cell
developmental events, e.g., naturally occurring deéth, differentiation and process
outgrowth. They have a distinct potential for theatment of degenerative neurological
condition by promoting neural regeneration [26]. NS vital to the development and
regeneration of the nervous system, is expressdowalevels in healthy peripheral
nerves but is up-regulated in the distal stumpfoihg injury [27]. Similarly, following
spinal cord transaction, NGF accumulates in boghdistal and proximal stumps [28].
At the cellular level, NGF, which acts through thigh-affinity Trk A receptor [29],
promotes survival, outgrowth, and branching in pagr and inhibits cellular

proliferation or mitosis.
3.2.Axon growth and guidance

The motile apparatus of neurons is the growth cangghly sensitive structure at the

tip of growing axons. Axon guidance is responsibtgh for establishing neuronal

6
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circuitry in the developing brain [30], and for tlme-wiring of pathways that are
damaged from injury or disease [31]. Growth cond&abers such as advancing,
retracting, turning and branching are regulateddggamic reorganization of actin
filaments and microtubules, which in turn are lidk® the receptors for molecules
called guidance cues, such as cell adhesion meed@AMs: integral membrane
proteins mediating adhesion between growing axadse#iciting intracellular signaling

within the growth cone), developmental morphogemggpwth factors (NGF),

neurotransmitters, etc. Growth cones integrate ¢exnpues which vary in both time
and space, and how all of these pieces fit togethdess understood. Most axon
guidance receptors activate signal transductiorcackes that ultimately lead to
reorganization of the cytoskeleton and adhesivepgites of the growth cone, which
together underlie the motility of neural cells. Bet progress indicates that focal
adhesions may function as the biomolecular integrghoint of growth cone signaling

and response [32].

Focal adhesions (FAs) are integrin-based adhesidmsse stability determines the
initiation and extension of neurites in differetiig neurons [33, 34]. Integrins
comprise a large family of cell adhesion transmemeér proteins that mediate
interactions between the extracellular environnaent the cytoplasm. Integrins regulate
many aspects of cell behavior including cell degtpliferation, migration, and

differentiation and are the predominant moleculangducers of force [35].

Neurites are long cellular protrusions off the ¢caty that emerge when differentiation
starts. The emerging neurites grow and find theay woward specific targets in the
body following the guidance cues, so, eventualigytare responsible of the migration
and polarization of the differentiating neuronseTaturation of FAs likely plays an
essential role in sensing local substrate inforomaéind coordinating the morphometric
changes that characterize the establishment of pelarity during neuronal
differentiation [34, 36].

Goals of neural tissue engineering for nerve injagiude trying to find a way to guide
axons with cues to achieve directed neuronal growtigineered MNPs opens their
potential for both positioning and guiding neurdlls in response to an external

magnetic field [20, 37]. In particular, the apprbarf using MNPs as an alternative to
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surgical nerve grafting for the treatment of seysgpheral nerve injuries is one of the

most appealing applications.
3.3.Effects of MNPs in nerve regeneration

Kim and collaborators reported in 2011 that irondexnanoparticles can enhance
neurite outgrowth [37]. Neural cells exposed tchbiodbn oxide nanoparticles and nerve
growth factor (NGF) synergistically increased tlfieceency of neurite outgrowth [37].

They proposed that their results are due to thean of cell adhesion molecules that
are associated with cell-matrix interactions thtougon. Iron oxide nanoparticles

upregulate the expression of a neural specific aradnd a cell adhesion protein
(integrin). Thus, they hypothesized that iron oxid@oparticles can affect cell-substrate

interaction and regulate cell behaviors.

These results are in agreement with the informagpi@sented in the previous part that
expose that cell adhesion molecules regulate d@&rentiation, proliferation, migration

and survival by interacting with extracellular malées, such as integrin which is one
of the adhesion molecules. If iron oxide nanophasicstimulate focal adhesion of

neurites, neurites outgrowth would be improved.

Recently, it has been discovered that iron oxideoparticles can attenuate oxidative
stress in a neutral pH environmeint vitro and, in combination with an external
electromagnetic field, they can also facilitate mxegeneration [38]. The primary injury
caused by nerve transaction is generally followeddrondary damage that results in a
number of morphological, physiological, and biocleah changes, including
inflammation, disruption of neurological pathwagemyelination, and cell death at the
site of the lesion [38]. Cyst formation and robudiltration of fibroblast result in
formation of fibrous scar tissue that creates asjglay barrier, preventing any severed
axons or collateral branches of uninjured axonsifgpowing past the area of the lesion.
The free radical scavenging properties of iron exiPs can reduce the formation of
fibrous scar tissue or secondary damage which s#tipely correlated with functional

recovery [38].

Iron oxide nanoparticles have the potential to pytenregeneration and axon growth in
presence of an external magnetic field, therebpihglto bridge the gap at the injury

site [39]. Retention and accumulation of iron oxiies in cells can be enhanced by an

8
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external magnetic field , providing mechanical tlenorces that may cause axonal
sprouting [39]. An external magnetic field can metgre nanoparticles such that their
beneficial effects can be focused to the site pfryn An external magnetic field also
can noninvasively create intense rapid electritd$ien deep underlying structures. If
the current created is of sufficient amplitude ahdation such that depolarization
occurs, neural tissue is stimulated. Magnetic datan provides a microenvironment
conducive to neural repair by stimulating releat@eurotrophic factors that promote
migration of glial cells to the site of the lesiand decrease apoptosis after neuronal
injury [40]. Thus, combination of these effectso(iroxide NPs and magnetic fields)
may reduce the secondary damage and facilitateasfedh and neuronal regeneration, by
reducing the lesion volume and due to the neureptive effect against oxidative stress
[38].

3.4.Effects of a magnetic field in nerve regenerain and remote guidance

It is well documented that cells can respond to miechanical properties of their
environments, including stiffness [41], shear flp#2], and mechanical stretch [41].
The process of mechanotransduction, which is hdis cenvert physical force into a
biochemical signal, has been shown to occur thromgggrins, as well as through
mechanosensitive ion channels [43] and G-proteupleal receptors [44]. In addition,
focal adhesion sites have the ability to strengtivben forces are applied to them. So,
mechanosensing has been hypothesized to play arokdlular migration. It has been
suggested that mechanical forces on cellular memelrare capable of rearranging
membrane components such as integrin complexesal Famthesion structures are
capable of changing localization, composition amdlutar behavior in response to
mechanical stimuli, and are hypothesized to be fthrectional linker between the

extracellular matrix to the intracellular cytoskele [45].

The application of magnetic fields can be used ¢oluhate the orientation and direction
of neurite formation in cultured human neuronallsc¢f6]. In presence of a static
magnetic field, neurites grow in a specific direntidue to the application of magnetic
fields change the co-localization of microtubule actin filament in culture cells, that
is, the subcellular polarity of the microtubuletadhteraction is induced by an external

magnetic field [46].
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There is a force F generated on the attached MNRsnva magnetic particle with
magnetic moment is placed in a non-uniform magnield. The force F creates a
mechanical tension on the axon which stimulateyeneegeneration in the direction
imposed by the magnetic field. Thus, magnetic nartagppes would influence or
stimulate the focal adhesion of the growth contih@éaxon by mechanical stretch, in the
direction imposed by the external magnetic fieldgd avould act as a guidance cue to
direct the neurite outgrowth (Figure 3).

l Magnetic field

A f-MNP

Figure 3. Nerve regeneration mediated by MNPBINPs bind the

injured nerve, a magnetic field is thus appliedtie direction of the

nerve regeneration. MNPs create a mechanical tengibich stimulates

nerve regeneration in a direction imposed by thgmetic field.
The physical guidance should direct more efficientle regeneration of the injured
nerve from the proximal to the distal stump. Adzhlly, MNP binding to the neuronal
cells can be enhanced with biological moleculeg, eeural binders and neurotrophic
factors (NGF). The functionalization of MNPs witpegific cellular ligands, able to
bind selectively to the surface receptors of thermes, could increase the specificity as

well as the efficiency of the process.
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I1.

OBJECTIVES

The aim of this research project has been to imgedst a novel approach to stimulate

nerve regeneration based on the use of magnetmpadicles (MNPs), which can be

manipulated by external magnetic fields. This @ctat distance’, combined with the

intrinsic penetrability of magnetic fields throudgtuman tissues, have been used to

induce a mechanical force at neuron level in otdestimulate and initiate axon re-

growth in the desired direction.

In this work, | present a study that investigates effects of iron oxide nanoparticles on

the neurite outgrowth during differentiation in tpeesence of an external magnetic

field.

The present work had the following objectives:

Didactic Objectives

To develop an experimental project with independeartd originality.

To apply the theoretical knowledge to the interiien and analysis of the
experimental data.

To improve skill at oral and written communicatiairculating the results and,

interaction with colleagues and professionals faiher disciplines.

Experimental Objectives

» Cell culture and measurement of magnetic nanopestigptake by a neural cell

lineage (PC12).

» To design experimental strategies handling biocdibjga magnetic

nanoparticles, cell cultures and magnetic fields, the field of neural
regeneration.

Characterization of PC12 cells after the treatmétit magnetic nanopatrticles
by electronic microscopies (TEM and Dual Beam SHB-&nalysis) and
confocal optical microscopy.

11
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III. MATERIALS AND METHODS

1. Synthesis of PEI coated F;04 nanoparticles (PEIMMNPs) and fluorescent

PEI-Fe304 nanoparticles

The PEIMNPs used in these experiments were synthesand characterized i
described elsewhere [14Briefly, the magnetit nanoparticles were synthesized by
oxidative hydrolysis metho[7]. In a typical synthesis, a mixture of Kl; and NaOH
was dissolved in distilled water in a th-necked flask bubbled with ;. A H,SO,
solution containing FeSE7 HO and polyethyleneimindPEI 25 kDa, Figure. 4)
(previously flowed with M for 2 hrs) was added dropwise under constant stirAfigr
precipitation a nitrogen flow was passed while temafure was maintained at 90° C
24 h, and finally cooled to room temperature withiee bath. The resulting bla
product was separated by metic decantation and washed several times w-water

to remove all the impurities and get physiologjeil

Fluorescent labeling of PE-Fe3sO4 nanoparticles (f-PEIMNPS)

The free amine groups of F-MNPs were tagged with the fluorescent dye alexa
(Figure 4). 2.5 mg of PEVMNPs were suspended in 1 ml of 0.1 M sodium carts-
bicarbonate buffer at pH 9.5 to ensure the depedton of amine groups on the F
polymer coating. Alexa 488 solution (1 mg/ml DMSEZR ul) was then added to tt
PEI-MNPs susension and the reaction mixture suspension wasrec with aluminum
foil and rotated(using a Rotator) at room temperature for 3 holiltee Alexa 48-
labelled PEIMNPs were finally washed with deionized,O until no furthel

fluorescence was observed ile supernatant. The sample is denotecPEI-MNPs.

SO7
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N 0 NH,

O
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Figure 4. (a) Chemical structure of polyethyleneimine (BBl kDa). (b) Alexa
Fluor® 488 carboxylic acid, TFP ester, bis (triethgnmonium salt); (MW ~885).

2. Physicochemical characterization of magnetic nanopacles

The obtained MNPs were characterized in terms otereal morphology,

microstructure, size distribution and magnetic prtips.

2.1.Transmission electron microscopy (TEM)

MNPs average size, distribution and morphology wearalyzed by transmission
electron microscopy (TEM) using a FEI Tecnai T2&ms$cope and operating at 200
keV. TEM samples were prepared by placing one dvb@a dilute suspension of
magnetite nanoparticles in water on a carbon-coatggper grid and allowing the
solvent to evaporate at room temperature. The geeparticle size (DTEM) and

distribution were evaluated by measuring the largesrnal dimension of 200 particles.

2.2.Zeta potential

The zeta potential and isoelectric point were eatadi at room temperature on a photo
correlation spectrometer (PCS) Brookhaven 90 ptamfa dilute suspension of the

sample in water in a zeta-potential cuvette witilM concentration of KCI.

2.3.Magnetic characterization

The magnetic characterization was carried out usiBQUID Magnetometer (Quantum
Design MPMS-XL). Zero-field-cooled (ZFC) and fietdboled (FC) curves were

measured between 5 K and 250 K, with cooling figid = 100 Oe. For the ZFC

curves, the samples were first cooled from roonpenature in zero applied field to the
basal temperature (10 K). Then a field was appdied the variation of magnetization
(M) was measured with increasing temperature up+a250 K. After the last point was

measured, the FC curve was taken by cooling thelgakeeping the same field; then
the M vs. T data was measured increasing tempegstlwow-temperature hysteresis
loops (10-250 K) were obtained in applied fieldstod T.

13



Materials and Methods

3. In-vitro experiments
3.1.PC12 Cell culture

Rat pheochromocytoma PC12 cells obtained from AgaariType Culture Collection
(ATCC) were cultured in Dulbecco’'s modified Eagle'sedium (DMEN; Lonza,
Verviers, Belgium) with 10 % horse serum, 5 % febavine serum, 100 IU/mL
penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine in T-25 ftas(growth
medium). Cells were maintained at 37 °C in a s&draAumidity atmosphere of 95 %
air and 5 % C@Q Before cell seeding, well plates were coated ily-I-lysine (PLL)
(Sigma 81339). For cell differentiation, nerve gtbvactor (NGF, 80 ng/ml) was added

into serum-reduced media (2% FBS).

In-vitro experiments were designed at d@¢/mL of PEI-MNPs. After the incubation
time (24 h) the cells were washed and the modiils=M was replaced with ordinary
DMEM. Control experiments were performed with growth med without

nanoparticles. When cultured for 5 days with othaitt magnets, the cell morphology

and length and orientation of neurites were ingeséd.

3.2.Quantification of uploaded PEI-MNPs in PC12 céd

Iron oxide nanoparticles content into PC12 cellss wguantified by thiocyanate
colorimetric assay. Cells were seeded (500,008/o&ll) in 6-well dishes (1 mL growth
medium and 500,000 cells/well) and treated with-RIBIPs (5-50 pg/mL). After 24
hours of incubation, cells were isolated and lyse®#Cl 6M-HNO; (65 %) for 2 h to
dissolve all the components including nanopartickamples were diluted with HCI 6
M and filtered. The iron content was determinedaldgling potassium thiocyanate to the
Fe’* solutions in order to form the iron-thiocyanatemgbex, which has strong
absorbance at 478 nm wavelength. The iron condemtravas determined by

comparing the sample absorbance to a calibratiorecu

14
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3.3.SEM and Dual beam (FIB/SEM) analysis of PC12 tie incubated with
PEI-MNPs

To assess the cellular distribution of PEI-MNPsnseng electron microscopy (SEM
INSPECT F50, FEI Company) and dual-beam FIB/SEMv@N@0OO NanolLa, FEI
Company) analysis images were taken in conditiosetiples of PC12 neuron-like
cells. SEM images were taken at 5 and 30 kV wiHE& column and a combined Ga-
based 30 kV (10 pA) ion beam was used to crosses@tf) single cells. These
investigations were completed by energy-dispersivRay spectroscopy (EDX) for
chemical analysis. The preparation of the cells masle by seeding cells onto sterile
glass cover slips (12 mm @) inside 35 mm dishesli(Petri dishes, cod. 80156, Ibidi,
Germany) at a density of 25,000 cells/well in 8200f culture medium for 24 hours.
After that, the growth medium was removed and gdawith medium containing 10
ug/mL MNPs. Then, the cells were induced to diff¢iee with NGF (80 ng/mL) and
incubated for 4 days. After differentiation thelselere washed with PBS and fixed
with 2 % glutaraldehyde solution for 2 hours al4ghd washed again with PBS. Next,
cells were incubated with 2 % osmium tetroxide & % potassium ferrocyanide
Ks[Fe(CN)] for 1 hour at room temperature and darkness. &uently and after
washing with 0.1 M phosphate-buffered saline (PBBg, cells were dehydrated via
immersion in increasing concentrations of methad®|%, 50 %, 70 % and 90 %
followed by further dehydration with anhydrous MeQOAter drying the samples were

sputtered with 30 nm of gold.

3.4.Immunocytochemistry assay in PC12 cells: actiand tubulin fluorescent

staining

The preparation of cells for immunocytochemistryswaade by seeding cells onto
sterile 35 mm dishes (Ibidi Petri dishes, cod. &)1bidi, Germany) previously treated
with PLL, at concentration of 25,000 cells/well 80 uL of culture medium and
incubated overnight to allow cell adhesion. f-PENRE (Alexa Fluor® 488) were
added at a concentration of 10 pg/mL and incub2#dn, after that, cells were
cultivated in differentiation medium for 4 days.eTRC12 cells were fluorescent stained

for tubulin and actin, separately.
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Phalloidin staining

For actin staining, the PC12 cells were rinsedflyriith PBS and fixed with 3 %
paraformaldehyde for 15 minutes. After washinglscelere blocked with 5 % bovine
serum albumin in PBS for 15 min. After washing agaith PBS, the cells were
permeabilized by the addition of 1 % bovine serdibumin and 0.1 % saponin in PBS
(permeabilization solution) and incubated for 1 hdio visualize actin, samples were
incubated with phalloidin-alexa fluoride® 546 (1@0n BSA/saponin/PBS for 1 hour
and finally, were rinsed again and put togethercover slips (20 mm @) with
Mowiol/DAPI (1000:1). DAPI (4,6-diamidino-2-phenylilole 5 mg/mL) was used to
visualize nuclei. All steps were performed at dadsiand at room temperature.

Tubulin staining

The PC12 cells were rinsed with PBS and fixed wdld methanol for 15 min at -4 °C.
After washing, cells were blocked with 5 % bovimewsn albumin in PBS for 15 min at
room temperature. In this case, the permeabilizaid the tubulin labeling were made
simultaneously. After washing again with PBS, moosmoclonal anti-neuronal class
[l beta tubulin B-lll-tubulin) primary antibody diluted 1:400 in peeabilization
solution (BSA/saponin/PBS) was added to the samiplesrder to label tubulin and
incubated for 1 hour at room temperature. Then, pssen were rinsed in
permeabilization solution, incubated for 1 h atmotemperature with Alexa fluor®
633-conjugated goat anti-mouse secondary antibddted 1:500 in permeabilization
buffer and lastly, assembled with Mowiol/DAPI invew slips (20 mm @).

Finally, all the assembled samples were dried aadlyaed by confocal microscopy.

4. Neurites orientation and outgrowth: experimental seup

PC12 cells (800 cells/dnwere seeded in T-25 flasks previously treated \wibly-L-

lysine coating (PLL, 10 pg/mL) which gives the cogtass an effective positive charge
that increases cellular adhesion. After 24 hounes cells were incubated with 10 pg/mL
of PEI- MNPs overnight. The next day, the mediumtaming PEI-MNPs was replaced

16



Materials and Methods

with differentiation medium (NGF 80 ng/mL) to induaoeural differentiation and the
culture was placed into a magnetic field applica(brgure 5). This home-made
applicator produced an external magnetic field teeaby two parallel Nd-Fe-B
(neodymium-iron-boron) magnets of 15x20x5 feparated by a thin constant
distance of 2 mm. The resulting magnetic field witthis 2 mm-gap was simulated by
a finite element simulation program, to get theeztpd values of magnetic induction B
and also the magnetic field gradiéf3 since both parameters determine the resulting
magnetic forces on the MNPs. The results (Figuref3he numeric simulation showed
that the value of B was expected to be B = 0.120 @ within the area of analysis. The
permanent magnets faced each other with oppodiés pod the distance between them

was 2 mm. The configuration is shown in Figure 5.
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Figure 5. Representation of the magnetic field ajgal to the PC12 culturesThe magnetic
field was nearly constant in the y direction withialues B= 0.19-0.20 T. The magnetic field

gradient calculated from the numerical derivativé the B(y) curve was estimated to be
dB T
— =0.019—.
dy m
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The central space was designed to fit the curramipte holders, i.e., 6 cm-25 flasks
or 3 cm Ibidi Petri dishes (Figu6).

Figure 6. (a) Representation of the magnetic field appliedhi®s PC12 cultures. The magne
field was homogeneous in Y and X direction (-0.20 T). Themaximur magnetic field
gradient was 0.019 T/nfb) Image of the support where th-25 flaskswere incorporated an
an example of the images obtained by optic microce in the area where the cells a
analyzedThe image shows the analysis of the neurite leagthneurite direction; each neuri
is manually traced and then, the length and thele formed between the neurite and
direction of the magnetic fie (6) are recorded.

Four experimental conditions were tested:s treated with both PEoated MNPs in
presence of the magnetic field (M* H"); cells treated with PEtoated MNPs withot
magnetic field (MNP H); cells without PE-coated MNPs and ithe presence of the
magnetic field (MNP H"); and cells withouttreatment (without MNPs and a n
magnetic field, MNPH"). Experiments were carried in -plicate. For each experimel
around 60 pictures were acquired and around 250tegwvas counted. Neurite leng
and neurite number/cell were also measured. ysis was performed by using ima
analysis software “Image Jhttp://rsb.info.nih.gov/i). To asses neurite directional

and length, the neurites present in each samplgzatawere manually traced using f
straight line segment tool of the program Ima (inset of Figure 6h)and their angle
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of orientation were recorded and grouped into 2@§leabins from -90° to 90°. The
direction of the angles was measured along andsipgahe direction of the magnetic
field. The analysis was done th8 day after the induction of differentiation with NG

5. Statistical analysis

All values are presented as a mean = S.D. All arpeits were performed at least in

triplicate
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IV. RESULTS

1. PEI coated FegO, nanoparticles: synthesis process and physic

characterization

In this work, PEIMNPs were synthesized by a modification of the watlown
oxidative hydrolysis metho[47] which consists of the oxidation of Fe (C; by nitrate
in basic aqueous media. This method was modified aolging the branche
polyethyleneimie polymer (PEI, 25 kDa) during synthesis reaction order tc
synthesize PEfunctionalized F3;O4 nanoparticles (PEI-MNPs) [14TThe presence of
the polymer on nanoparticle surface deterid the final surface charge, their resista
to aggregation, and the number of available funetigroups on the particle surfa
TEM images of the PEMINPs (Figure 7) showed that the particles e faceted
displaying an octahedral shape. Statistical analykthe particle size based on the
histogram revealed an average particle size of 5 nm. From the HRTEM image «
PEI-MNPs shown irFigure 7, it couldbe seen the presence of a thinr (7 — 9 A) of

PEI coating around the @, cores.

(b) (c)

5k

S "l ] ‘& . % 2 40 & o
B | k — Size (nm)
Figure 7.(a) TEM images of PEMNPs, (b) HRTEM image. The arrows mark the laye?©BF
coating the FgO, MNPs and (c) histogram showing the size distributd PEFMNPs [14].

From the Zpotential measurements iould be seen that the isoelectric point of -
MNPs is around 10.3. The high value of the isoelegoint and the positive char
value extended to lower pH values observed fronZ-potential dataFigure. 8) are in

agreement with the presence of the PEI amino grautise particle surfaq14].
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Figure 8. Z-potential values vs. pH for PEl-coatedagnetic nanoparticles.

The lines are only a guide for the eye [14].

Previous worK14] on these MNPs showed that the hydrodynamic dianodtained by
DLS measurements, s&> = 70 £ 15 nm, indicating a low degree of agglaaten in
the colloidal state consisting of 3-5 MNPs per t@usThis is in agreement with the

high stability observed for the colloids, sincegkr agglomerates will led to fast
precipitation.

The ZFC-FC curves of the particles (Figure 9) iasexl continuously with temperature
with no evidence of a maximum up to 250 K, indiegtthat the blocking temperature is
above room temperature. This is in agreement viighsimall but measurable coercive
fields H: = 6.1 kA/m observed from the hysteresis loopsqueréd at T = 250 K (see
the inset of Figure. 9 (a)).

21



Results

T —r———— e P S EE R T
BOL 2 i s h
= : o B iaiidaad R R, 1
{5} a = i S S
o . =3 A
2 30 OF e
o il L
E =4 e
< ] W Z P
[ - e
] ~ o
','. \ " '.-"'
m 4 P
o i E ,r“
B 30 — -
= »
2 4 l = PELMNT s 10k I
- ’ "
s «— PELMNPa 260k 2w H =100 08
80 L .,_4._,_____ pris M &
. 1 - L i - i - L -
= | -3 -2 -1 0 i 2 3 i 0 50 100 150 200 250
H (MAm) T(K)

Figure 9. (a) Magnetization curves at 10 and 250 K of PEIfR8NThe inset shows the central
area of the loop at higher magnification. (b) Zdreld and field-coated curves [14].

Regarding the magnetic properties of the synthddizBPs, it is worth to mention that
the main parameters like saturation magnetizatigraii coercive fields Hof the PEI-
MNPs (sizes around 25 nm) was found to be smdikm the values of bulk magnetite
(Ms = 86 — 92 AmYKg, Hc = 16 — 32 kA/m) [6, 48]. These results are in agrent
with the fact that possible contributions from sid disorder are expected to be almost
negligible. Accordingly, the PEI-MNPs showed deseshvalues of M (58 Anf/Kg
Fe;0,4 at 250 K), in agreement with the increased suffabeme ratio.

2. Neuronal (PC12) cells incubated with PEI-MNPs

2.1 Biological effects: cytotoxicity

Minimal cytotoxicity is another crucial requiremeot any biomedical application. In a
concentration range of 5-100 pug/mL, we found aigéwé cytotoxicity (<5% for 100
ng/mL of particles added) after 72 h of incubatiaith the particles. At the
concentration of 10 pg/mL (working concentratiorfurther experiments) toxicity was
less than the 1.5 % (Table 1) [39].
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10 ug/mL 20 ug/mL 50 ug/mL 100ug/mL

Cytotoxicity (%) 1.4+0.4 1.3+05 2.2+0.4 3.8+0.8

Table 1. Effect of PEI-MNPs on PC12 cell lin€ell viability was carried out by Pl exclusion
after 72 h of incubation. Cell counting was carrieat using FACS analysis (mean £s.e.m.,
n=6, p<0.0001).

As a general result, the data on the viability 1R cells performed by Propidium
lodide exclusion assays (Table 1) displayed a iiyxitevel that increased in
concentration-dependent manner. The toxicity was  short incubation times but
little important effects were noticed for incubatitimes longer than 48 h and large
MNPs concentrations (Table 1). In spite of the afféor the largest MNPs
concentrations, it is worth to note that these @sloorrespond to incubation conditions

(e.g., 72 hours and 100 pug/ml) that largely exdbedapeutic values.

2.2. Quantification of uploaded PEI-MNPs in neuralcells

The intracellular iron content for the PEI coate®®% in PC12 cell line is shown in
Figure 10. After incubating cells with various centrations of PEI-MNPs (from 5
png/mL to 50 pg/mL of MNPs) in PC12 cells, we obgerthat when we increased the
amount of PEI-MNPs incubated with the cells, thteaicellular uptake of our positively
charged MNPs also increased. Thus, significant pamicle internalization was
observed for PEI-MNPs after 24 hours of nanoparticicubation in the culture
medium. It is possible that the PEI-MNP attachmerihe membrane and the PEI-MNP
internalization was facilitated by their positivegharged surface. At the working
concentration (10 pg/mL of PEI-MNPs), PC12 cellsomporated around 10 pg Fe per
cell; this value includes both MNPs attached to ¢tke# membrane by electrostatic

attraction and MNPs inside the cell.
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Figure 10.Total amount of iron content per cell at differenncentration o
PEI-MNPs added.

2.3.Biodistribution of PEI -coated MNPs in neuronal cells

The cellular localization of particles after inctibg with PE-MNPs at a concentratic
of 10 ug/nk was investigated using TEM analysFigure 11) [14].
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Figure 11. Cellular localization of PE-MNPs. a-b) TEM analysis of PC12 cells incubated
h with f-PEI-MNPs 10 wonL. White arrows: particles in the cytoplasm, yellowraars:
particles entering and membrane invaginatio-d) STEMHAADF images (100 K) of PC:
cells inculated 24 h with PEMNPs 10 pg/mLThe inset of panel d) shows tEDS-HAADF
spectra of citoplasmatic PFMNPs. The ED$HAADF spectra confirm the presence of
inside the cell.

TEM images revealed the presence of cluster ofgbestinside cellsFigure 11 a-b,
white arrows) and on the cell membrane (Figur¢ a- yellow arrows). No particle
were detected in the nucleus. The presence of $ideirthe cells was confirmed
EDS-HAADF spectra (Figure 11-d).

The cellular localization of particles al incubating with PEMNPSs at a concentratic
of 10 pg/mL was investigated using SEM and DualBemalysis. The P-MNPs
biodistribution was investigated after incubationtwo conditions: cell cultures wi
PEI-MNPs for 24 h, differentiated by NGF indion and without external magne
field (named MNP H); the other condition was cell cultured with MNRs 24 h,
differentiated by NGF induction and differentiatéd the presence of an exter

magnetic field (named MN" H").

SEM images showed that & incubation, a fraction of PEMNPs were strongl
attached to the soma and growth cone in both, cbogtls (without magnetic field) ar

cells subjected to magnetic field, forming largestérs ranging from 1 to 5 pm
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length. In agreement with SEM ages, EDX analysis confirmed that these brights
were PEIMNPs and were strongly attached to the cell men#r@igure 12). Re
color gives us an idea of the amount of iron oheraell

\ mag | | det | tilt | mode| HFW
/| 750x |ETD|0 SE | 171 um
200m Mix

mag = det | tilt mode HFW 10 pm
68 pA3.00 kV/4 000 x CDEM 52 °/ SE 32.0 um Nova Nanolab LMA-UZ

Figure 12. Scanning electron microscopy image o$iagle PC:2 cell incubated for 24 hour
with 10 pg/mL PEIMNPs, showing the presence of P-MNPs agglomerates (bright spot
on the cell membrane and on the growth ca (a) PC12 cells without magnetic field and E
analysis showing Fe in red and O in green. (b) PCa%s subjected to magiic field.
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The combination of lon and Electron beam (SEM/FiByws the study of the intern
distribution of particles in adherent cells becautsallows us to see the F-MNPs
inside the crossectioned cell

For further study of the internalization the PEIMNPSs, single PC12 cells were cr-
sectioned by FIB and analyzed by SEM after culiaréhe presence of lug/mL of
PEI-MNPs for 24 hours. The results were different f@1R cells cultured in th
presence of an external magnetic field (N H") and PC12 cells cultured witho
magnetic field (MNP H"). In the Figure 13 it is possible to observe thglameratior
of the PEIMNPs attached to the outside part of the cell mambrin MNF H’
condition, and also the agglomeratould be seen along the intracellular space of
neural soma. It is important to point out that vie wiot find MNPs in the intracellule
space of the axon, we only found MNPs in the imlatar part of the neural soma
MNP* H cells.

cur | HV mag det it mode HFW - 10 pm
0.40nA5.00kV 4000x COEM 52° SE 32.0 pm Nova Nanolab LMA-UZ

Figure 13. SEM imaes of PC12 cells (MN'H’) crosssectioned by FIB after 24 hour
incubation at 10 pg/mL of PEEMNPs and for 4 days of differentiation(a) The whole cell ¢
52 ° tilted previously to be crc¢-sectioned. (b) And (chiracellular space of the axon in whe
we could observe the absence of -MNPs. (d) Neural soma intracellular space in where
couldsee the presence of FMNPs in both attached to the membrane and in thagellular
space.
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As we can see in the Figure (see also Figure Al)n the case of MN" H" condition,
we could find agglomeration of the MNPs in the acgllular part along e whole cell
to occupy a major fraction of the intracellular spaEDX spectra shced that these
agglomerates wereomposed of iron. The MNPs distribution observedstzed of
MNPs agglomerates attached to the cell membraniehveieem also to penetrate to

intracellular space of the soma and the a

o HV det it mode HFW 20 ym
0.40nA5.00kV 2500 x CDEM 52° SE 51.2 ym Nova Nanolab LMA-UZ

Figure 14. SEM images of PC12 cells (MIMH") crosssectioned by FIB after 24 hour
incubation at 10 pg/mL of PEEMNPs and for 4 days of differentiation(a) The whole cell ¢
52 © tilted previously to be crc-sectioned. (b Intracellular space of the axon in where
could observe the presence of tMNPs agglomerates in both attach to the membrard
inside the axon. jdNeural soma intracellular space in where we cosge the presence of F
MNPs. The insetsocrespond with the EDX spectra of the highlightty

The microscopy imaging analysis of the -MNP-loaded PC12 cells indicated that

kinetics of particle uptake could go through pregree stages like a) a first attachm

to the cell membrane as arly observed from SEM images; b) a subsequent meme

crossing reflecting early endocytosis (with pathsvagt yet known), ar c) progressive
accumulation in membra-bound intracellular vesicles. The detailed meclmas

through which MNP uptake is meted by PEI is still to be determine

The results from SEM and Dual Beam microsccFigurel3 and 14) showed that, af
incubation the final distribution at the cellulavel consisted of lari agglomerates of
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PEI-MNPs both attached to the cell membrane anthatintracellular space. The
capacity provided by the Dual Beam technique, @fyming the biodistribution of the
MNPs at the single-cell level, demonstrated alst the agglomerates observed outside
the cellular membrane extended in a continuous wwty the cytoplasm. The results
also showed that the magnetic field promote thent&in and accumulation of PEI-
MNPs in cells and can facilitate the movement esthPEI-MNPs from the soma to the
axon growth cone or their incorporation in the axbme combination of PEI-MNPs and
an external magnetic field can provide mechanigasite forces in the growth cone that

may cause axonal sprouting [49].

Since the PEI-MNPs did not show major toxicity effe except for the largest
concentrations and after long incubation time (Y21H4], the final distribution of large
magnetic agglomerates anchored to the PC12 ceksisophe possibility of using
external fields for cellular actuation through ert magnetic forces on these

structures.

These results also confirmed that there were niicfes in the nucleus.

2.4. Immunofluorescence analysis of neuronal celytoskeleton

Morphological changes in the PC12 cells duringedéhtiation were also affected by
the PEI-MNPs (Figure 15 and Annex section, Figu®&). Ahese differences could be
observed and analyzed through phase contrast amdingfluorescence microscopy.
Typical PC12 cells, prior to NGF exposure, are tiatentiated, spherical in shape and
do not produce neurites, as can be seen in Fidaae Following exposure to NGF, as
shown in Figure 15b, PC12 cells differentiate im@uronal type cells (+NGF) and
begin to extend short and thin neurites (5-6 pdl) a&o the periphery. PC12 cells
exposed to PEI-MNPs were more elongated, showsdlesber of neurites (around 2-

3 per cell), and these were longer and sharpeu(&ig5c).

The number of connections or neuronal synapses iatseased in the presence of
MNPs.
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(b) NGF* MNP-

50 pm

(¢) NGF* MNP

50 pm H+

Figure 15. Phase contrast images of PC12 ce (a) undifferentiated, (b) with NGF (NC,
MNPS), (c) with NGF and PEMNPs (NGF, PEI-MNPS). The b and ¢ images were recorc
the 4" day of inducing differentiation. These results @adé that PEEMNPs promoted neurit
outgrowth relative to notreated cells

PC12 cells incubated with F-MNPs and differentiated in the presence of the raag
field exhibitedneurites outgrowth in tl direction of the applied magnetic field (Figt
16 and Annex section, Figure ,). Neurites of PC12 cells diubt treat with PE-MNPs
but differentiated in the presence of the magnéélt displayed higher number o

neurites and randomly oriented (Figs 15 and 16).
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(a) MNP* H*

50 pm

(b) MNP- H*

(c) MNP* H-

50 pm

Figure 16. Phase contrast images of PC12 c: (a) incubated with PEMNPs and
differentiated in the presence of a magnetic flddNF*™ H"), (b) differentiated in the presen
of a magnetic field (MNPH") and, (c) incubated with PB¥NPs in the absence of an exter
magnetic field (MNPH").

The changes in morphology and cytoskeletal stractircells exposed to F-MNPs
and a magnetic field (H) were also investigateagigmmundluorescence fof tubulin
and Factin. The cells were fixed, permeabilized andngt@iwith fluorescently labele
secondary antibody to primary é-tubulin antibodytabeled microtubules, while act
microfilaments were labeled with phalloidin (Figure and Figures A4 and A5, Anne
section).

Untreated cells (MNP exhibited strong periphera-actin staining along the cell ed
indicative of cortical actin fibers. Also, the actnicrofilaments were well organized

the top of neurites forming filopoc and lamellipodia (Figure 17).
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At the same day of differentiation ™ day) untreated cells exhibited spheri
unpolarized shape and, had short undifferentiatedrrites (Figur 17a). The
microtubules also form a dense network equallyribisted arouncthe nucleus and
along the neurites of the cells (Figure 18). In¢hse of cells incubated with FMNPs
(MNP"), there were prominent filopodia and lamellipodia the top of neurites; tf
cells werepolarized and possessed two types of morphologicatid functionally
distinct processes; a single, long, and slenden axal several dendrites that are shc

processes with a tapered morpholaFigure 17b).

13.63 pm

47.62 um

(b) MNP*

47.62 um 47.62 um

Figure 17. Immunofluorescence images oifferentiated PC12 cells 4 da control (a) and
after treatment with f-PEMNPs (b). Red fluorescence represents actin mlaroénts anc
green color representdluorescen nanoparticles (a) PC12 cells withoutf-PEI-MNPs
treatment; the inset of (a) is a detail of PC12l ¢lehit exhibited spherical unpolarized shay
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with short neurites. (b) PC12 cells treated wf-PEI-MNPs; cells exhibited typically neurt
shape with a longlender axon and several shorter dendr

Confocal images also confirmed the internalizabbthe +PEI-MNPs inside the cell.
Is important to point out tha-PEI-MNPs were found along the length of the body «
in both, the intracellular part t¢he neural soma and the neurites, but specialther

neural soma and never in the inner of the nuc

(a) MNP*H"

H

15.85 um

A
47.60 um

(b) MNP+

15.85 um

H

—— _—
47.62 pm 15.85 um

Figure 18. Immunofluorescence images of differentiated PC12lset days after treatmer
with f-PEI-MNPs in the presence of magnetic field (MI" H*). Red fluorescence represe
tubulin microtubules and green color represefluorescent nanopartickeand yellow line
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represents the magnetic field direction. (a) Anjl KINP" H* PC12 cells stained with anti-
tubulin 11l antibodies. The images on the right megent the detail of axon of the PC12 cells in
which it is observed the PEI-MNPs inside the axon.

3. Control of the orientation of growing neuronal processes in PC12 cell line

To demonstrate that the synergic combination of-MBEPs and magnetic field can
influence the orientation of the neuronal proces$eBC12 cells incubated with PEI-
MNPs, the neural cells were exposed to a constagnatic field of 0.19-0.20 T and to
a maximum magnetic field gradient of 0.019 T/m (tomfiguration of the magnets is

shown in the section 4 of Materials and Methods).

For these experiments, PC12 cells were treated RERMNPs (10ug/mL) for 24
hours; then PC12 cells were induced to differeatiat adding NGF (80 ng/mL) and an
external static magnetic field was applied for ysdaFour experimental groups were
tested: cells treated with both PEI-MNP and the me#ig field (MNPH™), with MNP
and a null magnetic field (MNP), without MNPs and the magnetic field (MMP) or
without MNPs and a null magnetic field (MNHP). The results obtained from cells
treated with MNPs and magnetic field (MN#P) were compared with cells treated with
magnetic field but without MNPs (MNR"), cells treated with MNPs but without
magnetic field (MNPH") and control cells without treatment (MMP). Finally, the
angle between the direction of each neurite albegrnagnetic direction and the neurite
length were measured the 4th day after the indouctd differentiation by optic
microscope and the analysis was performed by usiage analysis software “Image J”
(Figures 19, 20, 21 and 22).
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Figure 19. Represeation of the results obtained in each condition biging “Image J”. The
graphs show the percentagéneurites as function of the angles along thedtion of the stati
magnetic field applied. Data are grouped for classéangle from -90° to +90. The direction
of the magnetic field is @nean 2SD., n=3-6,).

As we can see in Figure 19, when xternal magnetic field was applied to PC12 c
that previously hadeen treated with P-MNPs, and hadoaded them their neuritt
were able to orientate in the direction imposed®sy external magnetic field, so t
neuronal processes of PC12 cells ed to be arranged parallel to one another
parallel to the magnetic field. In the other coimhs, without PE-MNPs or without
magnetic field, the neurites were randomly orientetl approximately the sar
number of neurites was found in each classangle. The MNPH™ condition graph
followed a normal distribution Figure 20), so under the magnetic field, we cc

calculate the preferential orientation angle ofribarites which was 0.0846 + 34.2
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B VNP H'
25- —— Normal Distr.

Frequency of Neurites (%)

-100 -80 -60 -40 20 O 20 40 60 80 100
Classes of Angles

Figure 20. Representation of the results obtainadthe cells treated with PEI-MNPs and
magnetic field (MNPH") by using “Image J”. The graph shows the percentage of neurites as
function of the angles they form with the directafrthe external magnetic field and the fitting
of the data to a normal distribution in order totalm the neurite preferential angle of
orientation. Data are grouped for classes of anglése direction of the magnetic field is 0°.

The same results are represented in Figure 2xrmdénumber of neurites (normalized

with respect to the control: MNR") in each condition as function of the angles.

M\

—o—MNP+ H+

/ W MNP- H+
— )

0O
-100 -80 -60 -40 -20 0O 20 40 60
Classes of angles

Frequency of Neurites normalized
with respect to the control

80 100
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Figure 21. Number of neurites (normalized with resgt to the control) as
function of the anglesData are grouped for classes of angles.

All representations allow the conclusion that ie fpresence of both PEI-MNPs and
magnetic field, neurites preferentially grew durthg neural processes in the direction
imposed by the external magnetic field. As expectddee controls were not

significantly different indicating that magneticnaparticles or magnetic field alone did

not influence the direction growth of the neurites.

Neurite length was also affected by the PEI-MNRgufe 22 show the percentage (%)
of neurites as a function of length of neuriteshie four experimental conditions tested.
The analysis of neurite population revealed that fiercentage of cells with neurites
lengths between approx. 80 and 140 increased for those cells incubated with PEI-
MNPs (Figure 22). The neurites of the cells incedawith PEI-MNPs, in MNPH" and
MNP* H™ conditions, were larger than the neurites of tRdPcells did not treat with
nanoparticles (MNPH" and MNP H™ conditions) (Figure. 22). The median lengths
(calculated adjusting the data to a log normatrithstion) of neurites of cells incubated
with PEI-MNPs were 7 um longer than the neuritesadls untreated with PEI-MNPs;
moreover, if the cells were differentiated in thhegence of an external magnetic field,
the length of neurites increased, and were 10 ngelothan the neurites of the control
cells. However, there were not significant differes between the neurite length of cells
not treated with PEI-MNPs but differentiated with without the presence of the
magnetic field. This means that the applicatiomafynetic field not only had influence
on the neurite orientation but also it had on theoant of neurite outgrowth (mean
number of neurites per cell and the same lengtth@asontrol) in PEI-MNPs-loaded

cells (Figure 22).
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(b) MNP-H-

X~ 28.50 pm # 0.35

(c) MNP-H*

X=23.52pm £ 0.32

(d) MNP-H-

X=23.85 yum £ 0.32

Figure 22. Analysis of
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neurite length distribution 4 days aft the induction of
differentiation with NGF: (a) (MNF'H"); (b) (MNP HY); (c) (MNPH"); (d) (MNFH).
(mean = SD., n=3). Frequency of neurites vs. length of neuritedoig normally
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V. DISCUSSION

The work reported here has been conceived witterwtider framework of a research
project aimed to validate a novel protocol for meregeneration based on the use of
magnetic nanoparticles and external static magrietids. The hypothesis on which
this research project was based is schematicapicbel in Figure 23. When an injury
occurs to a peripheral nerve, magnetic nanopastidan be used to guide the
regenerating axons across the traumatic gap bysex@pdo a magnetic field which
exerts a magnetic force in the direction of theeregating axon (from the proximal end
to the distal portion). MNPs create a mechanicaisitn which stimulates nerve
regeneration in the direction imposed by the magrfetld. This physical guidance
should direct more efficiently the regenerationtiod injured nerve from the proximal
toward the distal stump. Additionally, MNP bindirtg the neuronal cells can be
enhanced with addition of biological molecules,.,ergeural binders and neurotrophic
factors (NF).

U W ¢

¢ =D § c===p
Qx- MNPH -

Macrophage

Monocyte

Schwann cells

Magnetic nanoparticle

XI C(‘ Q 0 9:5}

Static Magnetic field

Figure 23. Nerve regeneration mediated by MNPdter a nerve transaction, Schwann
cells, macrophages and monocytes work togetheretoove myelin debris, release
neurotrophins, and lead axons toward their synapéigets. MNPs bind the injured
nerve, a magnetic field is thus applied in the cli@n of the nerve regeneration. MNPs
create a mechanical tension which stimulates neegeneration in a direction imposed
by the magnetic field. This physical guidance sthodlrect more efficiently the

regeneration of the injured nerve from the proximaward the distal stump.
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Additionally, MNP binding to the neuronal cells cdie enhanced with biological
molecules, e.g., neural binders and neurotrophitdies (NF).

Although many types of magnetic nanoparticles areenitly used in clinical protocols,
the use of iron oxides nanoparticles in neuros@ens still limited due to the need of
clear data on possible toxicity effects, the effeot poor water solubility and the
nanometric size. Therefore the potential advertersf of iron oxide nanopatrticles are
currently the focus of intense investigation [5)d measures to reduce adverse effects

still remain explored [51].

Within this context, the present work was aimeddostitute a proof of principle for the
magnetically-driven neurite orientation. Specifigaheuronal PC12 cells loaded with
PEI-coated magnetic nanoparticles (PEI-MNPs) weetun order to demonstrate that
a static magnetic field can orientate the orieatatf neurites outgrowth in an vitro
model.

A first issue to note from the systematic analydfigifferent microscopic techniques
(TEM, SEM, Dual-beam, confocal, fluorescence) iattthere is a strong interaction
between PEI-MNPs and PC12 cells. The results abdafrom SEM and Dual Beam
microscopy (See Figures 12, 13 and 14 of Resuttsose) showed that after incubation
with MNPs the final distribution at the cellulavkd consisted of large agglomerates of
MNPs both attached to the cell membrane and aintinacellular space. Indeed, the
agglomeration of MNPs in biological media is an wwmidable process since the large
concentration of proteins in cell culture mediavitebly led to the formation of a
protein ‘corona’ and, more generally, the formatadrtarge aggregates. It is this kind of
aggregates that constitute the entities to intevattt cells and tissues in biological

applications.

The analysis of the biodistribution of MNPs at duegle-cell level through Dual Beam
technigue demonstrated that the agglomerates adibewtside the cellular membrane
extended in a continuous way into the cytoplasmcé&ithe MNPs resulted in a very
low toxicity effects at the concentrations used these experiments, the final
distribution of large magnetic agglomerates anathdeethe PC12 cells seems to be
potentially useful for cellular actuation throughkternal magnetic forces. The
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internalization of these particles was also demrateit by confocal microscopy.
Interestingly, after incubation of the cells witlEIFMNPs and differentiation in the
presence of an external magnetic field, we obseare@nhanced presence of MNPs

localized at the intracellular part of neural scana axon.

The experimental results confirmed that the symeagplication of MNPs and magnetic
field gradient influence the orientation of the neugrowth. When cells were treated
with the PEI-MNPs and exposed to the external miagfield, the neurites tended to
grow parallel to the field direction (see Figuré&s 20 and 21 of Results section 3). The
experimental controls demonstrated that the magfield alone did not influence the

direction of the neurites growth.

An influence of static magnetic fields onto theediron of newly formed neuronal
processes of PC12 cells was reported by Kim ¢#8]. Specifically, the authors found
that neurite grew preferentially in a direction gemdicular to the direction of the
magnetic field. Unfortunately, the results cannetcbmpared because the experimental
set-ups are different. Here the configuration @& thagnets were designed in order to
have a maximum magnetic field gradient (0.019 Tilmdhe culture dish, i.e., all cells
were exposed to the same magnetic force whichdpgptional to the magnetic field
gradient and independent from the magnetic fieltdhazaOn the opposite, Kim and
colleagues used 12-well plate place between twengeent magnets with opposing
poles facing each other to generate a magnetit geddient (0,12 T at the center) and

thus a magnetic force not constant.

The morphological changes in the PC 12 cells oleseduring differentiation and when
PEI-MNPs were added to the cell culture were aleaentioned in Section 3.2 of
Results. It is clear from the analysis of the neuength distributions that a measurable
increase in the average neurite length was indooeithe PEI-MNPs-loaded cells when
compared to the different control samples (i.eanklcells with no MNPs, with and
without applied external magnetic field). The diffieces of average neurite lengths
between control and MNP-loaded samples (see Figiref the Results section 3) was
found to be about 1@m (control length: 23-2im; MNP-loaded samples length: 32-33
um). These differences were observed irrespectivih@fpresence of magnetic field,

indicating that its origin is related to the incoration of MNPs. This observation (that
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the presence of the PEI-MNPs during cell differantin improves the outgrowth of the
neurites) suggests that the PEI-MNPs could havéiyp®effects on neurite growth, but
determining the exact source of this enhancing iteedactor would need further
investigation. This is consistent with a previougrkvby Kim et al. [37] reported that
MNPs alone (i.e., in the absence of the magnetid)fiwas able to enhance the neurite
outgrowth in a dose-dependent manner on PC12 eglissed to both MNPs and NGF.
They concluded that treatment of PC12 cells witim ilon promotes neurite outgrowth
during NGF-induced differentiation by enhancingl catachment and survival via
activation of cell adhesion molecules. Indeedas been reported [52, 53] that Fe ions
can affect the neural plasticity and neurite amitgh, but the molecular mechanisms of
this influence has not been described in detaim&agroups have reported that the
treatment of PC 12 cells with iron ion promoted niteuoutgrowth during NGF-induced
differentiation by enhancing cell attachment antvisal [52, 53]. Since, it is possible
that iron oxide nanoparticles can be ionized dudé¢cacidic pH inside the endosome or
lysosome and the Fe ions can be released intcetheytosol. These studies concluded
that iron oxide nanoparticles might enhance neuoitggrowth by increasing the
intracellular concentration of Fe ions during thifedentiation process [52, 53].
However, it is still possible that the iron oxidanoparticles activate the extracellular
receptor that in turn may induce the subsequembakigransduction for neurite
outgrowth [37]. Further studies are necessary ¢mtifly the key factors that affect the

differentiation pathway by iron oxide nanoparticles

In spite of the increased value of the averageiteelangth observed for MNP-loaded
PC12 cells, the average number of neurites><Mounted for the same PC12 cells
incubated with PEI-MNPs was smaller than the cpoading average neurite number
in control cells.. The diminution of neurite fornmat after treatment with MNPs was
also observed by Pisanic and co-workers [54]. Theported that the presence of
intracellular anionic-MNPs appears to affect cytletal structure by either chemically
or physically impeding actin microfilament formatian the cells or inhibiting the

maturation and function of neurites.

It is clear from the experimental results thatdhging force guiding the neurite growth
along the magnetic field direction is the force rée@ on the incorporated magnetic
nanoparticles by the external magnetic field. Imeotwords, the preferred orientation is
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based on the interaction between the magnetic moofathe MNPs and the external
magnetic field. However, the detailed biochemic&chanisms by which these forces
acting on the MNPs translate into a preferentialngh direction for a large fraction of

the neurites is not yet fully understood.

Some models have been proposed to simulate how chamieal stimulation can
activate cellular signaling pathways that are kn@snmechanotransduction pathways
[41]. The process by which cells convert physicaité into a biochemical signal plays
a key role in the outgrowth and migration throutghinfluence over cell function. The
predominant molecular transducers of force aregnris, which are a family of
glycoproteins that act as extracellular matrix peoes. Integrins play an essential role
in the signaling and structure of a cell and intesavith the cytoskeleton through focal
adhesion proteins, which regulate cell survivalffedentiation, migration, and
mechanotransduction pathways [45]. Kim et al. [@Idmonstrated that magnetic
nanoparticles incremented the expressiorfbiintegrin which might led to neurite
outgrowth and are involved in cellular responsentechanical forces. In addition,
magnetic beads coated wiBli-integrin ligand showed force-dependent focal atire
formation, indicating that integrins can transfeiteenal force through the plasma

membrane [41].

We have demonstrated that PEI-MNPs can both peeetrside PC12 cells through an
endocytic-like mechanism and also remain attachdabe cell membrane. These results
led us to conclude that the uptake of PEI-MNPs byral cells may increment the
expression of integrins that favor the formation fo€al adhesion proteins in the
direction of the applied magnetic field resulting the formation of neurites in this

direction.

To sum up, our results have shown that PC12 neetlsl with incorporated PEI-MNPs
can preferentially direct the growth of neuritesra the direction of an externally
applied magnetic field. Moreover, in this procesghbthe cell morphology and the
number of the neurites are modified. The mechanismlerlaying this neurite

orientation has been demonstrated to depend amdlgeetic forces acting on the MNP-
bound neurites. Our findings have established toefpf concept that MNPs can be

employed as enhancers of nerve regeneration uheeeffect of externally applied
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magnetic fields. This could be the first stage #omnon-invasive strategy of neural

regeneration based on nanotechnological devices.
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VI. CONCLUSIONS AND FUTURE PERSPECTIVES

Nerve regeneration is a major issue in the treatrmktraumatic nerve injuries and has
stimulated considerable bioengineering researchecinat exploring innovative
strategies for physical or chemical guidance ofnakoe-growth across the nerve lesion.
The project outlined in this work proposes a nowehimally invasive approach for
physical guidance based on synergistic use of magmnanoparticles (MNPs) and

magnetic fields (H).

In this study, we attempted to determine whetherabplication of a magnetic field can
affect neuron-like cells (PC12 cell line) previgushcubated with polyethyleneimine-
coated nanoparticles (PEI-MNPs). The selected PHPRM were suitable for this
purpose because they possess high saturation negioet, negligible cytotoxicity and
high capability to magnetize mammalian cells. Titeaicellular distribution of the PEI-
MNPs analyzed at the single-cell level by dual-békiB/SEM) technique revealed the
coexistence of clusters of PEI-MNPs attached tontieenbrane and crossing the cell

membrane as well as in the intracellular part efRIC12 cells.

MNPs were used to generate tensile forces undesfteet of an external magnetic field
and to manipulate axons in order to stimulate neunmitiation or axon elongation in the
desired direction. When PC12 cells were cultureth whe PEI-MNPs and exposed to
an external magnetic field, particles were foundhia cell body but also in the growth
cone of developing neurites. In this neuron-likdl tee, it was confirmed that PEI-

MNPs direct the neurite outgrowth preferentiallprag the direction imposed by an

external magnetic field.

The PEI-MNPs also affected the neurite length aildncorphology. Longer average of
neurite length was found in cells loaded with PEVHR.

In summary, these results showed that the use dP$/&dhd magnetic forces seems to

be a good and novel strategy for neural manipulatio
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Annex

VIII. ANNEX

H\) mag det tilt mode HFW ——20pun
\5.00kV 2500 x COEM 0° SE 51.2 pm Nova Nanolab 5.5,

Figure AL SEM images of PC12 cells (MN'H") crosssectioned by FIB after 24 hour
incubation at 10 pg/mL of PE-MNPs and for 4 days of differentiation(a) The whole ce
previously to be crossectioned. (b) And (c) Intracellular space of the@min where wi
could observe the presence of -MNPs agglomerates in botattach to the membrane a
inside the axon. The inset corresponds with the Ep&ctra of the highlight part. (i
Neural soma intracellular space in where we coude she presence of FMNPs. The
inset shows a detail of the FMNPs inside the soma.
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50 pm

(b) NGF* MNP

50 pm

(¢) NGF* MNP*

50 pm

Figure A2. Phase contrast images of PC12 c: (a) undifferentiated, (b) with NG
(NGF', MNP), (c) with NGF and PEMNPs (NGF, PEI-MNPS). The b and c¢ image
were recorded the™day of inducing differentiation. These results @adé that PEEMNPs

promoted neurite outgrowth relative to I-treated cells.
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(a) MNP* H*

50 pm

(b) MNP- H*

(c) MNP* H-

50 pm 50 pm

Figure A3. Phase contrast images of PC12 c: (a) incubated with PI-MNPs and
differentiated in the presence of a magnetic fi@¢NP" H"), (b) differentiated in th
presence of a magnetic field without FMNPs (MNP H") and, (c) incubated with P+
MNPs in the absence of an external magnetic fiRINF" H). The resultindicated that in
presence of both particles and magnetic field, itesirpreferentially grow during tr
neural processes in the direction imposed by thereal magnetic fiel
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(b) MNP+ H-

47.62 ym 16 pm

Figure A4. Immunofluorescence images of differentiated PCt&lls 4 dayscontrol (a)
and after treatment with -PEI-MNPs (b). Red fluorescence represents a
microfilaments (a) or microtubules (bnd green color represents nanoparticle reflecti
(a) Examples of PC12 cells without MNPs treatmentcan be seen that PC12 ¢
exhibited spherical unpolarized shaped with shatiites. (b) PC12 cells treated w
MNPs; cells exhibited typically neon shape with a long slender axon and several sh

dendrites.
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19.05 pm

47.62 um

—

17 pm

Figure A5. Immunofluorescence images of differentiated PC12llse4 days aftel
treatment with f-PEIMNPs in the presence of magnetic field (MI" H'). Red
fluorescence represents tubulin microtubules andegr color represents nanopartis
reflection and yellow line represents thiagnetic field direction. (a) And (b) MI* H*
PC12 cells stained with a-tubulin Il antibodies. The inset images represtiet detail of
axon of the PC12 cells in which it is observedRE&-MNPSs inside the axc
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