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ABSTRACT

Interactions of Cells with Magnetic Nanowires and Micro Needles
José Efraín Pérez Rodríguez

The use of nanowires, nano and micro needles in biomedical applications has
markedly increased in the past years, mainly due to attractive properties such as
biocompatibility and simple fabrication. Specifically, these structures have shown
promise in applications including cell separation, tumor cell capture, intracellular
delivery, cell therapy, cancer treatment and as cell growth scaffolds.
The work proposed here aims to study two platforms for different applications:
a vertical magnetic nanowire array for mesenchymal stem cell differentiation and a
micro needle platform for intracellular delivery.
First, a thorough evaluation of the cytotoxicity of nanowires was done in order
to understand how a biological system interacts with high aspect ratio structures.
Nanowires were fabricated through pulsed electrodeposition and characterized by
electron microscopy, vibrating sample magnetometry and energy dispersive X-ray
spectroscopy. Studies of biocompatibility, cell death, cell membrane integrity,
nanowire internalization and intracellular dissolution were all performed in order
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to characterize the cell response. Results showed a variable biocompatibility
depending on nanowire concentration and incubation time, with cell death resulting
from an apoptotic pathway arising after internalization.
A vertical array of nanowires was then used as a scaffold for the differentiation
of human mesenchymal stem cells. Using fluorescence and electron microscopy, the
interactions between the dense array of nanowires and the cells were analyzed, as
well as the biocompatibility of the array and its effects on cell differentiation. A
magnetic field was additionally applied on the substrate to observe a possible
differentiation. Stem cells grown on this scaffold showed a cytoskeleton and focal
adhesion reorganization, and later expressed the osteogenic marker osteopontin.
The application of a magnetic field counteracted this outcome.
Lastly, a micro needle platform was fabricated through lithography and
electrodeposition, characterized using the previously mentioned techniques and
then evaluated as a vector for intracellular delivery. Fluorescence and electron
microscopy imaging were first performed to assess the biocompatibility, cell
spreading and the interface of the cells and the needles. Intracellular delivery of a
fluorescent dye was achieved via inductive heating of the needles, with the results
showing a dependency of delivery and cell survivability on the exposure time.
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Chapter 1

Introduction

1.1

Scope

Since the first interfacing of a vertical array of nanowires (NWs) with mammalian
cells,[1] their use for different biomedical applications has remained an attractive
endeavor. This is due to the high affinity cells have to high aspect ratio structures,
which allow a stronger adhesion.[2] Additionally, the cell viability and proliferation
do not seem to be affected by the presence of such structures,[1–3] opening up
interesting possibilities for studying the interactions between cells and these
nanotopographies, as well as for applications that require intracellular access, such
as the delivery of drugs or genes.
Most of the research with vertical high aspect ratio nanostructures has focused
on two cases: non cell-penetrating NW arrays for cell capture and the studying of
cellular mechanics and traction force, and cell-penetrating nanoneedles (NNs) or
microneedles (MNs) for biomolecular delivery and cell probing.[4] For the work
encompassed in this thesis, the term “NWs” will be used when referring to non cell-
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penetrating scenarios, whereas the term “needles“ will address the cell-penetrating
ones.
Understanding the interface between the NWs and the cells is essential to
properly target these structures to the desired application. Based on work with
neuronal cells, it has been shown that the spacing of the NWs and their diameter
play a crucial role in dictating cell conformation: with a constant spacing of 1 µm
between each NW, a NW diameter of 200 nm allows the cell to completely engulf the
NWs without penetration, whereas an increase in diameter to 500 nm translates to
cells simply resting on top.[5] This report is in agreement with that of Berthing and
colleagues,[6] in which it was also found that the cell membrane wraps around the
NW rather than be penetrated for NWs with a diameter of 100 nm and a spacing
from 3 to 7 µm. Other studies have reported that, other than resting on top of the
NWs or engulfing them, cells can also flatten the NWs as they sit on top or break
them off from the substrate and internalize them.[7] It is therefore important to
properly define the fabrication parameters (length, diameter and spacing)
depending on the desired application, with tightly spaced or dense arrays of NWs
typically used as cell culture substrates and broadly spaced ones used as needles for
cell penetration.
Dense silicon (Si) NW arrays have been broadly used as cell culturing platforms
in order to study the effects of these nanotopographies on the regulation of fate of
mesenchymal stem cells (MSCs).[3, 8, 9] The use of nanotopographies for this purpose
stems from evidence pointing that the transmission of mechanical forces to the
extracellular matrix (ECM), along with its elasticity and geometric cues, can
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influence and guide stem cell differentiation.[10–12] Exploiting the mechanical and
geometrical cues of nanostructures provides an elegant alternative in comparison to
current tissue engineering methods. For example, the standard MSC osteogenic
differentiation in vitro is achieved through at least three weeks of continuous
treatment

with

a

cocktail

of

dexamethasone,

ascorbic

acid

and

β-

glycerophosphate,[13] a method that is expensive, shows in vivo variability and may
induce unwanted side effects.[14, 15] Relying solely on nanotopographical cues thus
rids the system of the potential side effects of these biochemical agents while at the
same time being cost-efficient. Further, forces exerted through the application of an
alternating magnetic field (AMF) on microposts embedded with cobalt (Co) NWs
stimulates local focal adhesion points and increases the cell size in the process,[16] an
effect that depends on the frequency of the magnetic field applied.[17] Combining
such effect with the nanotopography of NWs adds an extra layer of stimuli through
which stem cells could undergo differentiation.
On the other hand, NNs and MNs have been extensively studied as a platform for
intracellular delivery of biologically active molecules such as proteins and
peptides[18,

19]

or RNAs for therapeutic purposes or the studying of cellular

processes.[20, 21] Multiple studies have focused on improving the efficiency of the
delivery of molecules, and the methods utilized vary. These include viral vectors,[22]
cell-penetrating

peptides

and

proteins,[23–25]

electroporation[26]

and

nanoparticles[27–30] or MNs[31] used as carriers or facilitators, respectively. However,
there are still many challenges to overcome, mainly in the form of cytotoxicity,[32, 33]
cell type specificity,[34] targeting[35] and efficiency.[36]
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1.2

Motivation

Given the broad number of applications and the potential of NWs and MNs for cell
studies and intracellular delivery of molecules, the main goal of this thesis is to
study the use of high aspect ratio magnetic nano or micro structures for biomedical
applications.
First, the cytotoxicity of magnetic NWs is thoroughly evaluated using different
methods, including cell viability, damage to the cell membrane, apoptosis/necrosis
induction, internalization and NW intracellular dissolution. The assessment of
cytotoxicity is of uttermost importance for understanding how cells interact with
high aspect ratio nanostructures and is the initial step to be taken in any biomedical
approach that relies on nanotechnology.
The first approach deals with the use of a dense iron (Fe) NW array for the
culture and differentiation of MSCs (MSCs). As previously explained, the topography
of the NWs plays a crucial role in the regulation of fate of MSCs in vitro, whereas an
applied alternating magnetic field on cells grown on magnetic posts strengthens
their focal adhesion points and increases their size in a frequency-dependent
manner. The work presented here combines the effects of NW topography and an
applied magnetic field to study their effects on the differentiation of MSCs. An
applied magnetic field (AMF) with low frequencies to a NW array would generate a
torque on each individual NW. Due to the single domain behavior of magnetic
nanowires, their magnetization is at the saturation when no magnetic field is
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applied, which can be exploited to generate large local forces on the cells with
relatively low small field amplitudes.
The second approach consists of vertically aligned gold (Au) MNs for
intracellular access, which is achieved by applying a magnetic field to an inductive
heater in order to heat up the needles in contact with the cell membrane, locally
disrupting it in the process. This method has so far been unexplored in order to
deliver molecules to the cell cytosol, but previously published reports have shown
that temperatures ranging from 45 to 60 °C increase the cell membrane fluidity and
permeability in as short as one minute time.[37] Using an inductive heater, a high
frequency (400 kHz) AMF could easily achieve these temperatures in order to
increase the permeability of the cell membrane at the adhesion points on the Au
MNs.

1.3

Thesis outline

The core results of the work of this dissertation will be presented in three separate
chapters, all preceded by a chapter with background information that will allow the
reader to fully grasp the concepts developed here. Each of the core chapters will
contain their own methods detailing the experimental work and setups that were
required to achieve its results, as well as their own results and discussion, summary
of main contributions and future perspectives. Additionally, at the beginning of each
chapter the main contributions of the work of that section will be presented along
with the list of publications arising from it.

21
As mentioned before, chapter two provides basic background information.
Included here will be a subsection that will briefly explain magnetism and induction
concepts that are used in later chapters. A different subsection will focus on
addressing stem cells and pluripotency. Then, magnetic NWs and their properties,
interactions with cells and applications will be presented. Finally, two more
subsections will cover the applications of dense NW arrays for MSCs differentiation
and the use of NNs and MNs as means to achieve intracellular delivery.
Chapter three will present the results obtained during the first year of work of
this thesis that were aimed at understanding the interactions between NWs and
cells. Work done here was performed with nickel (Ni) and Fe NWs. Firstly, the
fabrication procedure of NWs will be described in detail, as well as their
characterization through standard techniques. Then, the interactions between NWs
of different materials and a cell model will be addressed in full, mainly in the form of
the effects on cell viability, induction of apoptosis/necrosis, effects on cell
membrane

permeability,

internalization

and

intracellular

dissolution

and

degradation post-internalization.
Chapter four is dedicated to the first application presented in this thesis: an
array of magnetic NWs for the purpose of the differentiation of MSCs. Starting from
the fabrication of the NW array (which is a continuation of the fabrication procedure
covered in the previous chapter), it will then follow with the results obtained after
culturing MSCs on the array and characterizing the interactions. This includes
fluorescence microscopy observations of the cell cytoskeleton remodeling observed
due to the nanotopographies of the array, as well as the effects of the same on cell
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survivability and the expression of the focal adhesion protein vinculin. Additionally,
stem cell differentiation was assessed through immunofluorescence staining of the
osteogenic marker osteopontin (OPN), with the results shown at the end of the
chapter. Lastly, results obtained after the application of an AMF to mechanically
stimulate the stem cells will be covered.
The last chapter of this thesis details the second application proposed in this
dissertation: a Au micro needle platform for intracellular delivery through the
application of a high frequency AMF. Here, the fabrication and characterization of
the platform is explained. Then, work was performed with fluorescence and
scanning (SEM) and transmission (TEM) electron microscopy in order to
characterize the biocompatibility of the micro needles and the cell-needle interface.
The chapter finalizes with the results of intracellular delivery of a fluorescent dye
after the application of heat with an inductive heater and with increasing times of
exposure.
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Chapter 2

Background

2.1

Magnetism and electromagnetic induction

Brief concepts of magnetism will be presented in this section. Specifically, those
concepts that are used in the experimental sections of the latter chapters of this
dissertation and described therein. These include the magnetic vectors and
magnetic properties of materials, hysteresis loops, magnetic torque and
electromagnetic induction.

2.1.1

Magnetic vectors and properties

The three magnetic vectors are as follows, along with their specific units in the SI
and CGS systems:
•

Magnetic field (H), that describes the intensity of the field. Units: ampere/meter
(A/m), Oersted (Oe).
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•

Magnetization (M) is the vector field that describes the density of magnetic
dipole moments in a magnetic material. Units: A/m, emu/cm3. The latter unit can
also be expressed as mass magnetization, expressed in Am2/kg or emu/g.

•

Magnetic induction (B) expresses how the magnetic field changes inside a given
material. Units: Tesla (T), Gauss (G).

The three vectors are related by:
𝐵 = 𝜇! 𝐻 + 𝑀 ,

(2.1.1)

where μ0 is the permeability of free space. Thus, the B field is the sum of the
magnetic field H and the magnetization of the material. If the material is magnetic,
then the total permeability µ is:
𝜇 = 𝜇! 𝜇! ,

(2.1.2)

where µ is the relative magnetic permeability characteristic of each material.
Depending on their response under a magnetic field, materials can be mainly
classified as diamagnetic, paramagnetic or ferromagnetic (Figure 2.1). The magnetic
response is dependent on the orbitals and spin motions of the electrons and how
these interact with one another, and is defined by how strong the interactions
between the atomic magnetic moments are.[38]
Diamagnetic materials are composed of atoms that possess no net magnetic
moment (H = 0), and for which the induced magnetic field tends to oppose the
applied field (H ≠ 0). All materials are diamagnetic to some degree, though it is
usually a weak factor.
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Paramagnetic materials, on the other hand, have atoms with a net magnetic
moment. However, the atoms do not interact with each other and are not aligned
when there is no applied field (H = 0), so the magnetization is zero. In the presence
of a field (H ≠ 0), however, the atomic magnetic moments become aligned in the
direction of the field, resulting in a net positive magnetization that depends on the
value of H.

Figure 2.1. Magnetic behavior of materials. In the absence (H =0) or presence of a magnetic field (H ≠ 0),
diamagnetic, paramagnetic and ferromagnetic materials exhibit different atomic moment configurations.

Ferromagnetic materials possess regions called domains, in which the magnetic
moments are aligned. However, the directions of these domains are random across
the material, yielding a zero net magnetic moment if they have not been previously
magnetized. After exposure to a magnetic field, the domains align (H ≠ 0),
generating a strong magnetization, and they stay in this configuration to some
extent even after the magnetic field is switched off (H = 0). In this latter case, the
remaining magnetization when the field is absent is known as remanent
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magnetization (MR). Similarly, when the magnetic field is present, ferromagnetic
materials attain a maximum magnetization or saturation magnetization value (MS)
as all the atomic moments align themselves to the direction of the applied field.
Ferromagnetic materials include Ni, Fe and Co, as well as most of their alloys.
There

exist

other

sub-classifications

within

ferromagnetism,

such

as

ferrimagnetism, antiferromagnetism and superparamagnetism. However, these will
not be covered in the work of this dissertation. The ferromagnetic materials Ni and
Fe were selected for the experimental work presented here and their properties will
be discussed in later sections.

2.1.2

Hysteresis

Magnetization curves or hysteresis loops are typically utilized to characterize the
magnetic properties of ferromagnetic materials in most applications.[39] Hysteresis
loops show the response of a ferromagnetic material when under a magnetic field,
and are usually presented in a plot where the x-axis corresponds to the magnetic
field applied (H) and the y-axis to B or the magnetization M. Thus, the intrinsic
properties of a ferromagnetic material can be obtained: the saturation
magnetization (MS), the remanent magnetization (MR), the coercive field (HC) (Figure
2.2), as well as the permeability (slope of the curve).[40]
The loop of a given magnetic material initiates at the origin (a). As the magnetic
field (H) increases, the atomic magnetic moments gradually align with the magnetic
field until and the magnetization begins to increase until the saturation
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magnetization (MS) is reached (b). When the field decreases, this happens in
reverse: the alignment of the magnetic moments with the field starts to decrease
and, when the field equals zero (c), the magnetization is at its remanent value (MR).
As explained before, this is an effect of some of the magnetic moments remaining in
an aligned configuration. From this point, when the field begins to increase in the
opposite direction, the magnetization will further decrease until it reaches zero (d).
The value of the applied magnetic necessary to bring the magnetization to zero after
the material having been fully saturated is known as the coercive field (HC). Further
increasing the applied magnetic field will lead the material to show the same
behavior, but in the opposite direction: an anti-parallel saturation magnetization is
reached (e), followed by a remanent magnetization (f) and coercive field (g).

Figure 2.2. Typical hysteresis loop of a ferromagnetic material. (a) Denotes the origin when unexposed to a
magnetic field, whereas (b) and (e) correspond to both saturation points. The remanent magnetization points
are (c) and (f), and the coercive field points are (d) and (g). Adapted from[40].

As previously mentioned, hysteresis loops are important to characterize the
magnetic behavior of materials for any given application. For biomedical
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applications, high MS values are preferred, while high MR values can be either an
advantage or a disadvantage. A high saturation magnetization will lead to a material
to be easily manipulated by a low intensity magnetic field, which translates to a low
power setup. On the other hand, a low remanent magnetization prevents the
agglomeration of nanostructures, a common problem with magnetic materials that
reduces their efficiency in experimental settings.

2.1.3

Magnetic torque of a nanowire

In chapter four, an magnetic field is applied to a vertical array of dense Fe NWs in
order to mechanically stimulate stem cell growth and differentiation through the
interaction between the NWs and the focal adhesion points of the cells on and
around them. In order to understand what forces are being applied in that
experimental setting, the definition of a magnetic torque on a single NW due to the
application of a magnetic field is presented here.
An easy axis of magnetization denotes the direction in which it is energetically
favorable for the magnetization to align to. In the case of magnetic NWs made out of
Fe or Ni, their shape anisotropy dominates over the weak crystalline anisotropy,
orienting the easy axis parallel to the axis of the wire.[41] Therefore, when a magnetic
NW is exposed to a magnetic field, a torque is generated when the magnetic moment
along the easy axis of the NW tries to align to the direction of the applied field
(Figure 2.3).
The magnetic torque exerted on a NW by a magnetic field is given by:[42]
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𝝉𝒎 = 𝒎 × 𝑯 =∥ 𝑚 ∥ × ∥ 𝜇! 𝐻 ∥ 𝑠𝑖𝑛𝜃,

(2.1.3)

where m is the magnetic moment of the NW, µ0H is the applied field and θ the angle
between them. The magnetic moment m is equal to m = VM, V being the volume of
the NW (V = πr2l, if approximated to the volume of a cylinder) and M the
magnetization. In the case of a vertical array of NWs (chapter four), the magnetic
field will be applied perpendicular to the easy axis of the NW, so the contribution of
the angle can be approximated to sin (90°) = 1. This yields:
𝜏! = 𝑀𝜋𝑟 ! 𝑙𝜇! 𝐻,

(2.1.4)

with r and l corresponding to the radius and length of the NW, respectively, which
are defined by the fabrication parameters, and the magnetization M being equal to
the saturation magnetization MS when exposed to a magnetic field strong enough to
saturate the material.[42] Due to the single domain behavior of a NW, the remanent
magnetization MR is equal to MS, an important quality of NWs that allows them to
generate large torques utilizing low amplitude magnetic fields.

Figure 2.3. Magnetic torque of a NW when exposed to a perpendicular magnetic field. A magnetic torque is
generated as the NW magnetic moment tries to align to the direction of the applied field.

30

2.1.4

Electromagnetic induction and inductive heating

Chapter five of this dissertation consists of the application of inductive heating in
order to locally heat up Au micro needles and gain intracellular access. To achieve
this, a solenoid is used: electric current is passed through a tightly wound wire in
order to generate a magnetic field at the center of the coil. The generation of a
magnetic field due to electric current flow through a wire is defined by Ampere’s
Law, which states that the magnetic field in the space around an electric current is
proportional to the electric current that serves as its source. For a solenoid, it can be
approximated by:[43]
𝐵 = 𝜇! 𝑛𝐼,

(2.1.5)

where B is the induced magnetic field, µ0 is permeability of free space, n is the
number of turns per unit of length of the solenoid (n = N/L) and I is the current of
the system (Figure 2.4).

Figure 2.4. Induced magnetic field in a solenoid. As an electric current is applied to the system, an induced
magnetic is generated and which strength is proportional to the applied current and to the design parameters of
the solenoid itself (length and number of turns). Adapted from [43].
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Induction heating is achieved by subjecting a conductor material to a rapidly
alternating magnetic field, such as the one obtained by applying a high current with
a high frequency to a solenoid. When the conductor material is subjected to this
AMF, loops of electrical current called eddy currents are generated in planes
perpendicular to the magnetic field. Eddy currents generate in turn their own
magnetic field, which opposes the source AMF, as defined by Lenz’s Law. These
currents tend to dissipate energy in the form of heat as they flow through the
material.

2.2

Magnetic nanowires in biomedical applications

The integration of magnetism with biology at the nano scale is a recently developed
area that has gained a lot of traction, mostly due to the advantages it offers for
applications such as cancer therapy, cell capture, intracellular interrogation and the
study of cellular function, among others.[44]
Magnetic nanoparticles (NPs) are the most widely used nanostructures in the
biomedical field. They regularly possess a spherical shape, with a magnetic core and
a shell that allows them to be functionalized with different relevant bioactive
ligands.[44] Magnetic NPs have certain advantages that make them usable in
biological environments. Their size and shape can be finely tuned,[45] and they
possess

high

biocompatibility

and

narrow

particle

size

distributions.[46]

Additionally, they can be manipulated using an external magnetic field.[47]
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Magnetic NPs have been used in many different biological applications, from cell
labeling and magnetic resonance imaging contrast agents[48, 49] to targeted drug
delivery for cancer therapy.[50] Cancer cell eradication using magnetic NPs has also
been proposed.[51]
Magnetic NWs have the same advantages as NPs: tunable length, diameter and
the ability to be functionalized. Depending on the fabrication method and precursor
materials, the magnetic properties of NWs can be finely modulated: the NW
diameter can be tailored to be between 30 nm and 1 µm, whereas lengths can be
modulated to be as high as 100 µm.[52, 53] Additionally, the native, few nanometers
thick oxide layer present in metals[54, 55] provides an interface for functionalization
with biomolecules in order to enhance targeting, biocompatibility and chemical
function,[56–58] and it can also be tailored (Figure 2.5A).[59] Further, NWs can be
made in segmented sequences of different materials,[60] which when coupled with
the tunable dimensions allows for specific magnetic configurations to be achieved in
the form of precise controlling of their coercivity, saturation magnetization and
remanent magnetization (Figure 2.5B).
Unlike NPs, as previously stated, NWs possess anisotropic structures with high
aspect ratios that, when coupled with magnetic fields, allows them to exert
torques.[61] Furthermore, they have higher magnetization values per unit of volume
compared to magnetic NPs, which allows them to exert larger forces.[62]
All of the qualities mentioned have made NWs highly valuable in a number of
biomedical applications, including magnetic resonance imaging,[63] stem cell
differentiation[3,

9, 64]

and biomolecule sensing.[65,

66]

On the other hand, using a
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magnetic field, the possible applications that magnetic NWs can be used for open up
to fields such as cell separation,[61,

62, 67]

targeted drug delivery[57,

68]

and cell

eradication.[69–71]

Figure 2.5. Tuneability of magnetic NWs’ properties. (A) Schematic representation of an annealing process
used to tailor the native Fe3O4 layer of an Fe NW. Depending on the annealing time, the Fe oxide layer can be
thickened; (B) The annealing process yields different magnetic responses depending on the time, as observed in
each of the hysteresis loops. Adapted from[59].

The specific interactions between NWs of different materials and cells will be
covered in chapter three, along with the fabrication method explanation. The
different properties and applications of the types of NWs used in this dissertation
will also be covered in the following chapter.

2.3

Bio-applications of dense nanowire arrays and needles

Here, a brief background of the existing literature regarding the use of dense vertical
NWs used for cell culture studies and needles for intracellular access will be
presented with the purpose of drawing attention to the use of these
nanotopographies in the biomedical field, and for which most of the work of this
dissertation was addressed at.
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The interface between cells and dense, vertical NWs has a strong effect on cell
attachment and spreading, and some studies have aimed to understand these
interactions. For instance, Ni NW arrays have been shown to maintain a high cell
attachment, viability and proliferation when used as platforms for the culture of
HeLa cells.[72] Similarly, a stronger adhesion has been reported for MSCs[3] and
human hepatic cells grown on Si NWs.[73] In both studies, the effect was coupled to
the up-regulation of the adhesion-specific genes FAK and integrin, most likely as an
effect of the inherent topography of the NW culture substrate on which the cell’s
spreading is restricted and the cytoskeleton is altered, initiating a cascade of
mechanotransduction that culminates with the up-regulation of those genes. For
MSCs, such effects on cell spreading and cytoskeleton reorganization have led to an
increased osteogenic differentiation.[3, 8, 9]
Si NWs coated with gold nanoclusters have been shown to successfully improve
the capture rate of circulating tumor cells, achieving a high mortality using
plasmonic phototermal therapy after capture.[74] Further, and as mentioned in the
scope of this dissertation, NW arrays have also been studied as means of exerting
forces on cells or to study the effects of topography on cellular fate due to an AMF by
Reich and colleagues.[16, 17] There, after a torque was induced, the focal adhesion
sites of the cell were increased per unit of area depending on the frequency applied.
There also exist several reports of cell-penetrating NNs and MNs used as a
platform for intracellular delivery of molecules to cells. As mentioned in earlier
sections of this dissertation, gaining intracellular access is desirable for applications
such as gene and cell therapy, drug delivery and the studying of cellular processes.
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One of the first published studies reported that Si NWs had the ability to
penetrate the cells when they were cultured on top of them, achieving great success
in the delivery of different molecules in the process.[75] Other studies have used
vertical diamond NNs and achieved similar results by pipetting the cell suspension
and flushing it onto the NNs[76] or by centrifugation-induced supergravity.[77, 78] In a
different approach with diamond NNs, they were used to gain intracellular access
and “fish“ for specific components of a signaling pathway.[79] Lastly, in one of the
only in vivo works, biodegradable Si NNs were used to deliver nucleic acids and an
angiogenic gene with a very high efficiency to mice, triggering the formation of new
blood vessels and increasing blood perfusion.[80]

2.4

Stem cells and potency

The versatility of stem cells and the advancement in the understanding of their
biology and their properties has made them an important subject of research,
especially for stem cell therapy applications and tissue engineering. The last section
of this chapter is dedicated to concepts of MSCs and differentiation in order to lay
the basics for the later work presented in this dissertation.
Stem cells are biological cells that are in an undifferentiated state and are thus
capable, through cell division and a combination of intrinsic and extrinsic signals, of
producing cells of the same class and of other kinds through a differentiation
process. These two properties are commonly known as self-renewal and potency.
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Potency relates to the differentiation potential of the stem cell, and can be classified
into the following:
•

Totipotent cells have the ability to differentiate into all possible cell types.
Human totipotent stem cells only include the zygote and the cells produced from
it in the first few divisions.

•

Pluripotent stem cells can differentiate into nearly all cell types. After a number
of cell division cycles, totipotent cells specialize and become pluripotent. These
cells can differentiate into any of the three germ cell layers: endoderm (i.e.
gastrointestinal cells), mesoderm (i.e. bone and blood cells) and ectoderms (i.e
nervous cells).

•

Multipotent cells are a subset of pluripotent cells and can only differentiate into
closely related cells. Examples include hematopoietic stem cells, which can
differentiate into red and white blood cells, platelets, etc.

•

Oligopotent cells have far less differentiation capabilities, being only able to
produce a few cell types. Lymphoid cells show this degree of potency, being
capable to differentiate into T or B cells only.
Stem cells can be obtained from a couple of sources, including the blastocyst of

an embryo after approximately five days of development, the placenta, umbilical
cord or from adult mature tissue. Whereas the embryonic stem cells are pluripotent,
all other sources are typically multipotent. Adult mature tissue is the most widely
used source of stem cells in research, and the utilized cell lines vary, with
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mesenchymal, hematopoietic, endothelial and neural stem cells being the most
common, among others.
The work of this dissertation focuses on MSCs, which are derived from adult
bone marrow tissue, circulating blood, spleen and cartilage, among others,[81] and
are readily available. MSCs have the potential to differentiate into bone, cartilage,
muscle and adipose tissue (Figure 2.6).[82] Previous work showed that MSC
differentiation is particularly sensitive to nanotopographies such as those of NWs,
and it has been theorized that this behavior is due to the stiffness and variation of
such nanotopographies mimicking the micro environment inside the bone.[3] For
this reason, MSCs were chosen as the model cell line of this work.

Figure 2.6. MSCs differentiation potential. Depending on intrinsic or extrinsic chemical and mechanical cues,
MSCs can differentiate into different kinds of tissue. Adapted from [81].
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Chapter 3

Interactions of cells and magnetic nanowires

Chapter publications
•

J. E. Perez, M. F. Contreras, E. Vilanova, L. P. Felix, M. B. Margineanu, G. Luongo, A. E. Porter, I.
E. Dunlop, T. Ravasi, and J. Kosel, “Cytotoxicity and intracellular dissolution of nickel
nanowires”, Nanotoxicology, pp. 1–38, 2015.

•

L. P. Felix, J. E. Perez, M. F. Contreras, T. Ravasi, and J. Kosel, “Cytotoxic effects of nickel
nanowires in human fibroblasts”, Toxicology Reports, vol. 3, pp. 373–380, 2016.

•

M. B. Margineanu, K. Julfakyan, C. Sommer, J. E. Perez, M. F. Contreras, N. Khashab, J. Kosel,
and T. Ravasi, “Semi-automated quantification of living cells with internalized
nanostructures”, Journal of Nanobiotechnology, vol. 14, no. 1, p. 4, 2016.

•

Y. P. Ivanov, A. Alfadhel, M. Alnassar, J. E. Perez, M. Vazquez, A. Chuvilin, and J. Kosel,
“Tunable magnetic nanowires for biomedical and harsh environment applications”, Scientific
Reports, vol. 6, p. 24189, Apr. 2016.

In biomedical applications, all nanomaterials whose main purpose is to be
interfaced with biological components such as cells or tissue must be initially
assessed for potential toxicological effects. Studying the interactions between
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nanomaterials and cells is thus an essential step in order to understand the
implications of their use.
Previous work with magnetic NWs and in vitro cell models has shed light on
some of the mechanisms through which cells deal with the presence of these foreign
particles. For instance, NWs are internalized in fibroblast cells via the integrinmediated phagocytosis pathway[62] and, after uptake, localize mostly in the cytosol,
with a smaller fraction of the dose in late endosomal/lysosomal compartments.[83]
These organelles are the digestive force of the cells and their main role is to break
up cellular waste molecules, and it has been suggested that NWs are broken up into
smaller aggregates inside these compartments, probably due to action of the low
acidic pH.[83]
The implications of NW internalization and degradation are not fully
understood. However, depending on the material, dosage and NW exposure time it
may lead to cell stress and death. Fe NWs have been shown to be biocompatible for
doses as high as 10,000 NWs per cell and 72 hours of incubation.[84] However, in the
case of Ni, cells appear to tolerate lower doses and incubation times, with studies
reporting significant cell death for lower incubation times and doses.[85, 86] For the
higher doses of Ni NWs, cell death has been reported to be through the apoptosis
pathway.[87, 88]
This chapter focuses on the different ways magnetic NWs may interact with
cells. First, the fabrication procedure and characterization of the NWs is briefly
presented, followed by the assessment of cell viability. Then, a study showing the
induction of cell death on a model cell line using NWs is addressed. For this, an
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apoptosis/necrosis assay was used to differentiate how the cells transition from
being fully viable to a state of induced apoptosis/necrosis as the incubation time
and dosage increase. This will be followed by an observation on the effects of NWs
on cell membrane permeability. Lastly, internalization studies are presented. These
include microscopy time-lapse studies, the quantification of cells with internalized
NWs using fluorescence-activated cell sorting (FACS), TEM imaging of incubated
cells with NWs and an the analysis of the possible internalization routes via blocking
of specific endocytic pathways.
The effects of NWs on the permeability of the cell membrane are also presented
in the form of transepithelial electrical resistance (TEER) measurements, as well as
the effects of the thickness of the oxide passivation layer usually present in magnetic
NWs[55] in cell viability.
Finally, the intracellular dissolution of NWs and the quantification of the ions
released are also presented, which was achieved through inductively coupled
plasma mass spectrometry (ICP-MS). This is of importance due to the possible
cytotoxic effects of metals in their ion form in addition to the particle shape-related
effects.

3.1

Nanowire fabrication

The fabrication of the NWs was performed using the pulsed electrodeposition into
anodized, nanoporous alumina templates method, one of the most well defined and
widely used methods of NW fabrication.[89, 90]
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3.1.1

Substrate cleaning and electropolishing

The fabrication process begins with a 99.999% pure aluminum (Al) substrate 0.5
mm thick and with a diameter of 2.5 cm (Goodman). The disk is thoroughly cleaned
with deionized (DI) water, acetone (C3H6O) and isopropanol (C3H8O), followed by
sonication in a water bath for 10 minutes. The cleaning process ensures the Al disk
possesses a clean, even quality surface for the anodizations to take place. This is
then followed by an electropolishing step, which is used to dissolve oxidized
material from the surface of the disk and to reduce its roughness. To achieve this the
Al disk is submerged in an electrolytic bath made up of 75% ethanol (C2H5OH) and
25% percholoric acid (HClO4),[91] maintained at 4 – 10 °C and under stirring. A
voltage of 25 V is applied for three minutes to the system: the Al disk acting as the
anode and a platinum (Pt) mesh used as the cathode (Figure 3.1). At the end, the
sample is thoroughly washed with DI water.

Figure 3.1. Electropolishing of the Al disk. (A) SEM image of the Al surface before and after electropolishing;
(B) Electropolishing setup.
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3.1.2

Two-step anodization and electrodeposition

The NW fabrication method described herein relies on the growth of ordered
nanoporous arrays through an anodization process, which is achieved by increasing
the oxide layer present on the surface of metals in a controlled manner and was first
described by Masuda and Fukuda in 1995.[89]
In order to achieve the creation of a nanoporous array, the clean and
electropolished Al disk is mounted in an anodization cell, a setup that is utilized
throughout the whole fabrication process of the NWs (Figure 3.2).

Figure 3.2. Experimental setup for anodization and electrodeposition.

Briefly, the Al disk is placed inside an anodization cell, which consists of a
circular housing made out of Teflon that sits on a copper (Cu) plate. The Al disk is
placed on top of the Cu plate along with an O-ring to prevent leakage and the system
is sealed. An orifice at the bottom of the Teflon housing allows the Al disk to be
exposed to the chamber, where an electrolyte is poured in to begin the first
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anodization process. For the purpose of this dissertation, 0.3 M oxalic acid was
chosen as the anodization electrolyte, as it produces pores with a diameter between
30 – 40 nm,[91] translating into NWs of that same diameter. During the anodization
processes the temperature is maintained at around 4 °C, with constant stirring
provided by a direct current (DC) motor to maintain the homogeneity of the
solution.
The full fabrication procedure is illustrated in Figure 3.3. With the Cu plate (and
the conductive Al disk) acting as the anode and a Pt mesh as the cathode, voltage is
applied to the system through a sourcemeter (Keithley 2400-C). For oxalic acid and
the first anodization process, a voltage of 40 V during a period of 24 hours has been
found to be optimal for the arrangement of the ordered domains and yielding less
defects.[89] After the anodization is concluded, the even surface of the Al disk (Figure
3.3A) possesses a disordered nanoporous film of amorphous alumina, which creates
in turn ordered domains at the interface with the Al disk (Figure 3.3B). The created
alumina film must then be removed in order to take advantage of these domains, as
they are the foundation of the ordered nanopore array growth. To do this, the
electrolyte is removed from the cell and the sample washed thoroughly with DI
water. Then, a chrome solution consisting of 0.67% chromium (VI) oxide (CrO3),
3.78% phosphoric acid (H3PO4) and 95.55% DI water is added to etch the alumina,
revealing the ordered structure on the Al (Figure 3.3C). This process is run for 12
hours at 30 °C, and the cell rinsed multiple times to remove traces of the etchant.
A second anodization process with oxalic acid is then performed, but this time
the ordered domains allow the formation of ordered pores (Figure 3.3D). The
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duration of the second anodization determines the depth of the pore, which is the
limitation factor for the length of the NWs.

Figure 3.3. NW fabrication process. An SEM image corresponding to the sample as it undergoes each step of
the process is provided. (A) Al disk after cleaning and electropolishing; (B) First anodization; (C) Etching of the
alumina layer; (D) Second anodization; (E) Dendrites opening; (F) Electrodeposition, with the image on the left
showing the Al disk with deposited NWs in it (black area).

After the second anodization process and washing of the cell and the sample, an
extra step must be carried on before the electrodeposition of NWs. The few nm thick
layer of alumina at the bottom of each pore is non-conductive, so for
electrodeposition to take place an opening must be made through it so that the
current applied to eletrodeposit the NWs can pass through. This step is usually
referred to as dendrites opening, and is achieved by applying a step-like,
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exponentially decreasing voltage, beginning at 40 V and ending at 4.5 V with a step
duration of 16 seconds with oxalic acid at 4 °C.[91] At the end, the channels created
effectively reduce the thickness of the alumina at the bottom of each pore to around
8 – 10 nm, a sufficient thickness for the current to flow (Figure 3.3E).
Pulsed electrodeposition was chosen as the pore-filling method due to its
stability with different materials.[90,

92]

Using the same Teflon cell, the desired

electrolyte was placed inside the chamber and kept at room temperature. Then, a
pulsed current / voltage profile was applied through a sourcemeter (Keithley 2400C). The pulse profile applied is shown in Figure 3.4. During the first pulse, a constant
current density flows through the sample for 2 ms, and it is here where
electrodeposition of the metal ions in the electrolyte takes place by reducing the
cations in it. During the second pulse, a constant voltage of 4. 5 V is applied for 2 ms.
The purpose of this is to discharge the barrier layer.[91] Lastly, a resting time of one
second is applied to replenish the ions in the pores before repeating the cycle again.
The different electrolyte solutions and parameters used in this dissertation have
been experimentally optimized, and they are shown in Table 3.1.

Figure 3.4. Applied pulsed profile for electrodeposition of Ni.
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Material

Current
density

Electrolyte composition
300 g/L Ni sulfate hexahydrate (NiSO4·6H2O)
45 g/L Ni chloride hexahydrate (NiCl2·6H2O)
45 g/L Boric acid (H3BO4)
45 g/L Fe sulfate heptahydrate (FeSO4·7H2O)
30 g/L Boric acid (H3BO4)
1 g/L Ascorbic acid (C6H8O6)
Constant N 2 bubbling to prevent oxidation

Ni

Fe

30 mA/cm 2

60 mA/cm 2

Table 3.1. Electrodeposition solutions and current parameters.

After the conclusion of the electrodeposition, the metal fills the nanoporous
alumina array, forming NWs in the process (Figure 3.3E). An important detail
regarding

electrodeposition

is

that

NW

length

is

determined

by

the

electrodeposition time, which is in turn influenced by the electrolyte composition,
the current / voltage profile applied and external factors such as temperature
fluctuation. For all the work presented here, the NW length was experimentally
optimized and work was aimed to obtain NWs of lengths ranging from 1 – 5 µm.

3.2
3.2.1

Nanowire characterization
Nanowire release

The interaction studies between cells and magnetic NWs presented in this chapter
were performed with NWs in solution. In order to achieve this, the NWs must be
first released from the nanoporous alumina. The most widely used release method
is by placing the sample in NaOH solution, which dissolves the nanoporous alumina
but not the Al.[42, 91] Here, a 1 M NaOH solution was used along with a DynamagTM-2
(Invitrogen) magnetic holder to collect the particles with the following procedure:
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1. A piece of the sample was cut and submerged in an Eppendorf tube with the
NaOH solution for 30 minutes.
2. After this time, the alumina (along with the NWs) is separated from the Al disk,
and the latter is removed from the Eppendorf tube.
3. The sample of alumina with embedded NWs is left for an extra 30 minutes in the
solution.
4. The Eppendorf tube is placed in an ultrasonic water bath (Branson 2510, 40 kHz,
Ferguson) to dissociate the NWs from the alumina and to evenly disperse them.
5. Using the magnetic holder to collect the NWs, the NaOH is removed and fresh
one is added to the tube and left for 1 hour.
6. Sonication and NaOH replenishment is repeated for 3 – 4 times until an even
dispersion is achieved, and then NWs are dispersed, washed multiple times and
stored in 99% ethanol.

3.2.2

Morphology and dimensions

In order to analyze the morphology, length and diameter distributions and all
subsequent characterization of the NWs that required SEM and TEM imaging, a
simple sample preparation of NWs was required. This consisted of taking a small
amount of the NWs in ethanol solution and placing it on top of a Si substrate or Cu /
carbon mesh and allowing it to dry before imaging by SEM (Quanta FEG 600, FEI) or
TEM (Technai T12, FEI), respectively.
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The shape of the pore defines the shape of the NWs: they possess high aspect
ratios, with diameters in the range of 30 – 40 nm (Figure 3.5A). The dendrites
formed through the reduction of the barrier layer step can also be observed at one
end of the NW, as they are part of the pathway of deposition. A closer look revealed
the typical thin oxide layer of a few nanometers present in metals (Figure 3.5B).[54,
55]

Figure 3.5. NW morphology and dimensions. (A) and (B) TEM images of a single NW. Dendrites can be
observed in (A) at the left end of the NW. The arrow in (B) shows the oxide layer surrounding the NW; (C) and
(D) SEM images of the nanoporous alumina template and released NWs, respectively. The distribution of NW
diameter and length for one sample of released NWs is also shown.

In order to find the length distribution of all NW samples used throughout the
experimental sections of this work, SEM was used to image several samples and,
using the ImageJ software (National Institutes of Health), manual quantification of
the pores in the alumina template and released NWs on a silicon substrate was
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performed to estimate the average dimensions. While it is possible for the ultrasonic
agitation used in the release process to break longer NWs, it was previously tested
that for the lengths used in the experiments of this dissertation ultrasonic agitation
had no effect on the NW length distribution (Appendix A1).
The diameter and length distribution of one of the samples used in this work is
shown in Figure 3.5C and Figure 3.5D, respectively. The distribution of pore
diameter is explained by fluctuations of the temperature during the second
anodization process, as well as the quality of the oxalic acid. On the other hand, the
wide length distribution is due to inhomogeneous electrodeposition and the
breaking of NWs during the ultrasonication step. The dimensions of the NW sample
used for each experiment will be mentioned in its respective section.

3.2.3

Nanowire elemental composition

Elemental analysis was performed by energy dispersive X-Ray analysis (EDX)
coupled to either an SEM or a TEM in order to confirm the composition of the
magnetic NWs fabricated for this work. Figure 3.6A and Figure 3.6B shows the
typical spectra for Ni and Fe NWs, respectively. As observed, the characteristic
peaks of Ni and Fe can be observed, as well as those for carbon, oxygen and
aluminum. The carbon and oxygen peaks are attributed to traces of the ethanol
remaining from the washing steps and oxidized metal due to exposition to air and
the washing solutions, respectively. The Si peak appears in the Fe NWs sample due
to the NWs being fully released and placed on a Si substrate for imaging.
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Additionally, EDX was performed on a single point of the oxide layer of a NW
using scanning TEM to observe its composition. As expected, the thin oxide layer
possesses higher oxygen content and less metal (Figure 3.6C).

Figure 3.6. NW EDX elemental composition. (A) Ni NWs; (B) Fe NWs; (C) Single point EDX of the oxide layer
of a single NW. Inset shows scanning TEM image of the corresponding NW with the marked analyzed point.
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3.2.4

Magnetic characterization

Magnetization measurements for Fe and Ni NWs were performed with a vibrating
sample magnetometer (VSM; MicroMagTM 3900, Lake Shore Cyrotonics Inc.), using
the alumina template with embedded NWs in it. Hysteresis loops for Ni and Fe NWs
are shown in Figure 3.7A and Figure 3.7B, respectively. The coercivity HC for Ni NWs
with an average length of 5 µm was 923 Oe, and the saturation magnetization MS
was 50 emu/g, a value that is smaller than the reported one for bulk Ni (55.4
emu/g).[93] A decrease in MS is expected due to the oxidation of Ni. On the other
hand, the coercivity HC of the fabricated Fe NWs, which possessed a length of
approximately 4 µm in average, was found to be 1581 Oe, with a saturation
magnetization MS of 159 emu/g. This latter value is similar to what has been
reported for Fe NWs[84], but as the case for Ni, it is smaller than that of bulk Fe (218
emu/g).[94]

Figure 3.7. Hysteresis loops of Ni and Fe NWs. (A) Ni NWs; (B) Fe NWs. For the magnetization measurements,
the NWs were embedded in the alumina template.
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3.3

Nanowire dosage and interactions with cultured cells

As all the experiments performed in this chapter here were in vitro with NWs in
solution, it should be pointed that all NWs eventually precipitate on the cultured
cells. Due to this, the dosage is presented as NWs per cell. To calculate the number of
NWs in solution, it was first confirmed that pore filling during electrodeposition was
roughly 100% (Appendix A2). Then, the pores were individually counted for a small,
defined area of an SEM image (Figure 3.3D). The total number of pores (i.e. NWs)
was calculated by rescaling the number of pores in the SEM image to the total area
in which electrodeposition took place, as shown in equation 3.1:
𝑁𝑜. 𝑜𝑓 𝑁𝑊𝑠 =

𝑃𝑜𝑟𝑒𝑠 𝑖𝑛 𝑆𝐸𝑀 𝑖𝑚𝑎𝑔𝑒 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
.
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑆𝐸𝑀 𝑖𝑚𝑎𝑔𝑒

(3.1)

It is important to mention that the aggregation of magnetic nanoparticles in
solution is a well-known phenomenon that takes place due to the particles
permanent magnetic moments.[83] From experimental testing, ultrasonic agitation
only disperses the particles temporarily. Thus, NWs are delivered to cells in a
combination of single NWs and aggregates of varying sizes, an effect that has been
linked to a higher degree of cytotoxicity.[86, 95] To show that the NWs are delivered as
single particles and aggregates, two different approaches were taken.
In the first approach, the area of NW aggregates was quantified in cell medium
using a confocal microscope (Leica TCS SP5, Leica Microsystems). Over 1000 NW
aggregates were analyzed using the ImageJ software. The results are shown in
Figure 3.8A. More than half of the NW aggregates cover an effective area of below 5
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µm2. However, this approach is limited by the resolution of the confocal microscope
(200 nm), so small bundles of NWs and single ones were not included in the
distribution.
In order to overcome this limitation, a second method was implemented to
prove and quantify single NW delivery. The TEM internalization images of cells
incubated with NWs (presented in a later section of this chapter) were used to
quantify instances of single NWs and NW bundles inside the cells (Figure 3.8B).
Single NWs were observed in many cases, although bigger aggregates were
confirmed to appear in the cell cytoplasm.

Figure 3.8. NW aggregate characterization. (A) Aggregate size distribution in cell medium, as per confocal
microscopy; (B) Distribution of single and bundles of NWs observed by TEM imaging of cells incubated with
NWs.
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3.4

Effects on cell viability

The assessment of cell viability is usually the starting point in the evaluation of the
overall cytotoxicity of a nanomaterial. The cell viability of a biological in vitro model
provides a general response of the system to a foreign entity, and the existing
methods are fast and easy to implement.
The biocompatibility of the NWs was investigated prior to any studies of cell-NW
interactions in order to find out whether this nanostructures are viable as
biomedical agents. For this purpose, the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) (MTT) assay was used to evaluate the effects of NWs on the
overall cellular metabolic activity. The reductase enzymes in the mitochondria and
plasma membrane of metabolically active cells reduce the MTT salt, changing its
color. Measuring the optical density of the MTT salt allows a quantitative estimation
of the volume of viable cells in culture. The full methodology of cell culture
procedures and that followed for the MTT assay can be found in Appendix A3 and
Appendix A4, respectively.
HCT 116 cells incubated with 1 µm long Fe NWs showed a significant decrease in
cell viability compared to the negative control for concentrations of 50 NWs per cell
and higher, but only after 48 hours of incubation (Figure 3.9A). However, while the
decrease was significant in these cases, the cell viability always remained higher
than 85%. If this is compared to our previous findings reported for Ni NWs of the
same length,[96] it is easily inferred that Fe NWs offer better biocompatibility than Ni
ones. This is in agreement to results found in the literature for both metals.[84, 85]
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Next, cell viability was evaluated for core-shell Fe-Fe3O4 NWs. These NWs were
obtained by oxidizing the released Fe NWs in an oven at 150 °C for 24 hours. The
objective of this approach was to observe if the increase in the native oxide layer
with temperature had an influence in cell viability. Modifying the structure of the
NWs in this manner allows for fine-tuning the magnetic properties of the NWs,[59] as
well as their biocompatibility[59] and ability to be functionalized.[56, 84] The Fe NWs
used in this study were of 1.5 µm long, with the Fe core reducing to 1.1 µm after the
temperature treatment.

Figure 3.9. Effects on cell viability of Fe NWs. (A) Cell viability of HCT 116 cells incubated with 1 µm long Fe
NWs; (B) Cell viability of HCT 116 incubated with Fe and Fe-Fe3O4 core-shell NWs. NC, negative control. Data
represent mean ± range, n = 3, *p < 0.01.

Figure 3.9B shows the comparison of the core-shell NWs and bare Fe NWs at
three different NW per cell doses. A significant decrease in cell viability was
observed for the core-shell NWs at the highest dose at 48 hours of incubation,
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although overall the cell viability appears to be increased for most cases. These
results show that core-shell NWs possess a high biocompatibility, especially if used
at lower doses.

3.5

Apoptosis and necrosis induction

Cell death can take place through two main pathways: apoptosis and necrosis.
Apoptosis is the usual pathway cells are programmed to die through, and is
triggered by normal physiological conditions to regulate homeostasis and cell
turnover. Typical signs of an apoptotic cell include cell shrinkage, chromatin
condensation, nuclear collapse and apoptotic body formation, followed by the
expression of markers for phagocytosis. Necrosis, on the other hand, is triggered by
external factors such as toxins and is a detrimental process in healthy tissue. Signs
of necrosis include cell membrane rupture, cell swelling and inflammation. In the
case of NWs, previous reports indicate that apoptosis is the death pathway that is
activated in vitro in human pancreatic[87] and HeLa[88] cells. The induction of
apoptosis or necrosis is thus an important factor to include in any experimental
setting dealing with nanostructures and cell tissue, and its evaluation was chosen in
order to observe how NW dosage and incubation time influences in either death
pathway and how cells can shift from one to the other depending on these factors.
The Dead Cell Apoptosis Kit with Alexa Fluor® 488 Annexin V & Propidium
Iodide (PI) for Flow Cytommetry (Invitrogen™) was chosen to study the effects of
NWs in on cell death. The combination of these two dyes allows differentiating
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between two cell death pathways cells may undergo: the annexin V protein binds to
the apoptosis marker phosphatidylserine (PS), whereas PI binds to intracellular
nucleic acids in necrotic cells. PS is a phospholipid that is normally located in the
cytoplasmic surface of the cell membrane, but when the cell enters apoptosis it is
flipped to the outer cell membrane to mark the cell for phagocytosis and is therefore
bound by annexin V. PI’s mechanism relies on the permeability of the cell
membrane: it can only permeate the cell membrane when it is compromised, such
as in a necrosis event.
Following cell culture (Appendix A3), apoptosis/necrosis experiments were then
performed by flow cytommetry (Appendix A5). Fluorescence emission of Alexa
Fluor® 488 and PI allowed the identification of four cell populations: healthy cells
(Alexa Fluor® 488 and PI negative), early apoptotic cells (Alexa Fluor® 488 positive
and PI negative), late apoptotic and/or early necrotic (Alexa Fluor® 488 positive and
PI positive) and necrotic cells (Alexa Fluor® 488 negative and PI positive).
The activated cell death pathways by Ni NWs on HCT 116 cells are shown in
Figure 3.10, which shows the gated cell populations over 24, 48 and 72 hours (rows)
and three different NW doses, 100, 200 and 1000 NWs per cell (columns). A
negative control with no NWs was also tested. The x-axis of the plots represents
Alexa Fluor® 488, whereas the y-axis shows PI. After 24 hours of exposure (Figure
3.10B-D), there is a slight increase in the apoptotic cell population dependent on the
dosage, but not in a significant manner. At 48 hours, apoptosis has seen a markedly
increase, now significant for the highest dose (Figure 3.10F-H). The cell population
at late apoptosis/early necrosis is considerably high for this dosage too, whereas the
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healthy cell population is minimal. Lastly, at 72 hours, the majority of the cells are in
either apoptotic or late apoptotic/necrotic stages (Figure 3.10J-L).

Figure 3.10. Apoptosis and necrosis induced by Ni NWs on HCT 116 cells. Plots show the Alexa Fluor® 488
and PI fluorescence intensities of healthy (lower left quadrant), early apoptotic (lower right quadrant), late
apoptotic/early necrotic (upper right quadrant) and necrotic (upper left quadrant) cell populations under three
NW doses (100, 200 and 1000 NWs per cell) and for incubation times of 24, 48 and 72 hours. NC, negative
control cells. Numbers in quadrants indicate percentage of total cells and data represent mean ± SD, n = 2, *p <
0.01; ap < 0.05 vs. control.

These results indicate that HCT 116 initially undergo apoptosis, then later shift
to the late apoptotic/necrotic stage for higher doses and as the incubation time
progresses. These results, coupled to our reported lactate dehydrogenase leakage in
HCT 116 cells under the same experimental conditions,[97] point to cells undergoing
what is known as the secondary necrosis pathway, in which late apoptotic cell
bodies incur cell membrane rupture[98] due to the absence of phagocytes.[99] The
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rupture of the cell membrane explains the transition of the cell population to being
both Alexa Fluor® 488 and PI positive, as the latter gains intracellular access.

3.6

Effects on cell membrane permeability

It has been reported that high aspect ratio nanostructures such as NWs produce
inflammation,[100] frustrated phagocytosis and damage to the cell membrane.[101]
TEER measurements were thus performed to assess the integrity of the cell
monolayer and membrane permeability after incubation with NWs. The TEER (R =
V/I) value of a cell membrane is high for a healthy cell population, as cells have tight
junctions between them that resist the flow of current. Likewise, if the cell
membrane is compromised or the cell number reduced due to an external factor, the
TEER values decrease as the current flowing increases. For this purpose, the EVOM2
epithelial voltohmmeter coupled with the STX100C96 electrode (World Precision
Instruments) was used to measure TEER values of HCT 116 cells culture with Ni
NWs over a period of three days and for increasing concentrations (Appendix A3).
Figure 3.11A shows the placement of the electrodes inside the culture well,
which possesses a special membrane on which the cells settle, and a gap that allows
the flow of current between the electrodes and through the monolayer. The cell
medium acted as the electrolyte, as it is conductive due to the salts and aminoacids
present in it. The TEER values for the mentioned experimental conditions were
calculated in relation with the cell growth area, and are shown in Figure 3.11B:
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 Ω ∙ 𝑐𝑚! = 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 Ω ∗ 𝐶𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑎𝑟𝑒𝑎 𝑐𝑚! .

(3.2)
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Figure 3.11. TEER measurements. (A) Schematic of electrode placement. Cells are cultured on top of the
membrane (Adapted from World Precision Instruments); (B) TEER values of HCT 116 cells after incubation with
NWs. NC, negative control. Data represent mean ± range, n = 3, *p < 0.01; ap < 0.05 vs. control

As can be observed the negative control (no NWs added) shows an increased
TEER value due to the increase in cell number and a healthy monolayer of cells,
typical of a growing cell population. After 24 hours of incubation, a significant
decrease in the resistivity is observed for the highest dose. However, at 48 and 72
hours of incubation, the decrease in this value is significant for all doses.
The trend in the TEER measurements correlates with the apoptosis/necrosis
assay and our previously reported LDH leakage,[97] in which cells undergo apoptosis
due to the presence of the NWs, which after progressing to secondary necrosis leads
to a decrease in the permeability of the cell membrane, LDH leakage and a
decreased resistivity of the cell monolayer.
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3.7

Internalization of nanowires

Cellular internalization and is a natural cellular mechanism that is triggered when a
foreign particle is in proximity to the cell membrane. Whereas soluble ions enter the
cell via diffusion, calcium channels or the divalent cation receptor, insoluble metals
such as NWs have been shown to do so by endocytosis.[54, 62, 84] The dimensions of
internalized NWs in the literature vary, ranging from 50 to 300 nm in diameter and
2 to 25 µm in length[42]. However, in the case of macrophages, internalization of
NWs larger than 14 µm has been shown to be through a “frustrated“ phagocytosis
process.[101] This translated to cellular stress and triggered an inflammatory
response.
The internalization of nanostructures may be desirable depending on their
application. For instance, Reich and colleagues did extensive studies on magnetic
cell separation with Ni NWs that relied on their internalization.[61, 62, 102] Similarly,
the use of NWs as cargo transporters greatly benefits from this mechanism.[68, 103]
Lastly, studies that aim to kill cancer cells through mechanic forces[69] or
hyperthermia[70,

71]

also require NW internalization to take place. However, as

previously mentioned, NWs tend to reside in late endosomal/lysosomal
compartments.[83] As these compartments possess a low pH value, it is possible that
the NWs, after uptake, dissolve and release ions inside the cell, leading to an
increase in the cytotoxic response. The mechanisms of internalization are therefore
important to study within this context, including the uptake timing and pathway,
ultimate localization of the nanostructures intracellularly, and the possible release
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of cytotoxic ions after uptake. This subsection addresses the first instances, whereas
NW dissolution and ion release is covered in the following one.
NW internalization was assessed using four different methods: a 24 hours timelapse study, a Z-stack confocal microscopy analysis, TEM uptake studies and
through the inhibition of endocytosis. For the first two methods, NWs were coated
with (3-Aminopropyl) triethoxysilane (APTES; 440140, Sigma-Aldrich™), and
subsequently labeled with the pHrodo™ Red, succinimidyl ester (P35369, Molecular
Probes™), a pH-sensitive dye used for detection of endocytosis. The full protocol for
coating with APTES and pHrodo Red™ can be found in Appendix A6, and the
protocol and sample preparation procedures for all internalization studies are
found in Appendix A7.
Figure 3.12A shows a 24 hours time-lapse live cell imaging study of HCT 116
cells cultured with Ni NWs. The series of micrographs denote the full duration of the
experiment, starting from the addition of the NWs at time zero to the conclusion of
the study after 24 hours. The red fluorescent signal corresponds to pHrodo™ Red,
which emits its signal upon internalization due to the intracellular decrease of pH,
whereas the blue fluorescence corresponds the Hoechst 33342-labeled cell nuclei.
As observed here, the red signal frequency and intensity gradually increase with
time, indicating a rather slow NW internalization by the cells. Marked with white
arrows is a NW aggregate that is slowly broken up into smaller pieces by the cells as
times moves on, internalizing the NWs in the process and then emitting a stronger
red signal. This event indicates that the cells have the capability and strength to
break NW aggregates apart.
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Figure 3.12. Live cell imaging of pHrodo™-labeled Ni NWs’ internalization. (A) 24 hours time-lapse microscopy
study. Cell nuclei are stained with Hoechst 33342. A single NW aggregate is pointed at by white arrows as it is broken
apart by the cells into smaller aggregates (scale bars: 100 µm); (B) Confocal microscopy Z-stack study. The black arrow
shows a non-fluorescent NW, whereas the white one denotes an internalized one Dose = 200 NWs per cell (scale
bars: 10 µm).
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To further look at the internalization of NWs, a Z-stack study was performed
with a confocal microscope, and the results can be seen in Figure 3.12B. Here, two
cases are observed with pHrodo™-labeled NWs: one where a NW is internalized,
emitting red fluorescence in the process, and another where a NW avoids
internalization and does not have the red fluorescence. The latter case can be
explained by the position of the NW, it probably being parallel to the cell membrane
during the experiment or being positioned in between cells.

Figure 3.13. Quantification of NW internalization. Plots show the pHrodoTM Red intensities of HCT 116 cell
populations after 3, 6 and 12 hours of incubation with Ni and Fe NWs. NC, negative control cells with no NWs
added. Numbers in upper quadrant indicate percentage of total cells with a signal above a threshold defined on
non-specific signal intensities from the negative control.

Next, the quantification of NW internalization was performed with FACS using
pHrodo™-labeled NWs at different incubation time points. The experimental setup is
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described in detail in Appendix A7. This method has far better resolution than
microscopy visualization, being able to detect cells with single NWs internalized.
Both Fe and Ni NWs were used, and cells were incubated for 3, 6 and 12 hours
before FACS analysis (Figure 3.13). After 3 hours of incubation, the percentage of
cells with internalized NWs is quite low. This number then increases to around 10%
for Ni NWs and 5% for Fe NWs after 6 hours, and then again to around 30% at 12
hours of incubation. It is likely that these numbers continue to increase past the 12
hours time point, as evidenced by the microscopy time-lapse study.

Figure 3.14. TEM study of NW internalization. (A) and (B) TEM images of the localization of internalized Ni
NWs after incubation for 24 and 72 hours, respectively. Black arrows mark NWs or NW aggregates.
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The localization of Ni NWs after internalization by HCT 116 cells after 24 and 72
hours of incubation is shown in Figure 3.14A and Figure 3.14B, respectively, as
observed by TEM (Appendix A7). For both incubation times, Ni NWs localized near
the cell membrane, outside the cell or inside, as well as inside endosomal
compartments in the cytosol. In a particular case, a NW aggregate was observed
inside an endosome, whereas in another instance a single NW was found in an
endosome that was in the vicinity of a lysosome. This is an interesting finding,
considering that the NWs ultimately reside in lysosomes before degradation, and
they are transported there through endosomal compartments.[83]
Lastly, the internalization pathway of NWs in the HCT 116 cell lines was studied
through the use of endocytosis inhibitors (Appendix A7). Three pathways were
blocked using different drugs: nystatin, which blocks caveolae-mediated
endocytosis;

chlorpromazine,

blocking

clathrin-mediated

endocytosis

and

latrunculin A, which blocks phagocytosis. The idea of the study was to observe the
cell viability after blocking a specific pathway and then incubating with NWs. This
relied on the basis that NW cytotoxicity is dependent on internalization: if the NWs
are not internalized through a pathway that is being blocked, then the cytotoxicity
observed will be similar to that of a control with no blocking; likewise, if the NWs
are usually internalized through a pathway that is being blocked, then the
cytotoxicity effect of the NWs will be diminished, and the cell viability will be higher.
The followed protocol for cell viability assessment can be found in Appendix A4.
The results of the endocytosis inhibition study are shown in Figure 3.15A.
Caveolae-mediated endocytosis and clathrin-mediated endocytosis appear to play
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no part in the internalization of NWs, as there is a significant decrease in cell
viability when compared to the negative control, and the cell viability is statistically
similar when compared to the NW-only control. This shows that the Ni NWs are
being internalized, and their cytotoxic effects are present. On the other hand, the
inhibition of the phagocytosis pathway resulted in a significant difference compared
to the NW-only control, indicating that the blocking of this pathway prevented the
internalization of NWs and thus its effects on cell viability were not present.
To further confirm this finding, an additional test was performed in which
energy-dependent processes were blocked by incubating HCT 116 cells with NWs at
4 °C, followed by a cell viability assessment. Phagocytosis is an actin-dependent
process,[104] which is in turn an energy-dependent process that is blocked by
temperature reduction. Cells incubated with NWs under these conditions showed no
significant decrease in cell viability, suggesting an active mechanism of
internalization, such as phagocytosis (Figure 3.15B).

Figure 3.15. Endocytosis inhibition. (A) Cell viability of HCT 116 with blocked endocytosis pathways. Dose =
200 NWs per cell; (B) Energy-dependent internalization of NWs. Dose = 1000 NWs per cell. NC, negative control;
Ny, nystatin; Ch, chlorpromazine; LatA, latrunculin A. Data represent mean ± range, n = 3, *p < 0.01.
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3.8

Intracellular dissolution and degradation

Once NWs are internalized and directed into late endosomes/lysosomes in the cell
cytoplasm, the low, acidic pH of these compartments could play a role in the
breaking-up and degradation of the NWs, a process that could ultimately translate in
the release of cytotoxic metallic ions in the cytoplasm and out to the surrounding
medium. This hypothesis led to the experimental design and results presented in
this section.
ICP-MS was used to quantify the dissolution of Ni NWs inside the cells and in the
surrounding medium. Sample preparation and analysis through this technique is
thoroughly explained in Appendix A8.
Although the percentage of the total NW dose (200 NWs per cell) found to be
dissolved inside the cells is very small (< 1%), a time dependent dissolution rate
was observed (Figure 3.16A). A slightly higher amount of Ni ions was detected in the
surrounding cell medium, a result that is in accordance to those observed by Ma and
colleagues;[88] however, comparing these values against those of the negative
control, medium blank readings suggests that there is little or no extracellular Ni2+
release after internalization of the NWs, and the amount found outside of the cells is
probably due to NWs that were not internalized. Nevertheless, Ni2+ ions can enter
the cell via calcium channels,[105] and an exchange of ions could be taking place
between the cytoplasm and the surrounding medium.
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Figure 3.16. ICP analysis of NWs dissolution. (A) Dissolution of Ni NWs at 200 NWs per cell. 1, 2 and 3 denote
different conditions tested with and without NWs. Group 1: bare cell medium; group 2: cell medium from grown
HCT 116 cells; group 3: lysed HCT 11 cell population in cell medium (intracellular dissolved Ni quantification);
(B) Percentage of the total mass of Ni NWs was dissolved in SBF solution at different pH values. Control solution
had no NWs added. Data represent mean ± range, n = 3, *p < 0.01.

To confirm whether the dissolution of the NWs has its origin in the low, acidic
pH of the lysosomes, the ionic Ni content was quantified in a simulated body fluid
(SBF) solution at a the standard pH of 7.4 and at an additional acidic pH of 4.8. The
SBF solution is considered to be physiologically relevant because its ion content is
similar to that of the human blood plasma.[106] As expected, the dissolution rate of
the NWs in SBF solution with a pH of 7.4 is very slow, similar to that in cell medium.
In contrast, the dissolution rate was increased with a pH value of 4.8 (Figure 3.16B),
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confirming the mentioned hypothesis. Similar findings have been reported for zinc
oxide NWs.[107]

3.9

Summary and future perspective

The interactions between NWs and a model cell line were evaluated. The cell
viability of Fe and Fe3O4 NWs was found to be above 80% for incubation times of 24,
48 and 72 hours and for doses as high as 1000 NWs per cell. The NWs induce
apoptotic cell death, later shifting to a late apoptosis/necrosis state in a
concentration and incubation time dependent manner, with the shift explained by
the lack of phagocytes in vitro and the secondary necrosis pathway taking place,
which culminates in membrane instability and the leakage of cytoplasmic contents.
Though the specific cell-death mechanisms and signaling pathways activated by
magnetic NWs remain unknown, different studies have reported the generation of
reactive oxygen species and cell cycle arrest.[87, 88] In the case of Ni in its ionic form,
reactive oxygen species generation has also been found, as well as DNA damage and
inhibition of DNA-repair enzymes.[105, 108]
A first limitation in these interactions studies exists in the form of NW
aggregation. While sonication yields a short-term dispersion, aggregates are formed
upon addition of the NWs to cell medium and when settling on the cell culture due
to the magnetic remanence (MR) of the NWs. Aggregates may exert a local acute
cytotoxicity,[86, 95] and at the same time limit the area of interaction with the cell
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population. Future work with biofunctionalization of the NWs would help reduce
aggregation and help improve dispersion, as has been previously shown.[109]
NW internalization takes place through the integrin-mediated phagocytosis
pathway, with NW uptake happening in a non-synchronized manner: only a few
cells take up the NWs during the first few hours, though after 24 hours the number
drastically increases. This could be explained by the random dispersion of the NWs
upon contact with the cells, as well as the number of NWs or aggregates being
internalized.[110] After uptake, NWs localize near the cell membrane, as well as in
endosomal/lysosomal compartments, where NW degradation and dissolution takes
place due to the low, acidic pH. It is important to mention that the amount of
metallic ions found inside the cells and outside in the surrounding medium may be
exerting a synergistic cytotoxic effect along with the NWs in their metallic form.
Another limitation in this study exists in the form of cellular volume. The
intracellular dissolution values presented represent that of the combined cell
population and, while the total percentage of the dose is rather small (< 1%), in
terms of single cellular volume such concentration might be high enough to initiate
cellular stress. Cellular volume is a difficult variable to measure, and all other
variables in the experimental setting would have made it be a rather fluctuating
value.
Although the interactions between NWs and a model cell line were thoroughly
assessed, there exist many more approaches that could help broaden the
understanding of how cells in the presence of such nanostructures react, adapt or
die. Variability in NW length and diameter would help to better assess an uptake
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response and the cytotoxicity mechanism associated with variables such as longer
or thicker NWs. Transcriptomic analyses, on the other hand, would allow the
mapping of the biological changes a cell undergoes, which then is useful for
experimental validation of specific activated pathways. Lastly, the implementation
of longer, fluorescence live-cell imaging studies with different probes would
facilitate observations of different cell components as time progresses. An example
of this would be a pH-sensitive dye, such as those that stain the lysosomes.
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Chapter 4

Dense nanowire array for stem cell differentiation

Chapter publications
•

J. E. Perez, T. Ravasi, and J. Kosel, “Mesenchymal stem cells cultured on magnetic nanowire
substrates”, Nanotechnology, vol. 28, pp. 55703-55711, 2016.

•

J. E. Perez, T. Ravasi, and J. Kosel, “Magnetic nanowire arrays initiate mesenchymal stem cell
differentiation”, In preparation.

The nanotopographies of culture scaffolds play an important role in stem cell fate.
Such an effect is explained by the effects the geometric cues, elasticity and
mechanical properties of the ECM have on the cells.[10–12] The ECM can rearrange the
cytoskeleton of a cell via the signal transduction of integrins,[111] cell membrane
receptors that are known as important stem cell fate mediators.[112] This effect is
accomplished by coupling to proteins of the focal adhesion complex, such as focal
adhesion kinase (FAK) and vinculin,[3,

113]

which in turn are involved in the

rearrangement of the cytoskeleton via actin remodeling: FAK mediates ECM signal
transduction and vinculin anchors actin filaments to the cell membrane.[3, 114]
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Altering the topography of a culture scaffold can thus mimic the mechanical
properties of the ECM and influence stem cell differentiation. Previous work has
looked at the influence of nanotopographies on stem cell fate. MSCs cultured on
hydroxyapatite nanorods exhibit osteogenic commitment, as evidenced by the
formation of mineral nodules and the expression of osteogenic markers such as
alkaline phosphatase (ALP), osteopontin (OPN) and osteocalcin (OCN).[14] Similar
results were observed for MSCs grown on TiO2 nanotubes.[115]
Si NWs are the most studied cell culture scaffold for MSCs. Kuo and colleagues
demonstrated the upregulation in the expression of the osteogenic markers COL1A1
and Runx2, as well as that of FAK, vinculin, and several integrins in MSCs grown on
these nanostructures.[3] It was later proposed that the nanotopographies of Si NWs
activate Ca2+ ion channels and multiple mechanosensitive signaling pathways,
including the TGF-β/BMP, Akt, MAPK and Wnt, which all converge in osteogenesis
and chondrogenesis via the Raf-MEK-ERK signaling cascade.[8, 9]
This chapter is dedicated to the use of a dense, vertically aligned array of
magnetic NWs as a cell culture scaffold for MSCs and to study its effects on cell
cytoskeleton rearrangement and differentiation. Due to its high biocompatibility in
NW form,[59, 84] Fe was chosen for the fabrication of the NW array. This, coupled with
the previously stated tuneability of the NWs’ magnetic properties, allows for an
attractive platform for cell culture studies that exploits such nanotopographies.
Work presented here first addresses the fabrication and characterization of the
NW array. Fabrication was achieved using the same setup shown in chapter three
(Figure 3.3), albeit with some modifications. The characterization of the array was
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performed on an SEM, with the magnetic properties of the array analyzed with a
VSM. Then, the cell viability of MSCs cultured on top of the array is shown, as
observed by fluorescence microscopy, followed by the effects of the array on the
rearrangement of the cell cytoskeleton. Immunostaining studies of the focal
adhesion point were also performed in order to visualize the effects of the NWs on
the expression of the focal adhesion protein vinculin and the osteogenic marker
OPN. Lastly, the magnetic properties of the array were exploited by subjecting the
cells to a magnetic field in order to mechanically stimulate the MSCs and to observe
a possible enhancement in cell differentiation.

4.1

Array of freestanding nanowires

The same fabrication protocol implemented in chapter three, section 3.1 was
followed here, yielding NWs with similar dimensions as observed in Figure 3.5;
however, after the electrodeposition step the nanoporous alumina template was
submerged in chrome solution for 1.5 hours at 30 °C to partially remove the alumina
and in order to reveal the array of vertical NWs (Figure 4.1). Additionally, thicker
NWs were fabricated following the same fabrication procedure (Figure 3.3). In
order to obtain these, a pore widening step was introduced immediately after the
second anodization step of the fabrication (chapter 3, Figure 3.3D). This was
achieved by immersing the full sample in oxalic acid at 30 °C for four hours, after
which the fabrication steps proceeded in the same way without alterations. SEM
imaging was used to obtain the diameter distribution of these NWs, which was
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found to be 103 ± 6 nm (Appendix A9). Partial release of the NW array was then
achieved by submerging the sample in chrome solution for 3.25 hours at 30 °C
(Figure 4.1)
Using SEM, it was determined that the length of the section of the revealed NWs
after the partial release step is around 2-3 µm, and it is this part of the NWs the one
that is interfaced with the cultured cells. The samples were sterilized in 99%
ethanol and then washed with PBS and cell medium before all cell culture
procedures.

Figure 4.1. Partial release of the NW array. After the electrodeposition step, a partial release of the alumina is
performed by submerging the sample in chrome solution in order to reveal the array of NWs embedded in the
alumina, which are then used as a cell culture platform for MSCs.

4.2

Nanowire array characterization

SEM was used to observe the integrity and the morphological structure of the
fabricated NWs after the partial release step and in order to analyze its elemental
composition. Figure 4.2A shows an SEM image of the partially released 33 nm
diameter Fe NWs. This sample was subjected to critical point drying (Appendix A10)
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before imaging to avoid the surface tension while drying to damage the structure of
the array and causing the NWs to collapse, as would be the case if the sample was
left to dry in air. Crossing the interfaces from liquid to a gaseous state during
evaporation (as the sample dries) causes tangential surface tension forces to
appear.[116] At the critical point the physical characteristics of a liquid and gas are
interchangeable, thus avoiding the damaging effects of surface tension. For
comparison purposes, the image of air-dried Fe NWs is also provided (Figure 4.2B),
where it can be observed how the surface tension made the NWs collapse on each
other. For all cell culture purposes in this chapter, the NW array was never allowed
to dry. This means that at the time of cell seeding the NWs should be in the
configuration observed in Figure 4.2A. Figure 4.2C shows the array of 103 nm
diameter NWs. No collapsing of the NWs was observed after air-drying, due to the
NWs possessing a higher stiffness.
Given that the fabrication setup and the composition of the electrolyte used in
the electrodeposition step is the same for all the Fe NWs used in this dissertation,
the elemental composition of the NWs is therefore expected to be similar to that
presented previously for released NWs (chapter three, Figure 3.6B). The EDX
analysis confirms this expectation, with the main difference being the presence of an
Al peak in the spectra and an increase in the level of oxygen (Figure 4.2D). Both of
these scenarios are explained by the NWs being partially embedded in the
nanoporous alumina membrane, as opposed to fully released and lying on a
substrate.
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Figure 4.2. NW array characterization. (A) 33 nm diameter Fe NWs after critical point drying; (B) Air-dried 33
nm diameter Fe NWs; (C) 103 nm diameter Fe NWs dried under normal conditions; (D) EDX spectra of partially
released Fe NWs; (D) Hysteresis curve of partially released NWs embedded in the alumina membrane. Left
panel: 33 nm diameter NWs. Right panel: 103 nm diameter NWs.

The magnetization curves of the partially released NWs is shown in Figure 4.2E.
For the 33 nm diameter NWs, the coercivity (HC) was found to be 1502 Oe, whereas
the saturation magnetization (MS) was 143 emu/g. The saturation magnetization
value is slightly lower than that of NWs fully embedded in the alumina membrane
(chapter three, Figure 3.7B), an effect that can be explained by the oxidation of the
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surface of the partially released NWs. In the case of the 103 nm diameter NWs, the
coercivity was found to be (HC) 877 Oe, whereas the saturation magnetization (MS)
was of 139 emu/g.

4.3

Array biocompatibility

Before any analysis using the Fe NWs was carried on, cell biocompatibility must be
first evaluated to ascertain the feasibility of the proposed experiments from a
biological point of view. For this purpose, cell viability was assessed using a
combination of two fluorescent dyes, calcein AM and ethidium homodimer-1 (EthD1) [Appendix A4]. Calcein AM is a non-fluorescent, cell permeant dye that is
converted to the green fluorescent calcein by the intracellular esterases activity that
is active only in live cells. EhtD-1’s working principle is similar to that of PI: it can
only enter the cells with a damaged membrane, staining the cell’s nucleic acids. After
culture on either the 33 nm or 103 nm diameter NWs (Appendix A3), most of the
MSCs showed calcein staining, with a few events of EthD-1 positive events (Figure
4.3A and Figure 4.3D, respectively), indicating a high esterase activity. Control
analysis showed similar results (Figure 4.3B and Figure 4.3E). Manual quantification
of individual cells stained with calcein/EthD-1 showed that MSCs maintain high cell
viability (> 90%) when cultured on the Fe NWs array for up to six days (Figure 4.3C
and Figure 4.3F). It should be mentioned that, even though the cell viability
remained high throughout the duration of the experiment, the total number of cells
observed to be attached to the NWs was lower than that of the control. This suggests
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that the NW array has a negative effect on cell attachment and formation of focal
adhesion points, yet those cells that manage to attach remain highly viable. Similar
observations were made for MSCs grown on Si NWs, an effect that was associated to
the length of the NWs.[3]

Figure 4.3. MSCs viability on the Fe NWs array. (A) Fluorescence image of cells grown on the 33 nm Fe NWs
for 48 hours and stained with calcein AM/EthD-1; (B) Cells grown on a regular tissue culture substrate and
stained using the same dye combination; (C) Cell viability quantification for a period of six days of MSCs on the
33 nm Fe NWs; (D), (E) and (F) show the same results, but for cells cultured on 103 nm NWs.

4.4

Cell cytoskeleton remodeling

The spreading behavior of MSCs on typical cell culture substrates corresponds to an
elongated form, with multiple focal adhesion point along the body of the cell as it
holds onto the surface or makes contact with neighboring cells (Figure 4.4A). Upon
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contact with the surface, cell spreading and elongation is mediated through actin
polymerization.[117] For flat surfaces, cells have multiple anchoring points and can
extend freely without restriction. However, if cultured on substrates with specific
nanotopographies such as that of the vertical Fe NWs, the cells experience a
limitation in their elongation capabilities due to the multiple pitches and structures
they encounter along their path.

Figure 4.4. MSCs spreading behavior on the Fe NW array. (A) Actin filaments and DAPI staining of MSCs
growing under normal conditions; (B) and (C) Same staining conditions for cells grown on the 33 nm NWs for 3
and 6 days, respectively; (D) and (E) Actin filaments staining of cells grown on the 103 nm NWs for 3 and 6 days,
respectively; (F) F-Actin fluorescence quantification relative to the cell area of cells grown under normal
conditions and for three and six days on the 33 nm NWs. Fluorescence levels were not significant for the tested
conditions when compared to the control, indicating similar levels of F-Actin expression despite cell shrinkage.
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An altered cellular shape is expected to arise from interfacing the cells with these
surfaces due to the altered focal adhesion points. This effect can be observed in
Figure 4.4B and Figure 4.4C, where the actin filaments of MSCs were stained along
with the cell nuclei in order to observe the cytoskeleton configuration after
adhesion and cell growth on the dense array of 33 nm diameter NWs. MSCs possess
a contracted, almost round shape, an effect previously reported for cells grown on Si
NWs.[3, 8] Upon closer observation, points of high fluorescence intensity are present
in most of the cells, suggesting focal adhesion points of F-Actin bundles on or
around the NWs. In contrast, in the case of cells grown on 103 nm diameter NWs, a
slight cellular elongation can be observed (Figure 4.4D and Figure 4.4E).
Cellular morphogenesis and contractility are processes that are regulated by
stress fibers, which are mainly composed of F-Actin and non-muscle myosin II
filaments.[118] Stress fibers are generated due to actin polymerization and
crosslinking, as well as by the annealing of F-Actin and myosin bundles.[119] The
changes observed on MSCs grown on the 33 nm diameter NWs are thus a
consequence of the re-arrangement of actin filaments, appearing thinner, less
elongated and in a contracted “dot“ shape due to the cells encountering a “softer“
growth interface. On the other hand, the elongation observed for cells grown on the
103 nm diameter NWs can be explained by the stiffer nature of the thicker NWs,
which provides an easier substrate for the cells to form focal adhesion points and
elongate their bodies.
Fluorescence quantification of F-Actin (Appendix A12) revealed that, although
the total cell area of MSCs grown on NWs is smaller compared to the control
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substrate, the fluorescence intensity per cell area was not significant among the
compared samples (Figure 4.4C). This results show that the contraction of the cell
due to the nanotopography of the array has no effect on actin expression levels.

4.5

Focal adhesion restructuring

One of the main proposed hypotheses of the differentiation of MSCs due to
restructuring of the cell cytoskeleton via specific nanotopographies is the alteration
of the focal adhesion complex, as was mentioned at the beginning of this chapter.
Observing the possible changes of the focal adhesion complex is then a way to
confirm that the morphological changes observed in these studies are related to FActin remodeling coupled to an altered focal adhesion activity.
Immunostaining of the focal adhesion protein vinculin was carried out to assess
this possibility. The full staining protocol performed for this can be found in
Appendix A13.
MSCs grown on a flat Al substrate were used as a comparison point to the NWs.
The expression of vinculin in this case was observed to take place close or at the end
of F-Actin fibers (Figure 4.5A), marking the spots where focal adhesion points were
formed on the surface of the Al. Although the area of vinculin expression is small,
upon closer inspection it can be observed that it possesses a slightly elongated
structure. This is in sharp contrast with the “dot“ pattern observed for cells grown
on the 33 nm diameter NWs (Figure 4.5B), which suggests that cell settle on the
NWs and form focal adhesion points on and around the NWs. A similar behavior was
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observed when using the 103 nm diameter NWs as a culture substrate, with vinculin
appearing as thicker spots in the focal adhesion points around the NWs.
With the focal adhesion complex playing a critical role in the regulation of FActin organization,[120] and with vinculin serving as an anchor for actin filaments to
the cell membrane,[113] it is therefore expected to observe an alteration in the
expression of vinculin when the cell cytoskeleton is restricted and forced to
restructure itself due to altered topographies on the growth surface.

Figure 4.5. Immunofluorescence staining of the focal adhesion protein vinculin. (A) MSCs grown on a flat
Al substrate used as a control; (B) MSCs grown on the 33 nm diameter Fe NWs for 48 hours; (C) MSCS grown on
the 103 nm diameter NWs for 48 hours. Similar to the actin distribution, vinculin is expressed in a contracted
“dot“ shape, the area of which is dependent on the diameter of the NWs.

85

4.6

Interface of the cells and the nanowire array

SEM imaging was used to characterize and observe in greater detail the interface of
the MSCs and the array of NWs. The sample preparation protocol for this analysis is
described in detail in Appendix A14. MSCs grown on a flat Al substrate showed the
typical elongated cell structure of this cell line (Figure 4.6A). Similarly, the
contracted, round cell shape observed with the actin filaments fluorescence staining
was also observed for cells grown on the 33 nm diameter NWs (Figure 4.6B). NWs
can be observed around the periphery of the cell, suggesting that the cells form
adhesion points on and around them.
A closer look at an adhesion point (Figure 4.6C) shows the interface of the cell
with the NWs, with the former incorporating and grabbing onto the NWs and
bending them in the process.
In Figure 4.6D, multiple extensions of what could be filopodia can be observed
around the cells. Though most of the cells observed in this analysis possessed the
expected contracted cell shape, some cells did overcome the restrictions of the array
and extended portions of their cell body, as evidenced in Figure 4.6E, where an
elongated cellular structure is observed along a path of bent NWs, with filopodia
protrusions observed along the structure. Filopodia are actin-rich protrusions that
cells use to probe the environment and to form initial adhesion points to link the
substrate with the cell surface.[121] Most of the cells possessed these actin
protrusions, suggesting that the cells actively probe the NWs in order to find
adhesion points, seeking to adopt their natural elongated shape. However, due to
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being restricted in their elongation by the geometry of the array, they are ultimately
forced to adopt a spherical shape via cytoskeleton remodeling, bending the NWs in
the process (Figure 4.6B).

Figure 4.6. Interface of MSCs and NWs. (A) Typical elongation growth pattern of MSCs on a flat (Al) substrate;
(B) MSCs grown on 33 nm diameter NWs adopt a spherical shape due to the geometry of the array; (C) Adhesion
point on the 33 nm diameter NWs; (D) and (E) MSCs probe the surrounding environment using filopodia (33 nm
NWs); (F) MSCs grown on 103 nm diameter NWs adopt a more elongated shape; (G) The thicker NWs do not
experience bending as the cells form adhesion points; (H) Two filopodia strands probing the thicker NWs; (I) A
single filopodia growing around a single NW.
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Observation of MSCs grown on the 103 nm NWs confirmed their more elongated
structure in comparison with the thinner NWs (Figure 4.6F). The NWs observed in
contact with the cell body did not appear to experience as much bending as the
thinner NWs (Figure 4.6G), showing that the stiffer nature of this substrate does not
restrict cellular elongation in the same manner. NWs were also observed
“penetrating“ the cell membrane (Figure 4.6H), suggesting that the cell shapes its
body along the NWs it finds on its elongation way. This was then confirmed as a lone
filopodia extended and wrapped around a single NW (Figure 4.6I and Figure 4.6J).

4.7

Osteogenic differentiation

Having evaluated cell growth, attachment and viability on the array of NWs, the next
step was to observe a possible differentiation effect due to the restructuring of the
cell cytoskeleton, if any.
As previously mentioned, the process of cell cytoskeleton rearrangement is
initiated by signal transduction of integrins by the ECM.[111] The type 1 collagen
protein, a ligand of the alpha 2 integrin receptor, has been shown to be sufficient to
drive MSCs into osteogenic differentiation.[3, 122] Therefore, it has been theorized
that the stiffness and nanotopographies of vertical arrays of NWs mimic the threedimensional structure of type 1 collagen, and are the main factors of the initiation of
the expression of osteogenic markers such as COL1A1 and Runx2, as well as the
focal adhesion molecules FAK and vinculin.
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Figure 4.7. Osteogenic differentiation of MSCs. Immunofluorescence staining of the osteogenic marker
protein OPN of MSCs growing on the NWs for 7 or 14 days. NC = negative control.
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Osteogenic differentiation, being the most likely scenario arising from cell
cytoskeleton rearrangement, was the chosen pathway to be assessed. To achieve
this, immunofluorescence staining of the osteogenic marker protein OPN was
performed to observe a possible osteogenic differentiation. (Appendix A13). OPN is
a protein expressed in bone tissue and has an active role in bone remodeling.[123]
Figure 4.7 shows the results of a 14 days experiment with MSCs grown either on
either 33 or 103 nm diameter NWs. Regular background or no fluorescence can be
discerned from the negative control images. On the other hand, a relatively faint
fluorescent signal can be observed for MSCs grown on the 33 nm diameter NWs for
7 days, which becomes stronger after 14 days of culture. In the case of 103 nm
diameter NWs, OPN expression was observed at both 7 and 14 days of culture.
Data from multiple images under these conditions was quantified using the
ImageJ software (Appendix A12), and the results are shown in Figure 4.8. The
changes in expression of OPN for cells grown on the 33 nm diameter NWs and the
negative control are significant for 7 days and 14 days of culture. Similarly, the
expression of OPN is significantly higher after 14 days of culture on the NW array.

Figure 4.8. OPN fluorescence quantification. The changes in the expression of OPN are significant compared
to the negative control (NC), and after 14 days of culture on the 33 nm diameter NWs. *p < 0.01.
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Taken together, these results confirm the differentiation potential of MSCs when
cultured on an array of magnetic NWs. It is important to mention that, while the
changes in the arrangement of the cytoskeleton play a critical role in the observed
differentiation, the F-Actin fluorescence staining after 7 and 14 days shows that
MSCs ultimately manage to overcome the restriction imposed by the NWs’
topography and elongate their bodies across the array, although the area of
elongation appears to be smaller compared to the control (Figure 4.7). This was first
evidenced in the presented SEM images of the MSCs-NWs interface (Figure 4.6E). A
faster elongation behavior was reported for MSCs grown on nanotubes, where they
also showed a higher expression of OPN.[15] These data suggests that osteogenic
differentiation may be dependent on an initial restriction in the elongation of the
cell body that is later overcome and takes place in a more controlled way as the cell
undergoes osteogenic differentiation. This would also explain why OPN was
observed only on the 103 nm diameter NWs after 1 week of culture: as these NWs
are stiffer, they promote a better initial elongation of the cells that triggers an earlier
onset of OPN expression, as has been shown for TiO2 nanotubes of similar
dimensions;[15] however, these NWs still restrict the cells in achieving full extension
comparable to that of the growth on flat surfaces (Figure 4.4D and Figure 4.4E).

4.8

Magnetic field application

The application of magnetic fields to MSCs to observe possible differentiation effects
has been reported beforehand. In the case of DC fields, intensities of 3 – 50 mT have
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been proven to increase cell proliferation, ALP expression, calcium release and
mineralized module formation of MSCs.[124] Several osteogenic markers were also
upregulated, including COL1A1, OCN, OPN and Runx2. Low frequency pulsed
electromagnetic fields have also been proven to enhance the proliferation of
MSCs,[125] as well as increase the expression of the ALP and Runx2 genes.[126] In a
different approach, a low frequency AMF coupled to mechanical vibration resulted
in cytoskeleton remodeling and a down regulation of the adipogenic genes
adiponectin, PPARγ and AP2.[127]
The focal adhesion size has also been the subject of studying using magnetic
fields. Using a system consisting of elastomer microposts with embedded Co NWs as
a culture platform for fibroblast cells, Reich and colleagues applied a uniform
horizontal field of 200 mT and showed an increased focal adhesion size of the
cells.[16]
The coupling of a magnetic field with a vertical array of magnetic NWs has not
been explored for studying the differentiation of MSCs. Based on the existing
literature, it would be expected for the focal adhesion sites of these cells to be
susceptible to the mechanical forces imposed by the NWs under a magnetic field, an
additional effect to that of the magnetic field alone.
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Figure 4.9. Experimental setup for magnetic field application. (A) Electromagnet coupled to a DC power
supply and LabVIEW software; (B) Electromagnet magnetic field projection illustration; (C) Relationship
between the current applied and the magnetic field strength, as indicated by the vendor. The value z = 2 denotes
the distance in millimeters at which the field is measured in the z-axis, and corresponds to the thickness of the
culture substrate (1.22 mm) plus the thickness of the Al disk (0.5 mm) with the NWs, rounded up.

The experimental setup utilized for the application of a magnetic field is shown
in Figure 4.9. It consists of a Projected Field Electromagnet (GMW5201) coupled to a
power supply (Agilent Technologies N5768A). The whole process is controlled using
an in-house LabVIEW (National Instruments) code, which allows tuning the
frequency and the current applied to the electromagnet, with the field intensity
values obtained being provided by the vendor.
Three different magnetic field application setting were selected for the work
reported in this dissertation. The amplitude values were chosen depending on the
limitations of the magnetic field setup. On the other hand, the low frequency values
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were chosen in order to have a slow, stimulating motion of the NWs on the cells. The
parameters are as follows:
1. AMF of 250 mT at 1 Hz
2. DC field of 150 mT
3. AMF of 250 mT at 0.1 Hz
To calculate the deflection the NWs experience under these magnetic field
conditions, the NW is modeled after an end loaded cantilever beam. This model was
chosen due to it taking into account a force being applied on one of the free ends of
the beam (i.e. the NW), and the elastic deflection experienced at this end is thus
defined as:
𝛿! =

𝐹𝐿!
,
3𝐸𝐼

(4.8.1)

where F is the force applied to the system, L is the length of the beam, E is the
elastic modulus of the material (E = 210 GPa for bulk Fe) and I is the moment of
inertia, which is itself defined as:
𝐼=

𝜋 !
𝑟 ,
4

(4.8.2)

where r = radius of the NW. The force F applied to the free end of the beam (i.e., the
tip of the NW) in equation 4.8.1 is modeled as the equivalent point load, which is the
total force applied to the beam divided by its length:
𝐹
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑 = ,
𝐿

(2.1.4)
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with the force F corresponding to the magnetic torque of a single NW, the formula of
which was presented in chapter two, section 2.1.3:
𝜏! = 𝑀𝜋𝑟 ! 𝑙𝜇! 𝐻,

(2.1.4)

where µ0H = B and M = MS. The torque of the NWs can be calculated using the NW
dimensions provided in section 4.1 of this chapter, with the MS values obtained from
the hysteresis measurements shown in Figure 3.7B, Figure 4.2E and Figure 4.2F.
Following equation 4.8.1, the elastic deflection 𝛿! at the tips of the 33 nm
diameter NWs in the array was found to be of approximately 60 and 100 nm for
field amplitudes of 150 and 250 mT, respectively. In the case of 103 nm diameter
NWs, the deflection is of 6 and 10 nm for amplitudes of 150 and 250 mT,
respectively.

4.8.1

Alternating magnetic field: 250 mT, 1 Hz

An AMF of approximately 250 mT at 1 Hz was applied to MSCs cultured on the 33
nm diameter NW array. The magnetic field was applied for 12 hours each day during
the course of either 7 or 14 days, and the cells were then stained for F-Actin and
OPN. A control with MSCs cultured on the NWs and with no field applied was also
analyzed.
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Figure 4.10. Effects of an AMF on F-Actin reorganization. (A) MSCs cultured on the array of NWs and placed
under a 1 Hz, 250 mT magnetic field for 12 hours a day during 7 or 14 days. (B) Quantification of cell spreading
area for the same experimental conditions. *p < 0.01.

The application of a magnetic field resulted in MSCs elongating and adopting a
wider structure covering a bigger area (Figure 4.10A), similar to the typical MSC
spreading (Figure 4.4). A negative control with MSCs grown on a regular, flat culture
substrate was run in parallel to show that the AMF has no effect on cells grown
under those conditions, suggesting that the cell elongation is an effect of the field on
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array of NWs (Appendix A15). Quantification of the cell spreading area using the
ImageJ software confirmed a significant increase when an AMF was present for the
two time points observed (Figure 4.10B). The increase in cell spreading could be
explained by a positive effect on the size of focal adhesion points, as was evidenced
by Reich and colleagues with similar field amplitudes.[16]
As was explained in the previous section, MSCs growing on NWs (without an
AMF) do elongate their bodies after the initial cytoskeleton contraction, although
the elongation covers a smaller area (Figure 4.7 and Figure 4.10A). The AMF with
the parameters reported here appears to counteract this controlled elongation and
suppressing the expression of OPN in the process, as no OPN fluorescence was
observed in these cases after immunostaining. A possible explanation for this
behavior is that the magnetic field was applied 48 hours after cell seeding, thereby
stimulating a faster, less-controlled cell spreading than that observed where no AMF
was applied and OPN was expressed (Figure 4.7). This could be an effect of the
deflection of the NWs, calculated as 𝛿! = 100 nm, in combination with the fast paced
frequency (1 Hz), which provide sufficient mechanical stimuli that could have an
early effect on cellular elongation due to cytoskeleton rearrangement.

4.8.2

Direct current magnetic field: 150 mT

Using the same experimental setup, a DC field with an amplitude of 150 mT was
applied to MSCs cultured on the 33 nm diameter NWs array. The field was applied
over the course of 1 week for 12 hours a day, and the cells then stained for F-Actin
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and OPN. MSCs subjected to this magnetic field conditions experienced a massive
increase in cell area, showing no expression of OPN.

Figure 4.11. Effects of a DC magnetic field on F-Actin reorganization. (A) MSCs cultured on a regular flat
substrate and placed under a 150 mT DC magnetic field for 12 hours a day during 7 days. (B) MSCs cultured on
the 33 nm diameter NWs and subjected to the same experimental conditions. No OPN expression was observed
in either case.

An explanation of this behavior can be given by the way the substrate is changed
with the application of a DC field: although the NW deflection is smaller than the
previous case (𝛿! = 60 nm), the NWs remain in the deflected configuration during
the 12 hours the DC field is applied, effectively flattening the cell growth substrate
and allowing an easier cellular elongation (Figure 4.11A), similar to that one of
MSCs grown on a regular flat substrate (Figure 4.11B). As explained in the previous
section, such freedom of elongation would not in turn result in the expression of
OPN, as the restrictions imposed on cell growth by the nanotopographies are
diminished or suppressed.
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4.8.3

Alternating magnetic field: 250 mT, 0.1 Hz

In the last experimental setup, an AMF of 250 mT at 0.1 Hz was applied to the MSCs
grown on 33 and 103 nm diameter NWs. It was theorized that keeping the same
field amplitude as in the first testing, but decreasing the frequency would provide a
slower paced change in the deflection of the NWs, resulting in a more controlled cell
elongation. Using similar experimental settings, MSCs were grown on either NW
substrate and subjected to these AMF conditions over the course of 7 or 14 days,
with the magnetic field being applied 12 hours per day.
Fluorescence staining of F-Actin and OPN after the AMF treatment revealed
interesting results. In the case of the 33 nm diameter NWs, the expression of OPN
was observed at the 7 days time point (Figure 4.12). OPN expression did not take
place at 7 days by action of the NW topography on its own (Figure 4.7), which
indicates that a frequency of 0.1 Hz and a NW deflection of 𝛿! = 100 nm indeed
promote a slower, more controlled cellular elongation, resulting in the expression of
the osteogenic marker. Additionally, OPN was found to be expressed outside of the
main cell body (Figure 4.13). OPN is an extracellular structural protein, and it is
therefore expected to be ultimately located outside of the cell at a certain time in the
differentiation process.
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Figure 4.12. Osteogenic differentiation of MSCs under an AMF. Immunofluorescence staining of the
osteogenic marker protein OPN of MSCs growing on the NWs for 7 or 14 days and subjected to an AMF of 250
mT at 0.1 Hz for a duration of 12 hours per day. NC = negative control.
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In the case of the 103 nm diameter NWs, the expression of OPN was also
observed at both 7 and 14 days after magnetic field application (Figure 4.12). No
remarkable changes in OPN expression were observed in comparison with the NWs
alone (Figure 4.7). As the NW deflection in this case is smaller (𝛿! = 10 nm), it is not
expected that the action of the magnetic field would have a large effect on the
differentiation, and therefore the expression of OPN could likely be an effect mostly
due to the NW topography.

Figure 4.13. Extracellular expression of OPN. Immunofluorescence staining of the osteogenic marker protein
OPN of MSCs growing on the NWs for 7 or 14 days and subjected to an AMF of 250 mT at 0.1 Hz for a duration of
12 hours per day. Red arrows mark OPN found in the extracellular space.

4.9

Summary and future perspective

The main advantage of a NW array is the ability to control stem cell fate by relying
solely on the nanotopography of the substrate, removing unwanted side effects as
those of the usual biochemical factors used in stem cell differentiation. It also
provides specificity by affecting only the cells in contact with the NWs.

101
Here, the growth, cell spreading and changes MSCs undergo when cultured on an
array of magnetic NWs was evaluated. Although the initial attachment of the cells on
the NWs is diminished, the cells that attach show high cell viability. Depending on
the NW diameter, the initial cell structure can be that of a rounded and contracted
cell shape (small diameter NWs) or show a limited elongation (large diameter NWs)
when compared to normal growth conditions. The latter effect is most likely due to
the cells coming into contact with the NWs, forming focal adhesion points on and
around them and having a limitation in their elongation due to the geometry
imposed by the array.
MSCs express the osteogenic marker OPN when cultured on the array, with the
effect also being influenced by the diameter: larger diameter NWs stimulate the
expression of OPN at an earlier time point when compared to the smaller diameter
ones.
Using a tunable and biocompatible cell culture substrate such as the one
presented here allows for the elasticity of the matrix microenvironment to be
altered,[128] which in turn modulates stem cell fate via the specific nanotopographies
provided by the vertical NWs. By tuning the NW length and diameter an enhanced
response could be observed. For instance, shorter NWs that provide a stiffer matrix
appear to promote a higher degree of osteogenic differentiation.[3] On the other
hand, there exists evidence supporting both smaller diameters (15 nm)[115] and
larger ones (70 – 100 nm)[15] to yield a similar response. In the work presented
here, the thicker NWs showed a better differentiation potential as a standalone
culture platform. However, the NWs with a diameter of 33 nm showed an enhanced
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differentiation when under a magnetic field of 250 mT at 0.1 Hz, an effect that is
most likely linked to their higher degree of deflection.
The effects of magnetic fields on MSCs coupled to a scaffold of magnetic NWs
remain largely unexplored. Therefore, the possibilities to enrich this work are large.
Varying multiple parameters, such as the field strength, frequency and onset and
duration of magnetic field application could provide different results. Similarly, the
effects of the array on other osteogenic markers that were not used here could be
analyzed, such as ALP, OC and COL1A1, as well as the focal adhesion protein FAK.
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Chapter 5

Micro needles for intracellular delivery

Chapter publications
•

M. Kavaldzhiev, J. E. Perez, Y. Ivanov, A. Bertoncini, C. Liberale and J. Kosel, “Biocompatible
3D printer magnetic microneedles”, Biomedical Physics & Engineering Express, vol. 3, pp. 19, 2017.

•

M. Kavaldzhiev*, J. E. Perez*, R. Sougrat, A. Bertoncini, P. Bergam, T. Ravasi and J. Kosel,
“Inductively actuated micro needles for on-demand intracellular delivery”, Submitted to:
Advanced Healthcare Materials. *Equal contribution.

Biologically active molecules have broad applications. Proteins, peptides and RNAs
have been used extensively for cell therapy as gene expression modulators.[18–21] In
vivo cell tracking[129–131] and performance improvement in drug delivery[132] are also
attractive applications where efficient methods are required to deliver such specific
materials into the cells.
MN systems have emerged in the field with a promise to tackle the shortcomings
of some of the current existing delivery methods. The biocompatibility and
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dimensions of such a system can be tailored depending on the materials utilized and
the fabrication procedure in order to accommodate different cell sizes, and it can
also be scalable to high-throughput studies.
Although the specific mechanism of delivery when using MNs or NNs is still
debated, it is probably time[133] and geometry-dependent.[5] As previously discussed
in chapter two of this dissertation, intracellular delivery of multiple molecules,
including siRNA, proteins and peptides, was successfully achieved using vertical Si
NWs with a needle-like effect as a culture platform.[75] Similar approaches with
diamond NN arrays have shown fast delivery across different cell types, either by
flushing the cell suspension on top of the needles[76] or by centrifugation-induced
supergravity.[77, 78] Lastly, the combination of needles and electroporation has also
been proposed.[134, 135]
In vivo experiments that effectively show delivery of a biomolecule using NN or
MNs are limited, with the study of Tasciotti and colleagues being one of the first
ones. There, Si NNs were used to deliver nucleic acids and modulate gene expression
in order to induce angiogenesis and increase blood perfusion with a very high
efficiency in mice.[80]
Magnetic or metallic MNs offer further advantages that have not been explored,
such as a possible magnetic actuation in order to gain intracellular delivery. Here,
the fabrication of an array of vertical metallic MNs made is shown, as well as their
characterization. Experimental results of their biocompatibility and interface with a
model cell line is also provided, as well as a novel experimental setup using
electromagnetic induction in order to trigger intracellular delivery.
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5.1

Micro needle platform fabrication and characterization

Two different MN platforms were fabricated for the experimental work presented in
this chapter. The first one consists of 3D printed, Fe-coated MNs and the second one
of electrodeposited Au needles. Both fabrication methods will be covered here.

5.1.1

3D printed micro needles

The fabrication method consists of two-photon polymerization on a Si substrate
using a direct laser writing system (Nanoscribe, GmbH, Photo Professional GT), with
subsequent Fe coating by sputtering deposition. First, a single-side polished Si (100)
wafer is thoroughly cleaned with isopropanol (IPA) and heated to 100 °C to remove
contaminants. An IP-DIP (Nanoscribe) liquid resist is drop casted on the polished
side of the Si substrate (Figure 5.1A), whereas the printer objective lense (63x Zeiss
microscope objective NA1.4) was directly dipped into the photoresist, serving as an
immersion and photosensitive medium. The MN shape is defined by crosslinking the
polymer by two-photon polymerization, which allows the photo resist to be
polymerized only in the focal spot. This process begins by finding the surface on the
Si (Figure 5.1B), as the first laser voxel must lie inside of the substrate to guarantee
the adhesion of the printed structure. This is followed by sequential printing (Figure
5.1C).
After exposure, the sample is immersed in Mr-Dev 600 developer for 5 minutes,
and then 0.05 mL of IPA are added every 10 seconds for 2 minutes (Figure 5.1D).
Lastly, the 3D printed needles are coated with Fe (MaTeck GmbH, 99.995% purity)
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by a sputter deposition (902 PLC, Equipment Support Company LtD) (Figure 5.1E).
During sputter deposition, the stage was rotated to achieve uniform coating, and the
sample was tilted at a 45° angle to achieve a better sidewall coating.

Figure 5.1. Fabrication of 3D printed micro needles. (A) IP-DIP drop casting on the Si substrate; (B) Finding
the substrate: the laser voxel must lie inside of the substrate (three different positions are shown); (C) 3D
printing in the z-axis direction with 15 mW of laser power; (D) 3D printed needles after exposure and
development; (E) Sputter coating of Fe on the needles.

Electron microscopy imaging was then performed to characterize the geometry,
morphology and composition of the MNs. TEM analysis of a cross section of a MN
revealed its structure, with a core of polymerized IP-DIP resist and the surface
coating of Fe (Figure 5.2A). Electron Energy Loss Spectroscopy (EELS) mapping
using TEM allowed determining the elemental composition of the needles. As can be
observed in Figure 5.2B and Figure 5.2C, both the inner and outer part of the coating
are composed of Fe and oxygen, albeit at different ratios. This can also be observed
in the EELS spectra shown in Figure 5.2D. The higher presence of oxygen in the
outer layer of the coating is explained by the needles being exposed to air, leading to
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oxidation. This is a similar effect as that observed on the fabricated NWs reported in
chapter three. Figure 5.2D shows two SEM micrograph of the array of needles that
was utilized for the experimental section of this chapter. The pitch obtained for this
sample was approximately 10 µm, whereas the length was 7 µm.

Figure 5.2. 3D printed micro needles characterization. (A) TEM micrograph of cross section of a single micro
needle. Insets show EELS mapping of the inner and outer layer of the Fe-coating; (B) EELS spectra showing
peaks for Fe and oxygen; (C) SEM micrographs showing the length and pitch distance of the needles.

5.1.2

Gold micro needles

The fabrication method consists of electroplating Au into patterned amorphous Si
(a-Si), and a diagram depicting the whole process is shown in Figure 5.3. The base
material is a single sided polished Si wafer, which is thermally oxidized to form a
layer of 520 nm SiO2 that serves as a non-conductive isolating surface. Then, 15 nm

108
of titanium and 100 nm of Au are sputtered on this surface, serving as the electrode
layer for electrodeposition in a later step.

Figure 5.3. Fabrication steps of Au MNs. (A) Oxidized Si wafer; (B) A thin layer of Au/Ti is sputtered on the
ruface; (C) Plasma enhanced chemical vapor deposition (PECVD) of 10 mm of amorphous Si (a-Si); (D)
Lithography patterning; (E) Deposition of a hard mask of Cr; (F) Deep reactive ion etching (DRIE) and reactive
ion etching (RIE) are used to remove the a-Si and the Cr mask, respectively, in order to create a pore structure;
(G) Electrodeposition of Au; (H) The remaining a-Si structure is removed through XeF2 vapor etching; (I) A final
RIE step is applied to remove the remaining Au at the base of the substrate, revealing freestanding needles.

The sample is then subjected to a series of steps in preparation for plasma
enhanced chemical vapor deposition (PECVD) of a-Si, which is the base for the
subsequent patterning steps. The sample is preheated to 250 °C and then cleaned by
plasma etching with NH3 and N2 at 40 W and at a pressure of 1000 mTorr in order to
eliminate dangling bonds on the surface and to passivate the layer. PECVD is then
used to deposit 10 mm of a-Si on the surface, and is performed by plasma composed
of silane (SiH4) and argon gas at a rate of 0.2 mm/min, while the pressure is
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maintained at 800 mTorr with a power of 20 W. After deposition of a-Si, the sample
is cooled down for 10 min from 250 °C to room temperature and then cleaned with
IPA at 45 °C with sonication at 40 kHz for 2 minutes.
Patterning of the sample is then performed by lithography. The sample is heated
to 90 °C in order to dry it and to obtain a better adhesion of the photoresist. The
negative photolithography resist MAN2403 is spin coated at a speed of 3000 RPM
with a ramp of 1500 rpm/min for 30 seconds onto the sample, resulting in a
thickness of 343 nm, and then baked to evacuate the solvent at 90 °C for 1 minute.
The patterning takes place using electron beam lithography (EBL, CRESTEC 9500C)
at 50 keV with a current of 500 pA, followed by developing using Dev-545. A hard
mask of 15 nm of Cr is deposited and the sample cleaned with IPA and DI water, and
then the a-Si is etched using deep reactive ion etching (DRIE, PlasmaLab System
100, Oxford Instruments) in order to create pores in its structure. The selectivity of
the etching plasma avoids the etching of the bottom layer of gold that serves as an
electrode. Lastly, oxygen plasma reactive ion etching (RIE, ICP 200 Watts) is applied
for 2 minutes to remove the Cr mask layer.
The final step in the fabrication is the electrodeposition of Au into the patterned
pores of the a-Si. A four-electrode plating station (SFTinc SEMICON 1500) loaded
with an Au bath at 50 °C (Elevate Gold 7990, IEW Technic Inc) is used for this
purpose. The deposition is achieved by applying an asymmetric current pulse of
amplitudes of -1 A for 20 ms and 0.2 A for 300 ms, and the total deposition time is of
1.5 minutes. The sample is then thoroughly washed with DI water and then a vapor
etch system of XeF2 (Xactic X3) is used to remove the a-Si and to reveal the Au MNs
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on top of the Au electrode layer. The latter is then removed by RIE (ICP 1500) in
order to rid the surface of Au and reveal freestanding Au MNs.

Figure 5.4. Characterization of Au MNs. (A) SEM image of a fabricated MNs sample; (B) EDX spectra of a
sample of Au MNs.

Observation of the sample under SEM was performed to observe the
morphology of the MNs. Figure 5.4A shows one of the fabricated samples. From
here, it can be observed that the pitch length is of approximately 10 µm, with a
length of 6 µm and a diameter of 2.3 µm. EDX analysis of the MNs confirmed their Au
composition, with a peak of Si corresponding to the base substrate, and carbon and
oxygen probably being traces of the washing steps with DI water and ethanol
(Figure 5.4B).

5.2

Cell growth and biocompatibility of the micro needles

The biocompatibility of the MNs must first be assessed before performing any
further experiments, as is the case with all nanostructures in biomedical
applications. Here, the cell viability after growth on the MN structures was assessed
using the same combination of dyes (calcein AM and EthD-1) as in chapter four of
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this dissertation, following the cell culture and fluorescence staining procedures
discussed in Appendix A3 and Appendix A4, respectively.
HCT 116 cells show high cell viability for both of the MN platforms fabricated. A
representative image of one experiment with cells growing for 24 hours on the MNs
and stained with calcein AM and EthD-1 is shown in Figure 5.5A. The number of
viable cells (calcein stained green) and dead ones (EthD-1 stained red) were
quantified from multiple images obtained from three independent experiments, and
no significant number of dead cells was observed (Figure 5.5B).
Lastly, cells growing on the MNs were analyzed under a confocal microscope
(Zeiss LSM 710) in order to observe their spreading behavior on and around the
MNs. For this purpose, cells were stained with calcein AM and the green fluorescent
dye Cell MaskTM (Molecular ProbesTM), which stains the cell membrane (Appendix
A4). Orthogonal sections of a Z-stack were obtained for cells stained with either dye.
As calcein AM is cleaved by esterases in the cell cytoplasm and converted to its
fluorescent variant calcein, it is confined inside the cell and, though not bound to
anything in specific, stains the whole cell body. This can be observed in Figure 5.5C,
where the MNs appear as background, non-fluorescent sections indented
throughout the cell body, indicating that HCT 116 cells wrap around the MNs. This
observation was confirmed performing the same experiment staining the cell
membrane (Figure 5.5D), where in turn the needles appear as bright, fluorescent
sections, which is an effect resulting from the cell membrane folding around the
MNs.
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Figure 5.5. Cell growth and biocompatibility of the MNs. (A) Fluorescence microscopy image of HCT 116
cells stained with calcein AM and EthD-1 24 hours after incubation of the MNs; (B) Quantification of cells stained
with either fluorescent dye under the same conditions; (C) and (D) Orthogonal section views of a Z-stack
obtained by confocal microscopy of cells stained with calcein AM and Cell MaskTM, respectively. Red markings
show the presence of the MNs either as background, non-fluorescent sections in (C) or bright fluorescent ones in
(D). Yellow lines denote the surface of the Si substrate.

These results confirm the feasibility of the MNs as vectors for intracellular
delivery. As shown previously in this dissertation, it is expected for high aspect ratio
Fe nanostructures to be biocompatible, whereas Au is known for being highly
tolerated in biological systems.[136] The cytotoxic response observed with different
nanostructures is initiated due to particle uptake. Here, the cells fold around the
needles, with no uptake taking place and therefore negligible cytotoxicity. This
behavior has been previously confirmed to arise from the geometry of the array of
needles, with cells wrapping around structures with large pitches and simply lying
on top of those with a narrow one.[5, 6]
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5.3

Interface of the cells and the micro needles

SEM and TEM imaging of the cells was additionally performed to closely observe
their interface with the MNs. The procedures followed for this purpose can be found
in Appendix A14 and Appendix A16.
Similarly to MSCs grown on NWs, HCT 116 cells cultured on Au MNs appear to
wrap around them as they form adhesion points (Figure 5.6A), ultimately settling on
multiple structures. As explained previously, this is an outcome that depends on the
spacing of the needles.[5] A closer look reveals that the cells adapt and rearrange
their cytoskeleton, and therefore their cell structure, in order to reach farther MNs.
In these images some of the MNs appear to be bent in the direction of the cells,
suggesting that the cells were using them as anchors and applying a significant force
on them. However, the bending of the needles could be an artifact due to sample
preparation.
TEM analysis showed that the cell nucleus is folded around the MNs (Figure
5.6B) as the cells spread around them, preserving their integrity. Additionally, it
confirmed that the cell membrane wraps around the contact point with the needles
(Figure 5.6C), as a fibrous structure of what could be actin filaments can be
observed around the periphery of the cell-needle interface, indicating the structural
support of the cell membrane. It must be mentioned that, during the ultramicrotomy
used to slice the thin sections in preparation for TEM imaging, the needles are
compressed as the diamond knife slices through, resulting in the MNs appearing as
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an “oval shape“ in these images. This is a known artifact and not and inherent defect
of the MNs.[137, 138]

Figure 5.6. Interface of the cells and the MNs. (A) SEM micrograph showing the adhesion points on the MNs;
(B) and (C) TEM micrographs showing cell spreading and nucleus folding and the presence of actin filaments
around the cell-needle interface, respectively.

5.4

Heat induction through an alternating magnetic field

In order to apply localized heating, a TTH3 Induction System (iew) was used. The
sample is placed in the center of the inductor, which is coupled to a heating station
and controlled using a frequency generator (Figure 5.7A). The latter provides a
frequency range of 0 – 450 kHz.
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Figure 5.7. Inductive heating setup. (A) Inductor coupled to a heating station and a frequency generator. The
sample is placed inside the inductor coil; (B) Inductive heating of Au MNs in DI water.

Initial inductive heating experiments were performed in order to observe the
temperature behavior of the MNs, with the sample subjected to inductive heating
being composed of 43,200 Au MNs of 1.5 µm in diameter and 5 µm in height
covering a 1 cm2 area.
The sample was submerged in 1 mL of DI water and a magnetic field of an
intensity of either 90 or 360 Oe was applied at a frequency of 425 kHz. The MNs
heated the DI water from room temperature to 36 °C at 90 Oe and to 45 °C at 360 Oe
after 10 minutes of exposure (Figure 5.7B). As a control experiment and in order to
confirm the heat induction of the MNs, the temperature of the same volume of DI
water without MNs is also shown, and it was found to increase by 3 °C after 15
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minutes at 360 Oe. This effect is due to external heat radiated from the induction
coil.

5.5

Intracellular delivery

It was first confirmed that a magnetic field intensity of 360 Oe at 425 kHz was not
harmful to the cells. HCT 116 were grown for 24 hours on a SiO2 surface (the
substrate used in the Au MNs fabrication) without MNs and then subjected to this
field magnitude. The cells were then analyzed either immediately after the magnetic
field application or 24 hours post-treatment. In the latter case, the cells were put
back in the incubator for the duration of this time. Cell viability was assessed using
the calcein AM and EthD-1 fluorescent dyes (Appendix A4). As can be observed in
Figure 5.8A and Figure 5.8B, the cells are only stained for calcein, which means the
cells are unaffected by the magnetic field amplitude and frequency.
HCT 116 cells were then grown on the Au MNs and left to grow for 24 hours.
They were then placed inside the inductor and the same magnetic field amplitude
and frequency were applied for either 1, 5 or 15 minutes. Fluorescence microscopy
observation was performed 24 hours post-treatment. Analysis of intracellular
delivery was achieved using the cell viability dyes combination and through an
exclusion method: whereas the green dye calcein AM passes through the cell
membrane and stains live cells, the red dye EthD-1 cannot access the cell cytoplasm
unless the cell membrane is compromised (i.e. as in cell death). Therefore, the colocalization of the two dyes and a double-stained cell for calcein and EthD-1 is
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expected if the cell is alive and EhtD-1 has been transported inside the cells by
external means. In this case, it was theorized that the localized heating of the MNs
would only affect the cell membrane in contact with the MN (Figure 5.6), opening up
a gap for a molecule to gain intracellular access without compromising cell viability.

Figure 5.8. Intracellular delivery of EthD-1. (A) Cell viability of HCT 116 cells grown on a SiO2 surface and
analyzed immediately after magnetic field application; (B) Cell viability of HCT 116 cells growing on the same
surface, but analyzed 24 hours after magnetic field application; (C) Fluorescence imaging of intracellular
delivery via calcein and EthD-1 staining; (D) Quantification of fluorescence observed in (C). For (A), (B) and (C),
green fluorescence = live cell, red fluorescence = dead cell and yellow fluorescence = intracellular delivery of
EthD-1 (co-localization of calcein and EthD-1). Magnetic field amplitude = 360 Oe at 325 kHz for all cases.
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The results of this analysis are shown in Figure 5.8C and Figure 5.8D. For 1
minute of exposure time, around 800 individual cells were observed, for which
around 35% showed co-localization of calcein and EthD-1, with the cell viability
remaining high. For 5 minutes of exposure, however, there was a significant
increase in intracellular delivery, whereas the cell viability decreasing to around
17% (total cells = 320). In the case of 15 minutes of exposure, all the cell population
was dead. It is important to mention that the temperatures are expected to be
higher than those shown in Figure 5.7B, as the experiment was performed using
PBS, a conductive buffer. Additionally, the starting point of the experiment was
approximately 37 °C, the temperature the cells are incubated at.
From these results it can be concluded that, for this inductive heating setup,
lower exposure times yield better results. This is in accordance to previous reports
where the cell membrane was found to be permeable and unstable after 1 minute
for temperature in the range of 45 – 60 °C.[37] For the higher exposure time cases (5
and 15 minutes), an explanation of the observed cell death could be due to an
overheating scenario, where the temperature of the surrounding medium is also
heated up due to the longer exposure and therefore the outcome is a generalized
effect rather than a localized one, resulting in cell death.
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5.6

Summary and future perspective

Here, the fabrication of two different MN platforms via different methods is
presented. The MNs were characterized and their biocompatibility and interface
with a model cell line were observed.
A novel intracellular delivery method was developed based on the premise that a
highly localized heating would cause cell membrane disruption at the interface with
the MNs without compromising cell viability. To prove this, Au MNs were used as a
cell culture substrate for cells and then a high frequency magnetic field was applied.
The results showed a 75% efficiency of delivery for an exposure time of 5 minutes
albeit with a loss of cell viability of 16%.
It is likely that an increase in delivery efficiency can be achieved by fine tuning
the dimensions and pitch of the MNs during the fabrication steps in order to create
more or less contact points for the cell membrane, as well as by analyzing the cells
at different time points or by varying the magnetic field amplitude and frequency.
Within this scope, the small number of variables analyzed here is a limitation of the
study.
The MN platform can additionally accommodate different cell sizes, making it
highly versatile. Lastly, future work with a wider range of molecules, such as drugs,
peptides and RNAs could be performed in order to confirm the intracellular delivery
mechanism and to show the use of such a platform in different delivery applications.
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APPENDICES

A

Complementary experimental methods

A1

Effects of ultrasonic agitation on NW length

Figure A1. Effects of sonication on NW length. The left panel shows a sample of NWs released without
sonication. NWs can be observed to appear in bundles. In contrast, NWs released with sonication in between the
washing steps are disperse, and mostly appear as single particles (right panel).

NWs released from the alumina template and then washed without sonication
(Figure A1, left panel) or with sonication (Figure A1, right panel). The average size
of the non-sonicated NWs is approx. 5 µm, whereas the sonicated have a length
distribution of 5.4 ± 1.6 µm, a shown in Figure 3.5.
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A2

Pore filling of the alumina template

In order to confirm that all the pores of the nanoporous alumina array were filled
with the electrodeposition metal, a sample of the template was partially dissolved in
NaOH in order to reveal part of the NWs without fully releasing them, thus allowing
the imaging of the NWs inside each pore. As can be observed in Figure A2, NWs are
represented by white spots surrounded by the darker colored alumina. This was
used as confirmation of roughly 100% pore filling.

Figure A2. Pore filling of the alumina template. A nanoporous alumina template after electrodeposition was
partially dissolved in order to reveal a portion of the NWs, which can be observed as white spots surrounded by
the darker colored alumina.

A3

Cell culture procedures

Cell culture procedures were followed as indicated by the vendor. Briefly, the HCT
116 colorectal carcinoma cell line (ATCC®) was cultured in McCoy’s 5A modified
medium (Gibco®) supplemented with 10% fetal bovine serum (Gibco®) and Lglutamine in a 37 °C humidified incubator with 5% CO2. Upon reaching the desired
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confluence, cell detachment was achieved with Accutase (StemPro®), whereas cell
counting was done using standard trypan blue staining. Cell seeding densities for all
experiments with HCT 116 cells were calculated so that cells were in the growth
phase at the time of NW dose addition.
For TEER measurements, HCT 116 cells were seeded in HTS Transwell®-96
Well Permeable Supports (3385, Corning) and incubated for 24 hours for
stabilization. An additional cell medium-only condition was used as a blank
reference. Ni NWs were then added and the cells incubated for 24, 48 and 72 hours.
Human MSCs (Stemcell Technologies®) were grown in Mesencult® MSC Basal
Medium with MSC Stimulatory Supplements (Stemcell Technologies®) under the
same incubation conditions. Cell detachment from the culture flasks was done with
0.25% trypsin-EDTA, and the cell counting was also performed with the trypan blue
staining. For long-term experiments, the cell medium was replenished every 3 days.
For cell culturing on the NW array and nanoneedles, the substrates were first
sterilized by submerging in 99% ethanol for 1 hour, then thoroughly washed with
phosphate buffered saline (PBS) and the corresponding cell medium before cell
seeding.

A4

Cell viability assessment

Quantitative cell viability was evaluated using the 3-(4, 5-dimethylthiazol-2yl)-2, 5diphenyl tetrazolium bromide (MTT) cell proliferation assay (Vibrant®, Thermo
Fisher Scientific) following the vendor’s instructions. 24 hours after seeding in 96-
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well plates, HCT 116 cells were treated with NWs, then left in a 37 °C humidified
incubator for the desired time, after which the medium was removed from all wells
and replaced with 10% MTT solution —5 mg/mL in PBS— in McCoy’s medium.
After 2 hours of incubation, the medium was aspirated, and 90% dimethyl sulfoxide
(DMSO) – 10% sodium dodecyl sulfate lysis buffer was added to dissolve the MTT
reduction products. The optical density (OD) of the reduced products was evaluated
in a microplate reader (XMarkTM, Bio-Rad) using a wavelength of 570 nm, while
subtracting the absorbance readings of a reference wavelength of 630 nm to
eliminate the background signal. The cell viability was calculated as the percentage
of OD of treated cells to that of untreated, negative control cells, as shown in
Equation (A1):
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑂𝐷!"#!!"# 𝑇𝑟𝑒𝑎𝑡𝑒𝑑
𝑂𝐷!"#!!"# 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

(A1)

Cell viability assessment through fluorescence microscopy was evaluated using
the LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular ProbesTM). Following the
vendor’s protocol, the cells were stained using a 2 µM calcein AM – 4 µM EthD-1 in
PBS for 35 min at room temperature and then washed with PBS before analysis
under a Leica DMI6000 B fluorescence microscope. Individual calcein+ or EthD-1+
events were counted using multiple images in order to estimate the level of cell
viability for each incubation time point.
Cell membrane fluorescence staining was performed with the Cell MaskTM
(Molecular ProbesTM) green dye. After the desired cell culture, HCT 116 cells were
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incubated with the dye for 10 minutes at 37 °C, then thoroughly washed with PBS
before live imaging.

A5

Apoptosis/necrosis cell death assay
The Dead Cell Apoptosis Kit with Alexa Fluor® 488 Annexin V & Propidium

Iodide for Flow Cytommetry (Invitrogen) was used coupled with a BD FACSCantoTM
II Flow Cytometer (BD Biosciences). Vendor instructions were followed. Following
cell growth for 24 hours on 24-well plates and the incubation time with NWs, the
cell medium was removed and the cells were washed with PBS. The removed cell
medium and PBS solutions were kept for each condition to ensure the collection of
any detached dead cells. Accutase (StemPro®) was then added to each well to
detach the cells, which were then collected and centrifuged at 4 °C. The supernatant
was discarded and the cells were resuspended in cold PBS, followed by an additional
centrifugation step. Cells were then resuspended in 1X annexin-binding buffer and
incubated at room temperature with Alexa Fluor® 488 Annexin V and PI working
solution for 15 minutes and covered from light. Finally, after centrifugation,
supernatant was discarded and cells were resuspended in fresh 1X-annexin-binding
buffer and kept in ice and covered from light before analysis by flow cytometer. For
each condition tested, 100,000 cells were counted and the cell population of interest
was gated from the forward scattered-back scattered dot plot. Untreated negative
control cells allowed the determination of the autoflorescence of the cells.
Additionally, positive control cells for Alexa Fluor® 488 Annexin V and PI were used
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to establish spectral overlap compensation before analyzing all samples. Data
analysis was performed using the FlowJo software (TreeStar Inc.)

A6

APTES coating and pHrodo Red™ labeling

After NW release and thorough washing, the NWs are resuspended in 5 mL of 99%
ethanol and placed in a 15 mL Falcon tube. Then, 100 µL from the APTES stock
solution (221.37 g/mol, 0.95 g/mL, >98%; 440140, Sigma-Aldrich™) were added
and the tube was vortexed briefly and then placed in an ultrasonic water bath
(Branson 2510, 40 kHz, Ferguson) for 1 hour at 40 °C. The amount of APTES added
was experimentally optimized to coat between 100 – 300 µg of NWs.
Later, 200 µL of DI water and 10 µL of 1 M NaOH solution were added to the NW
stock, and the tube placed once again under sonication for 1 hour. Note that the DI
water must be added first for the catalysis to take place. After, NWs are collected
with a DynamagTM-2 (Invitrogen) magnetic holder and then washed thoroughly.
For labeling with pHrodo™ Red, APTES-coated NWs were dried at room
temperature for 10 minutes to allow ethanol to evaporate. They were then
suspended in 490 µL NaHCO3 buffer (pH = 8.4) and 10 µL of 10 mM pHrodo™ Red
(P35369, Molecular Probes™; previously reconstituted in DMSO). The sample was
covered from light and put on a thermocycler at 900 RPM for 12 hours at room
temperature. The NWs were then thoroughly washed with NaHCO3 buffer and then
with 99% ethanol to eliminate any possible background signal when imaging.
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A7

Internalization of NWs and endocytosis inhibition

For the 24 hours time-lapse study, HCT 116 cells were seeded in Nunclon® cell
culture dishes (D7804, Sigma-Aldrich™) and allowed to grow for 48 hours. APTEScoated, pHrodo™ Red-labeled Ni NWs were then added to the cells. Prior to the
study, cells were washed with PBS, stained with 10 µM Hoechst 33342 (H3570,
Molecular Probes™) for 15 minutes and then subsequently washed with PBS.
Gibco® FluoroBrite™ DMEM (Life Technologies), supplemented with 10% FBS and
Glutamax-I (100x) (Fisher Scientific), was used as the imaging medium for the
duration of the study.
The Z-stack analysis followed the same culture conditions. The emission of the
pHrodo™ Red dye was detected with the TRITC filter set with a confocal gain of 700
V of the photomultiplier tube. The water-immersion W Plan-Apochromat 63x/1.0
Ph3 M27 objective was used. The laser excitations for pHrodo™ Red and Hoechst
33342 were 561 and 405 nm, respectively.
Internalization quantification by flow cytommetry was done on a BD
LSRFortessa™ Flow Cytommeter (BD Biosciences). Followin cell culture procedures
and the addition of labeled NWs, the fluorescence emission of pHrodo™ Red was
recorded after excitation with a 561 nm laser using a 610/20 nm filter (PE-Texas
Red fluorescence). Data analysis was performed with the FlowJo software (TreeStar
Inc.) using a cell population of 50,000.
For TEM internalization studies, cells were seeded in 6-well plates and allowed
to stabilize for 24 hours. After the treatment time with NWs, cells were fixed in a
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2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer solution. The cells were then
treated with reduced osmium (1:1 mixture of 2% osmium tetroxide and 3%
aqueous potassium ferrocyanide), dehydrated in ethanol using increasing
concentrations and then embedded in Epoxy resin. Sections with a thickness of
approximately 100 nm were cut, collected and stained with lead citrate. Imaging
was performed on a Titan Cryo Twin TEM (FEI).
For endocytosis inhibition, three different inhibitors were tested to evaluate the
internalization pathway: nystatin (N6261, Sigma-Aldrich™), which blocks caveolaemediated endocytosis; chlorpromazine (C8138, Sigma-Aldrich™), for clathrinmediated endocytosis, and latrunculin A (L12370, Molecular Probes™), which
prevents phagocytosis by inhibition of actin polymerization. The concentrations of
the inhibitors tested were based on previous literature: 25 µM nystatin, 28 µM
chlorpromazine and 1 µM latrunculin A. All three inhibitors were reconstituted in
DMSO before dilution in cell medium. HCT 116 cells were treated with the inhibitors
for 30 minutes in a 37 ⁰C humidified incubator. After this time, the NWs were added
and the cells further incubated for 2 hours before performing an MTT cell viability
assay.

A8

NW dissolution and degradation

Following incubation with NWs, cell medium was collected for each condition. Cells
were washed with PBS and fresh McCoy’s medium was added to each well, followed
by the addition of Lysis Solution (Promega) for full release of intracellular contents
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before collection. The collected samples were then diluted to a volume of 1 mL with
fresh McCoy’s medium. Samples from wells treated with NWs or Ni sulfate were
filtered using 0.02 µm syringe filters (Whatman® Anotop®) to remove remaining,
undissolved NWs and to measure exclusively the dissolved Ni content. Finally, all
samples were further diluted to a final volume of 7 mL with 2% HNO3 before
analysis by ICP-MS. The concentration of Ni was established by measuring the 58Ni
isotope, being the most abundant, whereas external calibration necessary for Ni
quantification was carried out using a series of Ni standard solutions (PerkinElmer,
VWR) with concentrations in the range of 0.1 – 100 µg/L. Quality control standards
within the same concentration range were run in-between samples and at the end of
each analysis to ensure reliability of the readings. Negative experimental controls in
which cells and bare cell medium were incubated without NWs to serve as
background readings were also analyzed. Additionally, to distinguish a possible
effect of HCT 116 cells in NW dissolution in the surrounding medium to that of the
cell medium alone, a condition in which NWs were added to cell medium with no
cells was also tested. Unfiltered NW samples in 2% HNO3 served as a maximum Ni2+
concentration control.
For studying the dissolution of NWs in SBF solution, Ni NWs of 5.4 µm in length
were prepared, their mass indirectly quantified and estimated to be 5.3 mg in total.
NWs were then suspended in 3 mL of SBF. The solution was placed in a cellulose
ester dialysis tube (Sigma Aldrich) to a final volume of 50 mL of SBF solution. All
samples were incubated at 37 °C. Aliquots of 1 mL were taken at established time
points from the bulk solution and replaced with 1 mL of fresh SBF solution. Samples
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collected at each time point were diluted with 8.3% HNO3 to a final volume of 10
mL for ICP analysis.

A9

Diameter distribution of NWs in widened pores

SEM imaging was performed on the partially released array of NWs in order to
quantify the diameter distribution. Using the ImageJ software for quantification, the
diameter was found to be 103 ± 6 nm, as observed in figure A3.

Figure A3. Diameter distribution of NWs in widened pores. The diameter was found to be 103 ± 6 nm.

A10 Critical point drying
After partial release, the NW array sample was washed thoroughly with 99%
ethanol, and then submerged in this same solution. Air exposure was kept to a
minimal. Critical point drying was performed in an Automegasamdri®-916B
(Tousimis), following the vendor’s instructions.

A11 Cell cytoskeleton fluorescence staining
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The actin filaments were stained using Alexa Fluor® 488 phalloidin (Molecular
ProbesTM). Cell nuclei were stained with DAPI (D1306, Molecular ProbesTM). After
the desired incubation time, cells were washed with PBS and fixed with 4%
paraformaldehyde (PFA, Electron Microscopy Sciences) at room temperature for 5
minutes. The cells were then washed with PBS and incubated with 150 nM Alexa
Fluor® phalloidin in PBS for 15 minutes at room temperature in the dark. After
washing, cells were incubated with 200 nM DAPI in PBS for 3 minutes at room
temperature in the dark. The cells were then thoroughly washed with PBS before
analysis under a Leica DMI6000 B fluorescence microscope.

A12 Fluorescence quantification
The quantification of fluorescence of individual cells in each sample was performed
using the ImageJ software. The integrated density function was used as the level of
fluorescence for each defined cell area, whereas measurements where no cells were
present in the image were used as background. Approximately 20 individual cells
form multiple images were used for each quantification analysis.
For quantification of F-Actin, the fluorescence of each individual cell was defined
as the integrated density divided by the cell area, and then the background was
subtracted from this value.
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For quantification of OPN, the Corrected Total Cell Fluorescence (CTCF) method
was used.[139] In this case, the area of each cell multiplied by the mean background
fluorescence was subtracted from the integrated density:
𝐶𝑇𝐶𝐹 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐶𝑒𝑙𝑙 𝑎𝑟𝑒𝑎 ∗ 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 .

(A1)

A13 Immunofluorescence staining
After 48 hours of growth on the Fe NWs substrate, MSCs were fixed in PFA for 20
minutes at room temperature. The fixative was washed away with PBS, and the cells
were then permeabilized with 0.5% Triton X-100 (VWR) in PBS for 3 minutes,
washed and then blocked in 10% goat serum (Thermo Fisher Scientific) in PBST
(PBS with 0.05% Tween-20, Thermo Fisher Scientific) for 1 hour at room
temperature. After the blocking step, and without washing the cells, either antivinculin (ab18058, Abcam) or anti-OPN (ab8448, Abcam) were added at a 1:100
dilution in PBST with 5% goat serum and incubated for 1 hour at room temperature
in the dark. Then, cells were washed with PBST and the Cy3-conjugated goat antimouse or anti-rabbit secondary antibodies (Thermo Fisher Scientific) were added at
a 1:250 dilution in PBST with 5% goat serum, and cells were incubated under the
same conditions. After gentle washing with PBST, the cells were stained for actin
filaments and nuclei following the procedure described in Appendix A11, and then
observed under fluorescence microscopy.

A14 Preparation of cells for electron microscopy imaging
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For SEM imaging of MSCs cultured on the NWs or HCT 116 cells cultured on the
MNs, the cells were washed with PBS and then fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer for 2 hours at room temperature. Immediately after, the cells were
washed in 0.1 M cacodylate buffer multiple times for 15 minutes each washing step
to remove traces of the fixative. The cells were then post-fixed in 1% osmium
tetroxide (Electron Microscopy Sciences) in cacodylate buffer for 1 hour in the dark,
time after which the cells were washed with DI water for three times at 15 minutes
each washing step. Soon after, a series of dehydration steps was followed using
increasing concentrations of ethanol for 5 minutes each time, starting at 10% and
ending at 99%. The sample was then subjected to critical point drying (Appendix
A10) and then sputter-coated with 5 nm of gold-palladium before imaging.
For TEM imaging of HCT 116 cells were grown on the MNs, the cells were fixed
in a 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer solution. Osmication was
then performed with reduced osmium (1:1 mixture of 2% osmium tetroxide and 3%
aqueous potassium ferrocyanide), dehydrated in ethanol using increasing
concentrations and then flat embedded in Epoxy resin. After polymerization, the lift
off was done using liquid nitrogen, and then sections with a thickness of 80 – 120
nm were cut, collected and stained with lead citrate. Imaging was performed on a
Titan Cryo Twin TEM (FEI).

A15

AMF on MSCs grown on a flat culture substrate
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MSCs were grown on a regular tissue culture substrate and placed under an AMF of
250 mT at 1 Hz for 12 hours during 7 or 14 days. This experiment was performed as
a negative control to show that the AMF has no effect on the cell morphology under
these conditions and that cells keep their elongated structure and cover a similar
area on the substrate (Figure A2).

Figure A2. MSCs grown on a regular culture substrate under an AMF. As observed, the cell elongation and
area covered by the cell body are very similar.

