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ABSTRACT

Magnetic nanostructures have been widely studied due to their potential applicability into several research fields such as data storage, sensing
and biomedical applications. Focusing on the biomedical aspect, some new approaches deserve to be mentioned: cell manipulation and
separation, contrast-enhancing agents for magnetic resonance imaging, and magnetomechanically induced cell death. This work focuses on
understanding three different magnetic nanostructures, disks in the vortex state, synthetic antiferromagnetic particles and nanowires, first,
by explaining their interesting properties and how they behave under an applied external field, before reviewing their potential applications

for each of the aforementioned techniques.
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I. INTRODUCTION

During the last few decades, the advances in both synthesis and
characterization techniques have opened up amazing possibilities to
achieve magnetic nanostructures with well-controlled magnetic behav-
iors. Due to this versatility, nanoscale magnetic objects have been suc-
cessfully used in a wide range of technological applications'” such as

in data storage, energy, and sensing.” '” Moreover and although one-
dimensional (1D) and two-dimensional (2D) systems have been usu-
ally studied, it was recently demonstrated that three-dimensional (3D)
nanostructures with new magnetic effects can also be prepared and
explored.® Regarding the biomedical applications, main research has
been focused on using magnetic nanoparticles (MNPs) that have been
chemically synthesized with a normally, spherical shape.'” *' As
MNPs can be moved by an external magnetic field, they have been
used in magnetic separation and drug or gene delivery.”” *° Also,
MNPs generate local magnetic fields that have been used in cancer
diagnostics by detection of functionalized MNPs via giant magnetore-
sistance (GMR) sensors'*”** and as a contrast agent to improve
magnetic resonance imaging (MRI).”**”"" Finally, the third main
application of MNPs has been the annihilation of cancer cells by
hyperthermia and based on the concept that MNPs heated the local
environment when external alternating magnetic fields were
applied.”' * Therefore, MNPs, in combination with external applied
magnetic fields, can be placed at the desired location, react with the
local environment and locally perturb it, such as by delivering heat. In
order to fulfill these requirements, one key issue is related to the fact
that MNPs usually agglomerate forming clusters. In order to avoid the
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clustering of MNPs in living bodies, it is desired that MNPs only
exhibit magnetic moment upon the application of external magnetic
fields while null magnetic moment at zero external applied magnetic
field. For this reason, most of the research studies have been per-
formed using MNPs in the superparamagnetic state, which can be
exclusively achieved for particles with diameters not larger than a few
nanometers. More recently, different kinds of magnetic nanostructures
(MNSs), prepared using template-assisted methodologies, have been
suggested. For example, MNSs in the vortex state”* or synthetic anti-
ferromagnetic MNSs™ with no magnetic moment at remanence,
equivalent to the superparamagnetic MNP, have shown promising
results in cell separation, as a contrast-enhancing agent in MRI and in
magnetomechanically induced cell damage. In contrast to the more
traditional MNP fabrication processes based on chemical synthesis,
MNSs can be produced using self-assembled or lithographed templates
in combination with physical vapor deposition and/or electrodeposi-
tion techniques. MNSs are very versatile and have some advantages
with respect to MNPs:

1. Depending on the template geometry and the deposition tech-
nique, MNSs can show different geometries, such as disks, rods,
or tubes, rather than the traditional spherical MNP.

2. While MNPs are constricted by the superparamagnetic limit to
dimensions of a few nanometers, the dimensions of the MNS
can be ranged from a few tens to thousands of nanometers.

3. As MNSs can be made of pure magnetic materials, they can
show larger magnetic moments than MNPs. For their applicabil-
ity in diagnosis, a large magnetic moment is highly recom-
mended in order to enhance the sensor detection limit.

4. MNSs have been suggested for magnetomechanical action to
induce cell damage at low frequencies and small external applied
magnetic fields, which is not possible with MNPs. This scenario
opens new possibilities in cancer therapies, since the technical
requirements for the design of clinical equipment are much less
challenging in this case than for the hyperthermia approach that
needs high frequencies and strong magnetic fields, and has trig-
gered the scientific interest of MNSs with unique spin configura-
tions suitable for biomedical applications.’**

In this review, we report the recent advances in nanotechnology
and explored the value of emerging MNSs for biomedical applications,
such as in cell manipulation and separation, MRI"***"** and, in partic-
ular, for magnetomechanically induced cellular annihilation.””** We
will review the fundamental research made in this field from the syn-
thesis of the MNS to the demonstration of the relevance of these nano-
structures. First, this review will report the groundwork made in the
fabrication of several types of magnetic nanostructures: micro/nano-
disks in the spin-vortex state, synthetic antiferromagnetic structures
(SAF-IP and SAF-OoP), and nanowires with high torque. Then, the
revision of the biomedical approach will be focused on the physical
properties of these nanostructures and their influence on the reported
therapeutic efficacy.

Il. VORTEX-STATE IN NANODISCS

New exotic magnetic configurations have been shown up at the
nanoscale due to the interplay between different energy terms such as
the dipolar, the exchange, and the anisotropy energy contributions.
One of the most popular examples is the magnetic vortex configuration

REVIEW scitation.org/journal/are

that has been shown as the ground state in ferromagnetic dots with dif-
ferent geometries (circular, elliptical, or triangular). In micro/nano-
disks, the minimization of energy forces the spins into a curling state,
where the spin directions change gradually, starting parallel to the sur-
face, canceling the total dipole energy, and also not losing too much
exchange energy. Near the center of the disk, the angles between adja-
cent spins increase until it is no longer possible to remain confined in-
plane, resulting in a vortex core, with magnetization perpendicular to
the plane,” as is illustrated in Fig. 1. Vortices are characterized by two
features: (1°) The chirality that is related to the directions of the in-
plane rotating magnetization (counterclockwise or clockwise); (2°) the
direction of the vortex core’s magnetization or polarity (up or down).
The vortex-type remanent magnetization distribution is energeti-
cally favorable for the disks with weak magnetocrystalline anisotropy®
and is either deduced from the hysteresis loop’s shape’” or directly
observed by magnetic imaging techniques like magnetic force micros-
copy (MFM).* Magnetic force microscopy (MEM) experiments in
soft magnetic materials must be, however, interpreted carefully since
unavoidable tip-induced perturbations must be taken into account.”’
Figure 2 shows the magnetization dependence on the applied
magnetic field. The loop was measured using a magneto-optical tech-
nique for the Permalloy (Py) disk array with a thickness of 60 nm and
a diameter of 0.2 um."® Decreasing the externally applied field leads to
the nucleation of the vortex state, being accompanied by an abrupt
decrease in magnetization. The field at which this phenomenon occurs
is designated as the nucleation field, H,,. Then, a region where the
magnetization responds linearly to the field follows, corresponding to
the reversible movement of the vortex core, and includes the remanent
state with virtually no magnetization, which can be seen in Fig. 2(a).
As the individual moments tend to align with the field, this increas-
ingly pushes the core to move perpendicularly to the direction of the
field [Figs. 2(b) and 2(c)]. The continuous decrease in the field causes
the vortex core to be expelled from the disk, marking the vortex anni-
hilation field, H,, after which the disk stabilizes in a single-domain
state. The values of characteristic fields and the slope of the linear part
of the hysteresis loop are strongly size dependent.’*”">* The direction
of the magnetization at the center of the disk seems to turn randomly,
either up or down, as up- and down-magnetizations are energetically
equivalent without an externally applied field and do not depend on

FIG. 1. Vortex core schematic.
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FIG. 2. Hysteresis loop that shows the vortex state.® Reproduced with permission
from Guslienko et al., “Field evolution of magnetic vortex state in ferromagnetic disks,”
Appl. Phys. Lett. 78, 3848-3850 (2001). Copyright 2001 American Institute of Physics.

the vortex orientation. In summary, the magnetization reversal occurs
starting with vortex nucleation followed by displacement and then
annihilation of the magnetic vortex.

With negligible interdot coupling in the arrays, the magnetization
reversal is initiated in accordance with the balance of the magneto-
static, exchange, and magnetic anisotropy energies. However, the mag-
netostatic interaction is important to describe the magnetic state of the
patterned film, when the dot spacing is small. Arrays of magnetic
structures whose geometry, size, and spacing can be controlled in the
fabrication process are an appropriate term for comparison with theo-
retical predictions. The dot shapes are also an important factor for
coupling calculations in such close-packed dot arrays.”’

Permalloy (80% Nickel and 20% Iron alloy; Py) disks have been
extensively studied, being capable of bearing this spin structure, within
a finite range of dimensions. Other materials that have also been stud-
ied include Supermalloy (75% Nickel, 20% Iron, and 5% Molybdenum
alloy), Cobalt, Nickel, and Iron. The main reports found in the litera-
ture are summarized in Table I, where the materials, deposition, and
patterning techniques are shown.

A. Magnetization reversal in arrays of disks vs isolated
disks

1. Aspect ratio

The material, the geometry, and mainly the aspect ratio of the
structure are the key factors for achieving a vortex spin configuration

REVIEW scitation.org/journal/are

as the ground state. Form the calculation of the single-domain and the
vortex state energies, a universal magnetic phase diagram, as a func-
tion of dimensions, was determined for circular soft magnetic dots
and in the absence of an external magnetic field (Fig. 3). The phase
diagram shows the stability of the ground state as a function of the dot
radius (R), dot thickness (L), and the material exchange length
(LE).”° The aspect ratio of the nanostructures is going to be the
determinant to the spin configuration present in remanence, and so it
is vital to understand which range of dimensions give us the vortex
state. With this objective, a lot of work has been reported, where the
magnetic behavior of arrays of disks with different diameters and thick-
ness was extensively studied. Cowburn et al."” combined electron beam
evaporation and electron beam lithography to fabricate various arrays of
Supermalloy disks with diameters ranging from 55 to 500 nm and thick-
nesses between 6 and 15 nm. The results are summarized in Fig. 4, where
different hysteresis loops for different dimensions are presented. Some of
the loops do not show vortex behavior, which allowed the authors to
experimentally determine a lower limit to the boundary for the transition
from vortex to single-domain behavior, below which vortex nucleation is
impossible.””

In 2000, Schneider et al.”” studied the magnetic properties of cir-
cular Permalloy disks with the diameter ranging from 180 to 950 nm
and a constant thickness (15nm). It was observed that H, strongly
depends on the disk diameter, which was explained by the increasing
contribution of the magnetostatic self-energy with the decreasing
diameter, whereas H,, is almost constant (Fig. 5). Two years later,
Schneider et al.** developed the same type of study for Permalloy cyl-
inders with thicknesses of 3, 5.5, 8.3, 15, and 20 nm and diameters
varying between 150 and 1000nm. The characteristic vortex fields’
dependence on the aspect ratio (r = D/t, where D is the diameter and t
the thickness) was the main subject of this work. Then, the authors
found that the absolute values of both H, and H, decrease with an
increase in the aspect ratio (r = D/t). This behavior means that the sin-
gle domain and intermediary states, which precede the formation of a
vortex configuration, are more stable at large aspect ratio values.
Moreover, it was also observed that the core of the vortex is not well
centered in the thinnest disks (t=5.5nm). As it is slightly displaced,
the remanent magnetization is nonzero. The authors suggested that
this behavior could be understood assuming that the vortex can be
pinned at positions where the energy has a local minimum and due to
surface roughness.

On the other hand, Fernandez et al.’” studied the magnetization
reversal in Co elliptical dots varying the thickness from 18 to 30 nm by
means of MEM. They highlighted the role of the shape anisotropy
term in the domain configuration when the dots are not circular. In
particular, a uniformly magnetized state was observed at remanence
when the elliptical dots were saturated along their long axis. However,
when dots were saturated along their short axis, they relax in a single-
vortex state. It was suggested that this behavior could be associated
with the film microstructure allowing the shape anisotropy to domi-
nate over magnetocrystalline anisotropy contribution.

In summary, it has been experimentally confirmed that the
values of characteristic fields (H, and H,), as well as the slope of the
linear part of the hysteresis loop, are strongly material and size
dependent.**”"”" Regarding the vortex core, the direction of the
magnetization at the center of the disk seems to turn randomly,
either up or down, as up- and down-magnetizations are energetically

Appl. Phys. Rev. 7, 011310 (2020); doi: 10.1063/1.5121702
Published under license by AIP Publishing

7,011310-3


https://scitation.org/journal/are

Applied Physics Reviews

REVIEW

TABLE . Fabrication characteristics of the micro/nanodisks in the vortex state reported in the literature.
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References Material Deposition technique Patterning
34 Py (t=60 nm, D= 1000 nm) Magnetron sputtering OL (Optical Lithography)
46 Py (t=60nm, ! EBL (Electron-Beam Lithography)
D = 200 — 800 nm)
35 Au (5nm)/Py (60 nm)/ Thermal evaporation ma-N 1410 resist
Au (5nm); D =2um As a milling mask
57 Au (5nm)/Py (60 nm)/ Magnetron sputtering OL
Au (5nm); D =1;1,5;2;2,5um
47 Supermalloy (D = 55 — 500 nm; Electron beam evaporation High-resolution
t =6 — 15 nm)/Au (5nm) EBL
45 Py (t=50nm,D = 0,1 — 1z m) Electron beam evaporation EBL
48 D =150 — 1000 nm, Thermal evaporation EBL
= 3;5.5;8.3;15; 20 nm
58 Fe (t=8to 9nm); Evaporation Self-organized
lateral dimensions of 200 Growth of Fe
to 500 nm by 150 to 250 nm
59 Cobalt/ALO5/Py (t = 0 — 30/ RF sputtering EBL
3/0 — 30;D =300 nm)
60 Co (15 — 40 nm)/Au (6 nm); Thermal evaporation IL (Interference Lithography)
Minor axis = 250 — 375 nm,
Major axis = 400 — 600 nm
50 Py (t=80nm; D = 0,2 — 0,4u m) Electron beam evaporation EBL
51 Py (t=40nm; D =500 nm) Electron-beam evaporator EBL
61 Py (t =5 — 50 nm; D = 0, 8 m) dc magnetron sputtering photolithography
62 Co (t = 18 — 30 nmy Thermal evaporation 1L
Minor axis = 250 nm,
Major axis = 450 nm)
63 Fe (t=20nm; D = 2u m) Molecular beam epitaxy EBL
64 Ni (t = 16*1.5 nm; Electrodeposition X-ray IL
D = 40 — 90 nm)
65 Py (t=25nm; D =700 nm) N EBL

*No deposition technique mentioned.

equivalent without an externally applied field and do not depend on
the vortex orientation.

However, Waeyenberge et al°” demonstrated the switching of
the out-of-plane core polarization by applying short pulses of a sinu-
soidal excitation field.

2. Effects of the interdot distance

Until this point, the magnetic behavior of isolated dots with a vor-
tex configuration has been described. However, different behaviors have
been observed in arrays of nanoelements, due to the magnetostatic cou-
pling between them. Therefore, and assuming that several nanostructures
would be required for any biomedical application, the effect of the inter-
dot distance, d, is also an important factor that should be understood.
Then, few of the more significant examples are briefly described next.

Experimental data and calculations reported by Novosad et al.”’
show a strong dependence of the vortex characteristic fields on the

interdot distance. This is illustrated in Fig. 6, where are represented
two hysteresis loops for arrays of disks with different distances
between dots. The loops share the same shape, as expected for vortex-
like behavior but have different H,, and H, values. These values, as
well as the slope of the linear part of the hysteresis loop, seem to
depend not only on the dot diameter and the thickness but also on the
interdot distance. It should be noted that H,, and H, decrease, whereas
an initial susceptibility of the vortex increases with the decreasing dis-
tance. The higher initial susceptibility means that the dot arrays with a
strong interdot magnetostatic coupling (d < D/2) have a higher
mobility of the vortex core than an isolated dot with the same size.
The decrease in the values for the characteristic fields may be
explained by the higher effective field experienced by each individual
disk, from the contributions of the neighboring disks.”’

Mejia-Lopez et al.”” studied the role of the magnetic interactions
between Fe nanodiscs, with D = 65 nm and t =20 nm, as a function of
the center-to-center dot distance (d). Figure 7 shows the evolution of

Appl. Phys. Rev. 7, 011310 (2020); doi: 10.1063/1.5121702 7,011310-4
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FIG. 3. Magnetic phase diagram of cylindrical dots with radius R and thickness L.
Three stable magnetization states: vortex, in-plane single domain (small thickness),
and perpendicular single domain (small radii). LE is the exchange length (LE 18 nm
for Permalloy).” Reprinted with permission from Goiriena-Goikoetxea et al.,
“Magnetization reversal in circular vortex dots of small radius,” Nanoscale 9,
11269-11278 (2017). Copyright 2017 Royal Society of Chemistry.

the characteristic vortex fields as a function of the normalized distance
(d/D). The closer the dots are, the larger the absolute value of the vor-
tex nucleation field is. It was suggested that when dots are mainly mag-
netized along one direction, the magnetostatic interaction favors such
a configuration. Hence, an additional energy barrier for the transition
from a single domain to the vortex state is created, which increases the
vortex nucleation field values. On the other hand, the annihilation field
is also affected by the interdot interaction, but this effect is less remark-
able as the dipolar interactions between dots in the vortex state are
weaker. In this work, it was stated that a dot array and a single dot
show the same hysteresis loops when d > 3D. Also, the shape of the
hysteresis loop is very similar to the noninteracting case for
2D < d < 3D. Thus, it was concluded that the magnetic properties of
two interacting dots can be well described by the behavior of noninter-
acting dots when d > 2D. On the other hand, the interaction between
two magnetic dots is important and can significantly modify magneti-
zation reversal when d < 2D.

The difference between simulated and experimental data was
attributed to the distribution of dot sizes and imperfections of the
shape of the dots in the experimental system. Also, the neglected inter-
dot interactions, while not producing qualitative changes to the overall
hysteresis loop shape, may contribute to some small quantitative
corrections.”’

Guslienko et al.” also observed that the magnetostatic interac-
tions play an important role in the magnetization reversal for the disk
arrays when the interdot distance is smaller than the disk radius. They
developed an analytical model for the magnetization reversal process
of a chain of interacting circular dots [in Figs. 8(a) and 8(b)].
Decreasing the field leads to vortex nucleation being initiated in two
dots located at the ends of the chain, as they are neighbor free on one
side and consequently under a smaller effective magnetic field than the
more central dots. Once the disks at the edge nucleate a vortex state,
their nearest neighbor disks are subsequently exposed to a reduced
effective field, and the nearest neighbor disks can more easily nucleate
a vortex.”” The same conclusion was reached by Zhu et al’' when
they observed, using MFM, that vortex nucleation initiates at the edge

scitation.org/journal/are
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FIG. 6. Hysteresis loop Permalloy D = 0.8 um for different interdot distances, d, of
800 and 30 nm.”” Reprinted with permission from Novosad et al., “Effect of interdot
magnetostatic interaction on magnetization reversal in circular dot arrays,” Phys.
Rev. B, 65, 060402 (2002). Copyright 2002 American Physical Society.

of the chain, where dots have fewer neighbors, while the annihilation
process occurs at the center of the chain.

More complex behaviors have been reported in the literature.
Among them, we would like to briefly comment on the work of
Heyderman et al,’* in which the distance between dots and their
arrangement in the array can lead to the collective rotation of the mag-
netic spins. The authors considered that, rather than forming a vortex
in each individual dot, the flux closure can occur through a series of
dots to minimize the magnetostatic energy. Also, Neal et al.”” studied
the magnetization reversal in 2 um diameter epitaxial Fe (1 0 0) disks
using scanning Hall probe microscopy, supporting its findings with
micromagnetic simulations. In this work, the simulations predicted
the presence of a double vortex magnetization reversal process.
Comparison between the magnetic images and local induction

-04
g -0.8
o —o— Nucleation field |
= 42t — = — Annihilation field |
=
1.6} i
-2.0 1 b ! " )
2 3 4 5 6
d/iD

FIG. 7. Vortex nucleation and annihilation fields calculated as a function of d/D.”
Reproduced with permission from “Vortex state and effect of anisotropy in sub-100-
nm magnetic nanodots,” J. Mejia-Lopez et al., J. Appl. Phys. 100, 104319 (2006).
Copyright 2006 American Institute of Physics.
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FIG. 8. Simulated data of a chain of seven dots with R = 0.2um, t=60nm, and
d =50 nm.” Reprinted with permission from Guslienko et al., “Magnetization rever-
sal due to vortex nucleation, displacement, and annihilation in submicron ferromag-
netic dot arrays,” Phys. Rev. B, 65, 244141-2441410 (2002). Copyright 2002
American Physical Society. (a) Hysteresis loop and (b) evolution of the spin struc-
ture in the chain of circular dots for different fields.

loops at strategic points on the disk shows that they seemed to agree
well with this double vortex magnetization reversal mechanism.

lll. SYNTHETIC ANTIFERROMAGNETIC
NANOSTRUCTURES (SAF-IP AND SAF-OoP)

For biological applications, the desire to produce magnetic nano-
structures with large moments and small, low-field, susceptibilities
increased interest around Synthetic Antiferromagnetic (SAF)
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particles.””*”~"" These nanostructures are characterized by having two
ferromagnetic layers separated by the one that is nonmagnetic. The
coupling between the two ferromagnetic layers can be of two forms:
magnetostatic or interlayer exchange coupling. While the magneto-
static interaction depends on the aspect ratio of the structure,”””” the
indirect exchange coupling, through the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction, depends on the material and the
number of interfaces and shows an oscillatory dependence between a
ferromagnetic and an antiferromagnetic coupling as a function of the
spacer thickness.”*”” Therefore, the interlayer exchange coupling
in SAF can be easily tailored by playing with the aspect ratio of the
structure and/or the spacer between the magnetic layers, and they
have been already applied for different devices such as in recording
media” ®' and magnetoresistive random access memory (MRAM)
components.sz‘83

The antiferromagnetic behavior of these nanostructures means
that, at low fields, the two ferromagnetic layers have antiparallel mag-
netizations, which then results in the near-zero remanence (see the
diagram in Fig. 9). SAF systems, where the ferromagnetic layers show
in-plane (SAF-IP) or out-of-plane magnetizations (SAF-OoP), have
been reported, and few examples will be described in this section.

In 2008, Hu et al’” prepared 120 nm diameter SAF-IP disks,
using Ru as the nonmagnetic spacer and CoggFe as the ferromagnetic
material, and it was demonstrated that its related magnetic properties
can be tuned by exploiting the interlayer magnetic interactions.

The authors state that the effect of the indirect exchange coupling
is weak when the thickness of the nonmagnetic spacer is above 2.5 nm.
Then, the ferromagnetic layers primarily interact through magneto-
static interactions. Figure 10 shows the in-plane hysteresis loops of
SAF-TP with the nonmagnetic and magnetic layer thicknesses of 2.5
and 12nm, respectively. The remanence and coercivity of the

a

Non-magnetic -
Ferromagnetic

—

RKKYC

b

RKKYC
¢

FIG. 9. Schematic of synthetic antiferromagnets. (a) Bilayers with in-plane magneti-
zation. (b) Bilayers with out-of-plane magnetizations.”® Reprinted with permission
from R. A. Duine et al., “Synthetic antiferromagnetic spintronics,” Nat. Phys. 14,
217-219 (2018). Copyright 2018 Springer Nature.
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FIG. 10. Magnetic properties of 120nm SAF nanostructures of Ta (5nm)/Ru
(2nm)/CogoFeqo (12nm)/Ru (2.5 nm)/CogoFeqo (12nm)/Ru (2nm)/Ta (5nm), with
the in-plane field perpendicular to the magnetic moments of the layers, from Ref.
73. Reproduced with permission from Hu et al., “Synthetic antiferromagnetic nano-
particles with tunable susceptibilities,” J. Appl. Phys. 105, 07B508 (2009). Copyright
2009 American Institute of Physics.

nanoparticles are nearly zero as the magnetizations of the individual
layers are antiparallel at low fields. As the external field is gradually
increased, the moments of the individual ferromagnetic layers suffer
an in-plane rotation toward the direction of the applied field until they
are in a parallel configuration at the saturation field following a nearly
linear field dependence of the magnetization.

Figure 11(a) shows the hysteresis loops of SAF-IP disks with the
magnetic layer thickness ranging from 3 to 12nm and the nonmag-
netic layer thickness kept constant at 2.5 nm.”” Again, both remanence
and coercivity are nearly zero at low fields, but the saturation field and
magnetization increase with the magnetic layer thickness (t,;q0)
because interlayer magnetostatic interactions increase linearly with
tyag This group also explored the effect of the indirect exchange cou-
pling and observed that it is quite pronounced when the Ru spacer
thickness is below 1 nm, which provides strong antiferromagnetic cou-
pling.”” Figure 11(b) shows the hysteresis loops of SAF-IP disks upon
reducing the Ru spacer thickness from 2.5 to 0.6 nm while keeping the
two CoFe layers at a thickness of 6 nm. The authors claimed that they
were able to prepare SAF-IP nanoparticles with around 2.5 times
higher saturation magnetization (850 emu/cm”®) than the iron oxide
nanoparticles (340 emu/cm?) usually used in biomedical applications.

More recently, Roosbroeck et al”™ fabricated SAF-IP particles
using Au as the nonmagnetic spacer and Permalloy as the ferromag-
netic material and ranging the diameter from 90 to 525nm (see the
top panel of Fig. 12). They observed that the indirect exchange cou-
pling oscillates between ferromagnetic (both layers are magnetized in
the same direction) and antiferromagnetic (opposite direction) as a
function of the spacer layer thickness. The saturation field oscillates
between ferromagnetic (for Au thicknesses of 0, 1.5, and 3nm) and
antiferromagnetic (of 1 and 2.5 nm), see Fig. 12(a) in the bottom panel.
Moreover, the oscillation is clearly damped with the increasing Au
spacer thickness. Fig. 12(b) in the bottom panel shows two hysteresis
loops using the spacer with the thickness for achieving ferromagnetic
or antiferromagnetic couplings (1.5 and 2.5nm, respectively). At
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FIG. 11. Tailoring magnetic properties with magnetostatic and interfacial coupling,
from Ref. 72. Hu et al., “High-moment antiferromagnetic nanoparticles with tunable
magnetic properties,” Adv. Mater. 20, 1479-1483 (2008).Copyright 2008 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (a) Hysteresis loops for different thicknesses
of the magnetic layer. Circle, triangle, and square curves represent t =3 nm, 6 nm,
and 12 nm, respectively, and (b) Hysteresis loops for different thicknesses of the
nonmagnetic spacer. Circles: Ta(5)/Ru(2)/CoFe(6)/Ru(2.5)/CoFe(6)/Ru(2)/Ta(5); tri-
angles: Ta(5)/Ru(2)/CoFe(6)/Ru(0.6)/CoFe(6)/Ru(2)/Ta(5); and squares: Ta(5)/
Ru(2)/[CoFe(3)/Ru(0.6)]3/CoFe(3)/Ru(2)/Ta(5).

1.5nm, the loop corresponds to a standard ferromagnetic material
with a high magnetic susceptibility. Increasing the thickness to 2.5 nm
leads to lower magnetic susceptibilities and nearly zero magnetic rem-
anence and coercivity, which is typical for antiferromagnetic coupling.
For the SAF-IP, an average saturation magnetization of (4.15 x 10°)
A/m was determined, which is significantly higher than typical values
for SPION used in MRI analysis [(2.7-3.7) x 10° A/m].*”

Regarding the fabrication of SAF-OoP, one beautiful example is
the work of Vemulkar et al”' in which perpendicularly magnetized
(CoFeB/Pt) bilayers with antiferromagnetic interlayer coupling were
fabricated. This structure consists of Ta(2nm)/Pt(2 nm)/
CoFeB(0.9 nm)/Pt(0.25 nm)/Ru(0.9 nm)/Pt(0.25 nm)/CoFeB(0.9 nm)/
Pt(2nm). The Ru spacer thickness was fixed to 0.9nm because it

scitation.org/journal/are

corresponds to the first observed antiferromagnetic coupling peak.””
The bilayer hysteresis loop, measured using a Magneto-Optical Kerr
Effect (MOKE) magnetometer, showed an antiparallel state at low
fields and an abrupt switch in the magnetization at a field, which can
be controlled by tuning the interlayer exchange coupling between the
magnetic layers via the Pt layer thickness.”” Although the RKKY cou-
pling should give an antiparallel state at a low magnetic field, with
almost zero susceptibility, the authors suggested that the observed
nonzero remanence can be attributed to the depth dependence of the
MOKE signal. When a stack of 12 bilayers was studied, a field response
comparable to the one of the single bilayer was observed without any
degradation in the saturation magnetization or a significant change in
the effective anisotropy of the layers.

Finally, the authors studied the possibility to transfer these prop-
erties to nanostructures with a diameter around 2 um [Fig. 13(a)]. The
MOKE hysteresis loop of a single 2 um diameter SAF-OoP particle
[Fig. 13(b)] is very similar to that of the nominally identical thin film.
They showed that the perpendicularly magnetized SAF-OoP particles
are characterized by zero remanence, low field susceptibility, and a dis-
tinct switching field to full magnetization. These particles show a pre-
cise tunability, making them ideal for tailoring to specific applications.

IV. HIGH ASPECT RATIO NANOSTRUCTURES

Higher aspect ratio nanostructures, such as nanowires (NWs)
and nanorods, often appear as alternatives to the spherical magnetic
nanoparticles, as this geometry translates into intrinsic anisotropy
properties that cause them to interact differently.”” They have an
increased surface area to volume ratio and higher magnetic moments,
originated from a prevalent shape anisotropy. Magnetic nanowires
and their magnetic properties have long been a subject of intense
study.” "’ Segmented NWs have also been the topic of research due
to their promising properties and applicabilities.”' ** Several authors
have already studied the interactions between the different layers on
the same wire.”””® It has been theorized that for, infinite cylinders, the
magnetization reversal mainly occurred in three different ways,
Coherent rotation, magnetization curling, and magnetization buckling,
and was found that the critical size for the single domain behavior was
independent of magnetocrystalline anisotropy, depending only on the
exchange constant and the saturation magnetization. The reversal
mechanism chosen by the nanowire depends on the relation between
the wire radius and the critical radius.”

The work of Wernsdorfer et al.”” has shown, however, that the
reversal process, in 40 to 100 nm Ni wires, results from the nucleation
and propagation of a single magnetic domain along the wire. With
this information, Ferré et al.”® proposed that for real systems, even if
with a weak crystal anisotropy was assumed, the reversal should be
described in terms of nucleation-propagation mechanisms. In this
work (see Fig. 14), these authors investigated the magnetic properties
of electrodeposited Ni and Co nanowires with varying diameters
(35-500 nm). It is revealed that intrinsic differences between the mag-
netization reversal mechanisms is originated from the difference in
interplays between the magnetocrystalline and shape anisotropies. Ni’s
weak crystal anisotropy loses to the shape anisotropy of the wire,
resulting in an easy axis parallel to the wire’s axis, while Co’s easy axis
strongly depends on the magnetocrystalline anisotropy and the orien-
tation of the hep’s c-axis. For larger diameters, the authors concluded
that the c-axis was grown perpendicular to the wire axis, which
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FIG. 12. Top panel: SEM images of SAF-IP nanoparticles with diameters of (a) 90, (b) 145, (c) 220, and (d) 525 nm. (e) High-angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM) image of a 145nm diameter SAF-IP. The layered structure of [Au/Ni80Fe20/Au/Ni80Fe20/Au] is clearly visible. The bright layers on top
and bottom are the Au capping layers. The inner magnetic part consists of two Ni80Fe20layers (dark) separated by an Au spacer (bright). Bottom panel: (a) Magnetic satura-
tion field of SAF-NPs in function of the spacer thickness. The trendline is a guide for the eye. (b) Magnetic hysteresis curves of 222 nm SAF-NPs [Au(10 nm)/Ni80Fe20(10
nm)/Au(xnm)/Ni80Fe20(10 nm)/Au(10 nm)], before release from the carrier wafer. The curves show a clear difference between ferromagnetic coupling (black, x = 1.5 nm) and
antiferromagnetic coupling (gray, x = 2.5 nm). The schematic figures represent the magnetization directions of the magnetic layers in antiferromagnetically coupled structures
at zero field and saturation field.” Reprinted with permission from Roosbroeck et al., “Synthetic antiferromagnetic nanoparticles as potential contrast agents in MRI,” ACS
Nano 8, 2269-2278 (2014). Copyright 2014 American Chemical Society.

explains the decrease in coercivity measured, due to the competition for small diameter Ni wires, is initiated by the nucleation of one
between the shape and crystal anisotropies, which is in agreement reversed domain at one extremity, with its size being that of less than
with the study by Proenca et al”’ Moreover, these authors also three times the exchange length, in diameter. For larger diameters, a
showed, through micromagnetic simulations, that the reversal process, different mechanism is described. The authors state the existence of
Appl. Phys. Rev. 7, 011310 (2020); doi: 10.1063/1.5121702 7,011310-9
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FIG. 13. (a) SEM images of 2 um particles lifted off in solution and subsequently
recondensed on a substrate. gb) Polar MOKE hysteresis loop of a single particle
such as the one shown in (a).”" Reproduced with permission from Vemulkar et al.,
“Highly tunable perpendicularly magnetized synthetic antiferromagnets for biotech-
nology applications,” Appl. Phys. Lett. 107, 012403 (2015). Copyright 2015
American Institute of Physics.

two critical fields, the nucleation field (H,,), when the magnetization of
the system deviates from the saturation, and the switching field (Hy),
at which an irreversible magnetization jump occurs. In this scenario,
the deviation from saturation takes place at the two extremities, result-
ing in propagating vortices along the wire. One possible explanation
provided to us is that as it is the region where the coercivity field is at
its lowest, the simulation not accounting for pinning defects or interac-
tions between wires could be decisive. These simulations are in agree-
ment with the study by Hertel,'”” who performed micromagnetic
simulations in an array of closely packed Ni nanowires (I= 1 um,
d=40nm, and period= 100), and then Hertel and Kirschner'’" fur-
ther investigated the magnetization reversal in Ni nanowires through
micromagnetic simulations. In this work, the authors describe the
basic reversal modes, transverse wall and vortex wall, with its occur-
rence depending on the thickness of the wire, even simulating a cone-
shaped wire and observing the transition between the different reversal
modes. The micromagnetic simulations in Co wires allowed the
authors to affirm that for smaller diameters, the hcp c-axis’s orienta-
tion differs from that of the larger ones.

Strijkers et al.'”” used nuclear magnetic resonance (NMR) to
study the orientation of the c-axis of Co nanowires, with diameters of
20nm and 100 nm. They found a switch over the easy-axis direction
when the length of the wire was decreased from 40 um to 0.5 um. The
longer wires were perpendicular to the wire easy axis, which would
then change to be parallel to the wire axis, for the shorter ones. These
authors also found that for a diameter of 100 nm, the Co wires pre-
sented an easy axis perpendicular to the wire axis, in contrast to the
20nm diameter ones, which behaved more isotropic. In addition to
this, Metzger et al.'”’ deposited 770 nm long Fe nanowires and Co
nanowires with a length of 64 nm and also found that the Co nano-
wires have a distribution of c-axis orientations.

REVIEW scitation.org/journal/are

Pignard et al.""* studied Ni nanowires with a length of 22 um and

a diameter of 35 or 75 nm with Anisotropic magnetoresistance (AMR),
which is caused by the changes in resistivity as the angle between the
current and magnetization is modified. The AMR curves (Fig. 15) are
composed of continuous variations of resistivity, corresponding to a
rotation of the magnetizations, and discrete jumps in resistivity caused
by magnetization reversal processes. These authors consider the rever-
sal process starting with the nucleation of a reversed domain at the end
of the wire, corresponding to the first discrete jump. The domain wall
gets trapped in a pinning center, causing then the second jump when it
is finally released, and the magnetization is reversed.

Nielsch et al.'” studied the magnetic behavior of a periodic array
of nickel nanowires with varying diameters, 30, 40, and 55nm. In this
work, it is stated that the magnetic anisotropy of the array results from
the interplay of the different effective fields. For Ni nanowires compatible
with the single domain, the weak magnetocrystalline anisotropy leads to
an easy axis in the wire direction. These authors found that reducing the
diameter from 55 to 30 nm improved the hardness and the coercivity,
due to the lowering of the macroscopic interactions between the wires.
The domain structure in Fig. 16 is reported to be due to an antiferro-
magnetic alignment, where two of its six nearest neighbors align their
magnetization parallel and four are antiparallel, when only in accounting
for the nearest interaction. Carignan et al.'” also studied the influence of
the diameter of Ni nanowires on their magnetic properties, with diame-
ters of 20, 40, and 170 nm. The hysteresis loops for the three samples
showed an easy axis parallel to the wire length, with decreasing coercivity
and remanence for the increasing diameter, just as Nielsch et al.'”” The
authors attributed the differences in the hysteresis loops to be caused by
the different reversal processes. The 20nm diameter wire is said to
reverse magnetization through coherent rotation, while the one with a
diameter of 170 nm does it through the curling mode and the 40 nm
sample through transition between the two modes.

Pal et al."”” studied the transition of the easy axis orientation in
Co nanowires with respect to the aspect ratio (1/D) with both experi-
mental values and micromagnetic simulations. These authors con-
cluded that for larger aspect ratios (R > 10), shape anisotropy was the
dominant contribution, which leads to an easy axis parallel to the wire.
For aspect ratios shorter than R < 3, they stated that the magnetocrys-
talline anisotropy prevails and the easy axis is now orientated perpen-
dicular to the wire axis, while for intermediary aspect ratios, the
anisotropies are said to be comparable, resulting in difficult to distin-
guish differences between the axis. Several authors have studied differ-
ent ways to influence the easy axis direction not only by changing the
dimensions of the wire but also by changing its composition'**'"” and
studying how it is affected by magnetoelastic anisotropy.' "’

Xiang et al.''" performed micromagnetic simulations for individ-
ual Fe nanowires with different lengths and diameters to investigate
their reversal mechanisms. In Fig. 17, different reversal mechanisms are
showed to be in play, for different thicknesses. For the first two thick-
nesses [Figs. 17(a) and 17(b)], the mechanism identified by the authors
is a coherent rotation. In Fig. 17(c), the reversal is associated with a vor-
texlike nucleation, initiated at the two ends of the nanowire. Regarding
the last wire [Fig. 17(d)], the reversal mechanism is identified as being
controlled by the buckling like motion of larger vortices, which also ini-
tiates reversal along the wire, instead of just the extremities.

Qin et al.'"? studied the magnetization reversal on Fe nanowires,
being in agreement with the study by Xiang et al,'"" but also focused
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FIG. 14. Hysteresis loops for different thicknesses of Ni and Co.“® Reprinted with permission from Ferré et al., “Magnetization processes in nickel and cobalt electrodeposited
nanowires,” Phys. Rev. B, 56, 14066-14075 (1997). Copyright 1997 American Physical Society.
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FIG. 15. AMR curves for Ni nanowires from the study by Pignard et al.'’
Reproduced with permission from Pignard et al., “Study of the magnetization rever-
sal in individual nickel nanowires,” J. Appl. Phys. 87, 824-829 (2000). Copyright
2000 American Institute of Physics.

on the effects of the magnetic interactions in a periodic array. The wire
diameters were 30, 50, and 70 nm, and the interactions between the
wires were found to be weakening the shape anisotropy effect, tending
to develop an easy axis perpendicular to the wire’s axis.

Ivanov et al.'"” provided an extensive record of micromagnetic
simulations based on Py, Ni, Fe, and Co, varying the diameters from
20 to 100 nm, with a fixed length (20 um). In this work, three main
reversal modes are recognized as coherent rotation, where there is a
homogeneous rotation of the magnetization along the wire, and trans-
verse domain wall and vortex domain wall modes, where there are
nucleation and propagation of a domain wall, transverse and vortex,
respectively. The transition between the two domain wall modes is
said to be expected to come with the increasing diameter, depending
mainly on the material in question and its exchange length. These
authors simulated hysteresis loops for individual wires and 7 coexist-
ing wires and found that for all the materials, except Co, the easy axis
did not really depend on the wire diameter and was parallel to the wire
long axis. For all nanowires, the coercivity still decreased with the
increasing diameter, due to the scaling of the shape anisotropy with
the aspect ratio (I/D). For Co nanowires, it is stated that the orientation
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FIG. 16. MFM image of a periodic array of Ni nanowires in the demagnetized
state.'”® Reproduced with permission from Nielsch et al., “Hexagonally ordered
100 nm period nickel nanowire arrays,” Appl. Phys. Lett. 79, 1360-1362 (2001).
Copyright 2001 American Institute of Physics.

of the magnetocrystalline anisotropy with respect to the wire axis will
increase or decrease the effective anisotropy of the wires, leading the

REVIEW scitation.org/journal/are

to their nontoxicity, biocompatibility, and inducible magnetic
moment, which allows their remote control by the application of a
magnetic field." "> Consequently, there are multiple contexts where
these magnetic nanostructures can be employed, such as cellular ther-
apy involving cell labeling and targeting, as a tool to separate and
purify cell populations, regenerative medicine, targeted drug delivery,
contrast agents in magnetic resonance imaging (MRI), hyperthermia,
or magnetomechanically induced cellular annihilation.''*""”

Superparamagnetic nanoparticles (typically made of iron oxide)
are undoubtedly one of the most widely studied and used nanomateri-
als in the biomedical area, particularly due to their zero rema-
nence."'*""” This is an important requirement for the biomedical
application of nanostructures as it prevents them from agglomerating
when dispersed in a solution.” Nevertheless, these nanoparticles have
some drawbacks, such as low magnetic moment and reduced cargo
capacity, which limit their efficiency.”*'*’

Therefore, this section addresses specific biomedical applica-
tions, namely, cell manipulation and separation, contrast enhanc-
ing agents in MRI, and magnetomechanically induced cell
annihilation, where magnetic nanostructures, such as vortex or
synthetic antiferromagnetic (SAF) nanodiscs and nanowires, can
provide an improvement and/or surpass the limitations of the

authors to believe that these properties can be tuned by controlling the superparamagnetic nanoparticles.

crystal growth direction.
A. Cell manipulation and separation
V. BIOMEDICAL APPLICATIONS

Among all nanomaterials applied in the biomedical field, mag-
netic nanostructures are one of the most frequently used, mainly due

Efficient isolation and sorting of particular cells from heteroge-
neous populations are essential for various cell-based applications in
multiple areas, such as cell and molecular biology, biochemistry, and
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FIG. 17. Veector map of the spins when the reversal is triggered in Fe nanowires with | = 200 nm and d = 6 nm (a), 10 nm (b), 20 nm (c), 30 nm (d).""" Reprinted with permis-

sion from H. Xiang et al., “Micromagnetic simulations of magnetization reversal of iron nanowire,” J. Phys.: Conf. Ser. 266, 012022 (2011). Copyright 2011 |OP Publishing
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immunology, as well as for clinical researc b2 Clinically, the detec-
tion and purification of specific cells are fundamental for the diagnosis,
treatment, and prevention of diseases, being required, for example, in
the acquisition of a particular population for transplantation and gene
therapy or to separate the stem and progenitor cells for cancer
treatment.' """’

Over the years, multiple cell isolation and manipulation techni-
ques, based on physical characteristics, such as density or size, and on
electric, magnetic, or adhesive properties of the cells, have been devel-
oped.'”" The standard processes for the separation of cellular popula-
tions include steps of filtration, density gradient centrifugation, and
sedimentation.'”*'?> However, when the different cells have similar
sizes or densities, techniques based on those features cannot perform
an effective separation.'% Consequently, other methods, such as
fluorescence-activated cell sorting (FACS) and magnetic-activated cell
sorting (MACS), where magnetic nanostructures play a key role, must
be used.”*"*’

A common approach involves coating superparamagnetic iron
(Fe) oxide beads, i.e., a nonmagnetic matrix filled with superparamag-
netic nanoparticles, with antibodies that are specific for the surface
antigens of target cells.'””'**'*” In this methodology, the cells of inter-
est, located in a heterogeneous cell population, are attached to the
beads through antibody-antigen interactions and then separated by
applying an external magnetic field.'”*

However, due to the reduced magnetic moments of the nanopar-
ticles, this process frequently requires high external magnetic fields in
order to efficiently isolate the target cells.'”* Therefore, such an
approach could be enhanced if the superparamagnetic iron oxide
beads were replaced by a nanoarchitecture with a higher magnetic
moment. As a result, ferromagnetic nanowires and SAF nanostruc-
tures have been analyzed as potential candidates for the improvement
of the current magnetic cell separation and manipulation techniques.

Ferromagnetic nanowires have been studied in this context due
to their high aspect ratio, shape anisotropic properties (which lead to a
single domain structure), large remanence, and high intrinsic magneti-
zation, i.e., magnetic moment per unit volume.”>"***! Various
reports, addressing the separation and manipulation of different cell
lines using ferromagnetic nickel (Ni) nanowires functionalized with
antibodies,””*"'?*1%>1% have demonstrated that these nanostructures
perform better than the typical superparamagnetic beads of compara-
ble volume, due to their higher saturation magnetization when com-
pared to that of the beads (see Fig. 18).”""!?>17>!1%

Nevertheless, it is crucial to assess the biocompatibility of these
nanostructures, due to the potential toxic effects associated with some
materials (for example, Ni). Byrne et al.’?® studied the cellular
response of a human monocytic cell line (THP-1) to Ni nanowires,
having demonstrated that there were little or no toxic effects on the
cells for short incubation periods (10 h) and at low concentrations
(<100 nanowires per cell). Felix et al.'* also addressed this topic, but
on human fibroblasts (WI-38). In their work, it was verified that for
incubation times shorter than 48h and low concentrations of nano-
wires (<11.88ug/ml), more than 80% of the cells remained viable;
however, for longer periods, a significant decrease in their metabolic
activity was observed. Furthermore, considerable toxic effects on the
cells occurred mostly after 48h and at high concentrations of nano-
wires (>22.5 ug/ml), with cell viability decreasing as the incubation
time increased.
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FIG. 18. Percentage of the initial number of cells with magnetic particles that were cap-
tured (% Yield), for beads and different lengths of nanowires, in the separation of
mouse fibroblast (3T3) populations with average diameters of 15 um and 23 um.”
Reprinted with permission from Hultgren et al., “High-yield cell separations using mag-
netic nanowires,” [EEE Trans. Magn. 40, 2988-2990 (2004). Copyright 2004 |EEE.

As a result, it would be of interest to fabricate and characterize
magnetic nanowires with similar physical properties, but constituted
by more biocompatible materials. In this context, Ivanov et al. 150 fabri-
cated and analyzed Fe nanowires as well as hybrid metallic/nonmetal-
lic nanowires, composed of a Fe core and a Fe oxide (magnetite/
Fe;0,) shell. The magnetic characterization performed showed that
both kinds of nanostructures presented a single-domain magnetic state
with a longitudinal magnetic anisotropy at remanence. Afterward, a
cell viability test (Fig. 19), performed on colon carcinoma epithelial
cells (HCT 116), indicated a high level of biocompatibility for these
nanostructures. It was also proved that the coercive field, as well as the
saturation and remanent magnetizations, can be tuned by varying
both the core and the shell dimensions of the core-shell nanowire.

Additionally, Alsharif' *” and Alsharif et al.'** studied the toxicity
of functionalized Fe nanowires, with longitudinal magnetic anisotropy,
in the recognition and binding to leukemic cells (HL60). In this case,
the considered magnetic nanostructures (average diameter of 35nm
and around 3 um length) were coated with bovine serum albumen
(BSA) and (3-aminopropyl)triethoxysilane. Then, the BSA-coated
nanowires were functionalized with a specific antibody (anti-CD44)
that targets a surface marker (CD44) overexpressed on leukemic cells.
After the incubation of the one-dimensional nanostructures with the
cancer cells, a high level of in vitro biocompatibility for both coatings
of the Fe nanowires and antibody-coated nanowires was observed.

Besides nanowires, SAF nanostructures have also been evaluated
as possible surrogates to superparamagnetic beads in cell separation
and manipulation applications. For example, by modifying the surface
of SAF nanoarchitectures with a protein (streptavidin), Fu et al.'”’
demonstrated that these nanostructures allow an improved detection
of target biomolecules at low concentrations (10 ppm), when com-
pared to the typical superparamagnetic materials.

Furthermore, by applying fluorescence labeling and adjusting the
thickness of the magnetic layers, the authors could not only see the
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motion of the SAFs in response to a small external magnetic field gra-
dient (10 Tm™") but also the dramatically modified movement, which
can be very useful to separate and manipulate biological targets or
materials linked to SAF surfaces through the application of magnetic
fields. Therefore, from this report, it is possible to conclude that SAF
nanostructures, due to their high magnetic moment per particle and
multifunctional (optical, magnetic, and specific targeting) properties,
provide a promising new path for multiple biomedical applications,
such as biomolecule detection and magnetic manipulation.

An in vitro study on these particular nanostructures was per-
formed by Zhang et al.,"' where they were used to separate lung cancer
cells (H1650) from blood samples. First, these particles were coated
with a silica shell and then conjugated with streptavidin in order to be
capable of linking to the cells of interest, making them highly magneti-
cally responsive. Then, after the incubation of the cancer cells with the
nanostructures, blood samples were mixed with the stained cells.
Afterward, the spiked blood samples were pushed through a magnetic
separation device (Fig. 20) and the captured cells were analyzed using
an optical microscope. In this process, a capture efficiency of 46.8%
was achieved, indicating that SAF nanostructures can indeed be used
for the separation of cells from blood samples and, when combined
with a subsequent optical analysis, possibly contribute to cancer detec-
tion in an initial stage.

B. Contrast agents in MRI

Magnetic Resonance Imaging (MRI) is a noninvasive imaging
technique frequently performed all over the world.” A fundamental
principle of MRI is the precession of nuclear magnetic moments when
they are placed in an external magnetic field.'*’ As a result of that
motion, when a given sample, with several magnetic moments ran-
domly oriented, is placed inside a strong magnetic field, a net magneti-
zation in the direction of that field, called longitudinal magnetization,
is generated.""’

FeO 200:1

FeO 1000:1

Through the application of a properly adjusted radio frequency
(RF) pulse, it is possible to tip this magnetization out of alignment and
originate a transverse magnetization component.”> When the RF
pulse is removed, both components of the magnetization will return,
or “relax,” to their previous states in the presence of a static magnetic
field."* Therefore, due to this relaxation process, there is the produc-
tion of a weak RF signal, which is detected by RF coils and subse-
quently processed in order to produce an image.'**

The main advantages of MRI are the use of nonionizing radia-
tion, high spatial resolution, great anatomic detail, and improved soft
tissue contrast.">*’ Such properties make this technique an appealing
option to diagnose various physiological diseases and lesions, as well

J ~

L4
S Red blood cell
> White blood cell
*& SAF particle-coated
H1650 cancer cell

FIG. 20. lllustration of a blood sample, spiked with lung cancer cells, passing
through the magnetic separation device (sifter); only cells linked to SAF nanostruc-
tures are captured by the sifter.*’ Reprinted with permission from Zhang et al.,
“Functionalization of high-moment magnetic nanodisks for cell manipulation and
separation,” Nano Res. 6, 745-751 (2013). Copyright 2013 Springer Nature
Customer Service Center GmbH: Springer Nature.
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as to assess the result of therapeutic treatments.”> However, due to the
very low sensitivity of MRI, contrast agents are often employed in
order to increase the contrast of the acquired images and consequently
facilitate the distinction between different tissues."**

MRI contrast agents enhance image quality by reducing the
relaxation times of the nearby water protons and, consequently,
changing the signal intensity of the water present in body tissues that
contain the agent."*”'*’ These contrast agents are commonly grouped
in two classes, according to their predominant effect on relaxation
rates:

1. T1 contrast agents: mainly shorten the relaxation time of the lon-
gitudinal component of the magnetization; """

2. T2 contrast agents: mainly shorten the relaxation time of the
transverse component of the magnetization.“’15 0151

The most widely used contrast agents in clinical practice are
Gd*"-complexes; however, these have raised various toxicity con-
cerns.””'"° Consequently, the interest for searching and studying
new and safer alternatives has arisen. In this context, superparamag-
netic iron oxide nanoparticles have been developed as viable alterna-
tives to the Gd** -complexes. Such particles are typically used as T2
contrast agents, and they have various advantages, namely, biocompa-
tibiliy, ability to be metabolized, relatively high saturation magnetic
moments, and ease of surface functionalization.>"’

Nevertheless, the dimensions of such nanoparticles are restricted
by the superparamagnetic limit, which implies a maximum diameter
of 10-20nm per particle in order to maintain zero remanence and
consequently avoid their aggregation in the absence of a magnetic
field.">”"* As a result of this condition, the magnetic moment of each
particle is limited and, unfortunately, the ideal particle size for MRI
contrast agents, as determined by simulations, surpasses the superpar-
amagnetic threshold.'”

To overcome this difficulty, multiple approaches have been con-
sidered, such as increasing the magnetization of the nanoparticles
within the superparamagnetic limit by using dopants or designing
methods for controlled clustering of nanoparticlesf‘“‘”’” However,
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these approaches are tedious and produce clusters with sizes that are
difficult to control.”’ Therefore, an alternative to these superparamag-
netic nanoparticles would be to design nanostructures with larger
magnetic moments that are not restricted by the superparamagnetic
limit. In this context, several authors have studied various alternatives
to the commercially available contrast agents.

For example, Bailey et al.'®' fabricated RE,Os-based nanodiscs
(diameter ~10-14 nm), where RE = Gd, dysprosium (Dy), or ytter-
bium (Yb), passivated with a biocompatible polymer (Poly(acrylic
acid)) (PAA) grafted with short methoxy-terminated polyethylene
oxides), and analyzed their suitability as MRI contrast agents. The
relaxation times of these nanostructures, measured at 37°C (body
temperature) in a magnetic field of 1.41 T, were compared against the
reported values for their spherical counterparts or small molecule che-
lates, based on the commonly used pentetic acid (DTPA) ligand. The
authors also performed a MRI of a phantom for all the considered
contrast agents, using T1- and T2- weighted pulse sequences. The
obtained results showed that Gd,O; nanodiscs, in particular, present
significant advantages over the commercially available Gd-DTPA con-
trast agents, namely, higher relaxivity, i.e., the change in the relaxation
rate normalized to the concentration of the contrast agent, per
particle.'*” This factor should increase the efficiency of in vivo targeted
imaging schemes since it becomes possible to get a high amount of
proton relaxation without requiring multiple small molecules in con-
tact with the imaging target. Besides this benefit, it was verified that
these Gd,0; nanodiscs are suitable as both T1 and T2 contrast agents.
Also, no significant cytotoxic effects were observed (Fig. 21), for the
polymer coated Gd,O; and Dy,05 nanoarchitectures, on a human cell
line derived from cervical cancer cells (HeLa).

On a different study, Singh et al.'* fabricated and analyzed the
suitability of polyethylene glycol (PEG)-coated Gd,0O3 paramagnetic
nanodiscs as well as PEG-coated Gd-doped iron oxide (GdIO) super-
paramagnetic cubic/spherical-shaped nanoparticles, with different
dimensions, as MRI contrast agents. In this case, the relaxivities of
the different nanoarchitectures were measured using a 7T magnetic
resonance (MR) scanner, and it was demonstrated that smaller sized
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FIG. 21. Cell viability after a 48 h incubation with Gd,O5 and Dy,03 nanodiscs passivated with a biocompatible polymer.

'°" Reprinted with permission from Bailey et al., “Stealth

rare earth oxide nanodiscs for magnetic resonance imaging,” Adv. Healthcare Mater. 1, 437-442 (2012). Copyright 2012 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

Appl. Phys. Rev. 7, 011310 (2020); doi: 10.1063/1.5121702
Published under license by AIP Publishing

7,011310-15


https://scitation.org/journal/are

Applied Physics Reviews

nanostructures (<5 nm) resulted in effective T1 contrast agents;
however, for larger dimensions (>5 nm), they became more suitable
for reducing T2. Furthermore, no acute in vitro toxicity was found for
the fabricated nanoarchitectures on glioblastoma-astrocytoma cells.

Besides nanodiscs, nanowires have also been addressed by some
reports in the context of this biomedical application. Banobre-Lopez
et al.”’ evaluated the relaxivity properties of polyacrylic acid (PAA)-
coated Ni nanowires, with a longitudinal magnetic anisotropy, in a col-
loidally stable water dispersion. This dispersion was produced through
a process of pulsed electrodeposition of Ni/Gold (Au) multilayer nano-
wires inside a porous alumina template in a three-electrode cell at
room temperature, followed by the liberation of the Ni/Au multilayer
nanowires from the template and then a two-step acidic etching. The
relaxation times of these nanostructures, which presented a monodis-
perse average diameter and length of ~36 nm and ~600 nm, respec-
tively, were measured using a relaxometer operated at 60 MHz and
37 °C for two magnetic fields, namely, 1.41 and 3 T. In both situations,
the obtained results indicate that these nanostructures are efficient as
T2 contrast agents. The contrast effect of the PAA-coated Ni nano-
wires was verified by performing a MRI of a phantom at a magnetic
field of 3 T (Fig. 22).

Shore et al* also studied nanowires in this context; however,
they analyzed Fe and Fe-Au nanowires, fabricated by template-
assisted electrodeposition with various lengths and diameters. These
nanostructures were coated with compounds, namely, Dop-PEG and/
or SH-PEG-COOH, which allow the binding of biological molecules
to the nanowires in order to target specific cells. The magnetic charac-
terization of both nanostructures indicated that the Fe-Au nanowires
exhibit a larger saturation magnetization, due to the fact that their Fe
layers are thinner than the diameter of the nanostructures, allowing
them to be more easily magnetized in the direction perpendicular to
the long axis of the nanoarchitecture, when compared to the Fe nano-
wires. The relaxivity properties of the nanowires were measured at
25°C in a 1.5 T magnetic field and compared against Fe and Fe-Au
nanoparticles. It was verified that the Fe nanowires with a length of
0.7pum and a diameter of 110 nm, coated with Dop-PEG, were the best
suited as T1 contrast agents. On the other hand, Fe-Au nanowires
with a length of 1 um and a diameter of 32.8 nm, coated with SH-
PEG-COOH and Dop-PEG, were most appropriate as T2 contrast
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FIG. 22. MRI phantom image obtained using T1- and T2-weighted sequences at
3Tand 37 °C.** Reprinted with permission from Bafobre-L6pez et al., “A colloidally
stable water dispersion of ni nanowires as an efficient t2-MRI contrast agent,” J.
Mater. Chem. B 5, 3338-3347 (2017). Copyright 2017 Clearance Center, Inc.
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agents, being comparable to commercial Fe oxide nanoparticles. The
authors also performed a MRI of some samples containing Fe and Fe-
Au nanowires (Fig. 23), at a magnetic field of 9.4 T, in order to confirm
the contrast caused by the nanostructures in the image.

A distinct approach, also based on nanowires, was reported by
Peci.'® The author filled the central capillary of carbon nanotubes
with continuous ferromagnetic a-Fe nanowires, producing a structure
with two different competing anisotropy contributions that result in a
small effective anisotropy, and functionalized their surface with para-
magnetic Gd’*. Then, these structures were analyzed as candidates for
a dual approach, namely, magnetic hyperthermia cancer therapy and
MRI contrast agents. In the context of MRI, the relaxivity of the filled
carbon nanotubes was directly measured at magnetic fields of 9.4 T
and 14 T. The acquired results demonstrated that these nanostructures
are viable as high-relaxivity contrast agents for high-field MRI, having
the largest relaxivity values when compared to all the candidates con-
sidered in the study for high-field T1 contrast.

In a different study by Cham-Fai and Wang'*” one-dimensional
magnetic manganese (Mn)-Fe nanostructures, namely, nanoneedles,
nanorods, and nanowires, were fabricated by self-assembly of Mn-
doped iron oxide nanoparticles, using cystamine as the linker. Then,
the suitability of these nanoarchitectures as MRI contrast agents was
evaluated in a clinical 1.5 T whole-body magnetic resonance system.
The obtained results showed that all the considered nanostructures
had notable T2 relaxivities, especially the nanoneedles. In this work, a
cell viability test was also performed, on a cell line established from a
tumor induced by the Abelson murine leukemia virus (RAW264.7),
and a growth curve was obtained, which indicated acceptable safety
profiles for these nanoarchitectures.

A report by Corr et al."*” addressed suspensions of linear arrays
of magnetite nanoparticles, produced by the cross-linking of sur-
rounding particles with polyelectrolyte molecules, in the context of
this biomedical application. Through the application of an external
magnetic field, it was verified that these nanostructures were rear-
ranged into parallel arrays. The relaxivity of such nanostructures was
measured using field-cycling NMR at 37 °C, and a considerable reduc-
tion in the relaxation times at all the considered fields was observed.
The authors also acquired MR images of live rats, injected with these
nanoarchitectures, in order to assess their effect on the brain. The
obtained results demonstrated that these nanoarchitectures had good
biocompatibility and potential as contrast agents for in vivo MRI, hav-
ing darkened the brain regions reached in a T1-weighted image.

In addition to the previously addressed nanoarchitectures, SAF
nanostructures have also been studied as potential contrast agents
for MRI. Roosbroeck et al.”’ fabricated phospholipid-coated, disk-
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FIG. 23. T2-weighted images of samples containing Fe nanowires and Fe-Au nano-
wires.”” Reprinted with permission from Shore et al., “Electrodeposited fe and
fe—au nanowires as MRI contrast agents,” Chem. Commun. 52, 12634-12637
(2016). Copyright 2016 Clearance Center, Inc.
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shaped, and multilayered [Au(10 nm)/NigoFe(5nm),o/Au(2.5 nm)/
NigoFe(5 nm),o/Au(10 nm)] SAF nanoarchitectures, with diameters
ranging from 89.8 nm to 523.2 nm, using a colloidal lithography tech-
nique. Magnetic characterization of these nanodiscs indicated a very
low remanence value as well as a high magnetization, making them
adequate for biomedical applications. Then, these nanostructures were
evaluated as T2 contrast agents, showing improved relaxivities, at
24.85°C in a 9.4 T magnetic field, when compared to the commercial
options, especially the smallest particles with a diameter of 90 nm. The
authors also carried out an in vitro MRI study (Fig. 24), using an ovar-
ian cancer cell line (SKOV3,) confirming the increased T2 relaxation
for cells marked with such nanostructures.

Antiferromagnetic nanoarchitectures were also studied as poten-
tial T1 contrast agents by different authors. Namely, Na et al.'*® fabri-
cated antiferromagnetic MnO nanoparticles of different sizes, namely,
7, 15, 20, and 25 nm, coated with a PEG-phospholipid shell. The relax-
ivity of such particles was measured using a 3.0 T human clinical
scanner, and their in vivo performance as MRI contrast agents was
analyzed on a mouse. The obtained results indicate that these nano-
particles are suitable as T1 contrast agents, demonstrating no signifi-
cant toxicity, for a MnO concentration less than 0.82mM,, in eight
human cell lines originating from different tissues. Furthermore, by
conjugating them with a tumor-specific antibody, it was possible to
selectively improve the contrast of breast cancer cells located in a
mouse’s metastatic brain tumor, which was intravenously injected
with the functionalized nanoparticles, through T1-weighted MRI.

Neves et al.'”” addressed these nanoparticles (average size of
~20nm) as well; however, in this case, they were coated with
carboxymethyl-dextran and the in vivo study was not performed.
Nevertheless, the authors also considered them adequate as T1
contrast agents, due to the significant longitudinal relaxivity
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measured on a clinical 3.0 T MRI scanner. Moreover, it was
observed that such nanoparticles present no in vitro cytotoxicity
for healthy cells at concentrations lower than 25 ug/ml; however,
for HeLa cells, a notable toxicity was observed even at low concen-
trations of nanoparticles (5 pug/ml).

On a different work, Peng et al.'*" fabricated and studied another
T1 contrast agent, known as antiferromagnetic «-iron oxide-
hydroxide nanocolloids, with a diameter of 2-3 nm, which were pre-
pared in the mesopores of wormlike mesoporous silica. The relaxation
times, measured at 40 °C using a 0.47 T Minispec spectrometer, indi-
cated that these nanoparticles had the lowest T2 relaxivity/T1 relaxiv-
ity ratio reported, until 2013, for iron-based colloidal T1 contrast
agents, and possessed a considerably high longitudinal relaxivity.
Additionally, the acquired MR images showed that such nanocolloids
are a superior T1 contrast agent in both in vitro (HeLa cells) and
in vivo (rat and mouse) MRI, when compared to ultrasmall iron oxide
nanoparticles. Furthermore, these nanocolloids also demonstrated a
high level of biocompatibility and biodegradability.

C. Maghetomechanical induced cellular annihilation

The current cancer treatment techniques, such as surgery, radio-
therapy, and chemotherapy, are highly aggressive to the organism due
to their invasiveness as well as possible side effects.'®” Therefore, it
would be beneficial to the patient if the shortcomings associated with
those therapies could be surpassed.”” In this context, the different
properties of nanomaterials have been studied and considered as a
potential path for next generation oncologic treatments.
Particularly, there exists increasing interest in the use of magnetic
nanostructures to mechanically stimulate and destroy specific cells
since magnetic nanomaterials can be remotely controlled by applying

FIG. 24. (A) Dark-field image of SKOV3 cells after overnight incubation with 154 nm phospholipid-coated SAF nanoparticles (SAF-PL-NPs). (B) Dark-field image of unlabeled
SKOV3 cells. (C) MRI images of labeled and unlabeled SKOV3 cells at various echo times.”” Reprinted with permission from Roosbroeck et al., “Synthetic antiferromagnetic
nanoparticles as potential contrast agents in MRI,” ACS Nano 8, 2269-2278 (2014). Copyright 2014 American Chemical Society.
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external magnetic fields and also due to the fact that cells convert
mechanical stimuli into biochemical signals, via a process known as
mechanotransduction.”' """

Therefore, the capacity to manipulate the cellular signals through
the use of magnetic nanomaterials and external magnetic fields opens
up multiple possibilities for the development of new treatment techni-
ques.”® Most of the experimental studies performed use superpara-
magnetic nanoparticles; however, their reduced saturation
magnetization implies that high magnetic fields must be applied in
order to manipulate them."”” A particularly interesting alternative is
known as magnetomechanical induced cell death.'”’ This technique
consists in exerting forces or torques on cells, using magnetic nano-
architectures controlled by low frequency magnetic fields, in order to
induce cell apoptosis, i.e., the programmed cell death.'”"'””

The basis of magnetomechanical actuation in cells is the spa-
tial rotation that the magnetic nanostructures perform, in order to
align themselves with an applied magnetic field, through the
Brown relaxation process. Consequently, it produces a magnetic
torque that depends on the applied magnetic field characteristics
as well as on the magnetic moment and magnetic susceptibility of
the nanoarchitectures.”” """

This novel approach is promising as a new cancer therapy since it
has various advantages when compared to other techniques, namely,
the possibility to specifically target cancer cells by functionalizing the
surface of the magnetic nanostructures, which would significantly
reduce the toxic side effects of chemotherapy, as well as the consider-
ably lower strength and frequency of the required magnetic field in
comparison to hyperthermia, making it easier to implement while elim-
inating the risk of destroying healthy tissues by undesired local over-
heating.”"'"* Therefore, various studies, driven by the improvement of
such a technique, have addressed the application of different magnetic
nanoarchitectures in this biomedical application. The typical character-
istics of such nanostructures are a high saturation magnetization and
low field magnetic susceptibility as well as a reduced remanence, for the
fact that they will require lower magnetic fields for manipulation and
will not agglomerate in the absence of a magnetic field.'*'"*'7>!7

Micro/nanodiscs in a spin vortex state, i.e., an in-plane flux-
closure spin distribution, are a particular interesting material for
this biomedical application since they present no remanence and
have a large single domain, when compared to the typical super-
paramagnetic particles.”*'”” The first reported experimental study
addressing this particular technique with such nanostructures was
carried out by Kim et al.™

In that work, Permalloy microdiscs in a spin vortex ground state,
with a thickness of 60 nm and a diameter of ~1 um and coated on
both sides with a 5nm thick gold layer (for biocompatibility and sur-
face modification), were prepared by magnetron sputtering and optical
lithography. Afterward, the surface of these disks was functionalized
with an antibody that recognizes a receptor overexpressed on the sur-
face of glioma cells (IL13 « 2r), in order to specifically target human
glioblastoma multiforme cells (N10 glioma cancer cells), an aggressive
form of brain cancer. After the incorporation of the functionalized
microdiscs by the cells (average of 10 disks per cell), they were exposed
to spatially uniform alternating current (AC) magnetic fields with dif-
ferent intensities and frequencies (Fig. 25). The obtained results show
that biologically relevant cell damage (~90% cell death) was achieved
by considerably weak magnetic fields (<10 mT), with frequencies of a
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few tens of Hertz (10-20 Hz), applied only for 10 min. Therefore, this
technique has a strong contrast to the typical heating-induced cell tox-
icity using superparamagnetic particles, where considerably stronger
AC magnetic fields, with frequencies of hundreds of kilohertz, are
required.”

Similar studies were performed by Rozhkova et al,'”® Novosad
and Rozhkova,'”” and Vitol et al;'”” however, in the latter case, a dif-
ferent cell line, namely, A172 glioblastoma cells, was exposed for
15 min to a 10 mT AC magnetic field, with a frequency of 10 Hz, and a
magnetomechanically induced controlled drug release was also
addressed. Even so, the results acquired in the magnetomechanical
induced cell death by the various authors were similar to the ones
obtained in the work performed by Kim et al.”*

On a different study by Leulmi et al,'””' three types of
disk-shaped anisotropic magnetic particles were prepared and charac-
terized, namely, synthetic antiferromagnetic (SAF), vortex, and
polycrystalline magnetite particles with random anisotropy. All these
structures had a diameter of 1.3 um and, similar to the previous stud-
ies, were coated with gold layers. Afterward, the magnetic properties of
the various fabricated particles, as well as their deposition process,
were compared and the vortex configuration was considered the best
option to start an in vitro study on the magnetomechanical effect in
human renal carcinoma cells, due to their magnetic softness and ease
of fabrication.

Therefore, the surface of these microdiscs was functionalized
with ligands in order to target specific renal cancer cells (SKRC-59)
during their incubation with the magnetic particles, reaching an aver-
age of 30 particles per cell. Then, an alternating magnetic field (30 mT)
with a low frequency (~20 Hz) was applied for 1 h, and the impact of
the treatment was analyzed. The statistical results (shown in Fig. 26),
obtained by measuring the proportion of the different categories of
cells (live vs apoptotic vs necrotic) after the procedure, indicate a sig-
nificant increase in the cancer cell death by apoptosis (~70%), demon-
strating that the method is capable of inducing the destruction of
target cells in vitro. The authors also confirmed that the movement of
magnetic particles linked to human renal carcinoma cells induces apo-
ptosis, through the observation of caspase activation after a 45 min
exposure to an identical AC magnetic field.

Cheng et al”’ also studied the application of gold coated
Permalloy microdiscs, with a spin-vortex state, in the magnetome-
chanical induced destruction of a human glioblastoma cell line (U87),
demonstrating a distinct method for the in vivo destruction of those
cells through the movement of the magnetic particles in a low fre-
quency rotating magnetic field. The magnetic disks, fabricated by opti-
cal lithography followed by thermal evaporation, had a diameter of
2 um and a thickness of 70 nm. The in vitro toxicity of these micro-
discs was assessed on U87 glioma cells, loaded with the magnetic par-
ticles (average of 39 particles per cell), by exposing those cells to a low
frequency (20 Hz) rotating magnetic field of 1T for 30 min (Fig. 27).
After this process, it was observed that up to 89% of the cells were
nonviable. Additionally, a trypan blue exclusion test was performed in
order to assess the integrity of the cellular membrane after a 5min
treatment. This assay demonstrated that, by applying a rotating mag-
netic field, such disks can generate enough mechanical force to affect
the structure of the cell’s membrane, causing extensive cell death.

The magnetomechanical effect of these particles was also assessed
in vivo by implanting U87 glioma cells, preincubated for 24 h prior to

Appl. Phys. Rev. 7, 011310 (2020); doi: 10.1063/1.5121702
Published under license by AIP Publishing

7,011310-18


https://scitation.org/journal/are

Applied Physics Reviews REVIEW

A
Phospholipid ¥ &

=2 Nucleus
membrane ‘%!

AR AAA4
RS T I T

v Surface
receptors

scitation.org/journal/are

Membrane
integrity loss

DNA damage

FIRY 1A T 7 BB V) i
TAET O 6 A T T A

a.c. magnetic field

Tens of hertz

FIG. 25. The idea of targeted magnetomechanical cancer cell annihilation employing disk-shaped magnetic structures with a spin-vortex ground state.** Reprinted with permis-
sion from Kim et al., “Biofunctionalized magnetic-vortex microdiscs for targeted cancer-cell destruction,” Nat. Mater. 9, 165-171 (2010). Copyright (2009) Springer Nature

Customer Service Center GmbH: Springer Nature.

injection with magnetic microdiscs at a ratio of 50 particles per cell, on
mice. In this case, a low frequency rotating magnetic field, with identi-
cal characteristics, was applied daily for 1h during 7 days. After the
treatment, a reduced tumor size as well as an improved survival rate
for the treated glioma bearing mice was verified, indicating that these
disks can damage cancer cells in vivo when a magnetic field is applied.
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FIG. 26. Cancer cell viability after exposure to an AC magnetic field for 45 min."”’
Reprinted with permission from Leulmi et al. “Triggering the apoptosis of targeted
human renal cancer cells by the vibration of anisotropic magnetic particles attached
to the cell membrane,” Nanoscale 7, 15904-15914 (2015). Copyright 2015
Clearance Center, Inc.

In order to get a better understanding of the in vivo cell destruction
mechanism and address a more realistic approach, the microdiscs
were injected inside an established tumor, at a ratio of 50:1 magnetic
particles to injected cell, and then a rotating magnetic field (1 T) with a
frequency of 20 Hz was applied daily for 1h during 7 days. The brain
tissues, acquired after the treatment and examined by histology stud-
ies, showed an increase in the intratumoral apoptosis on the treated
mice, suggesting that the movement of the magnetic structures in the
rotating magnetic field is sufficient to damage the cancer cells in vivo
and activate their apoptosis.

Searching for new paths, Goiriena-Goikoetxea et a studied
the possibilities that arise in this biomedical topic when the dimen-
sions of the microdiscs are reduced to the nanoscale. Driven by such a
goal, the authors performed a comparison between the magnetome-
chanical interactions of Permalloy (Py) magnetic microdiscs (radius of
1 um and thickness of 60 nm) and nanodiscs (radius of 70 nm and
thickness of 50 nm), in a spin-vortex state, with human lung cancer
cells (A549). Consequently, several aspects related to the interaction of
those magnetic structures with cells were analyzed, namely, the inter-
nalization process, their cytotoxicity, and the magnetomechanical
stimulus. In order to compare the internalization of the disks by the
cancer cells, they were coated with a biocompatible material, namely,
gold for the nanodiscs and gold or titanium for the microdiscs. To
ease the internalization by the lung carcinoma cells, they were not
functionalized. The obtained results showed that the number of cells
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FIG. 27. Images of U87 cells, loaded with microdiscs, acquired from 0 min to 30 min after the treatment. The red arrow shows that the same area was tracked.”” Reprinted
with permission from Cheng et al., “Rotating magnetic field induced oscillation of magnetic particles for in vivo mechanical destruction of malignant glioma,” J. Controlled

Release 223, 75-84 (2015). Copyright 2015 Elsevier.

with internalized nanodiscs (average of 100 per cell) is a little higher
when compared to the ones having microdiscs (average of 6 per cell).
This probably occurs due to the improved distribution of nanodiscs
within the medium.

In the following, and before the study of the magnetomechanical
cell damage caused by the nanostructures, their cytotoxic effect was
evaluated on the lung carcinoma cells.""'® For that purpose, a nomi-
nal proportion of 25 microdiscs and 2000 nanodiscs per cell was added
and, after incubation, the vital functions of the cells, as well as their
proliferation rates, were analyzed (see Fig. 28). The obtained results
demonstrated that the disks do not affect the viability of the cells; how-
ever, they seemed to inhibit their proliferation. Finally, the efficiency
of the magnetomechanically actuated micro- and nanodiscs in the
destruction of cancer cells was analyzed. This study was performed by
exposing the cancer cells, previously incubated for 24 h with a nominal
proportion of 25 titanium-coated microdiscs or 2000 gold-coated
nanodiscs per cell, to a 10 mT AC magnetic field, with a frequency of
10 Hz, for 30 m. 4 h after this process, a 15% viability reduction among
the cells that internalized microdiscs was observed. On the other hand,
for the cells with internalized nanodiscs, it was verified that 30% died.
Consequently, this proves that nanodiscs can also cause irreparable
damage in the integrity of cancer cells, in spite of the reduced number
of experiments performed as well as the lack of a cytometer. The
increased cell death caused by the nanodiscs was not explicitly

addressed by the authors; nevertheless, it was verified that when a
magnetic field was applied, the nanodiscs formed chains, and then,
when the field was turned off, those chains broke quickly and the
nanostructures redispersed, as opposed to the microdiscs, which con-
tinued to form chains in the absence of a magnetic field. This chaining
and redispersion of the nanodiscs, originated by an AC magnetic field,
could possibly cause the disruption of the lysosomal membrane, where
the nanostructures are accumulated, liberating lysosomal hydrolases
into the cytosol and activating cell death.

Besides disk-shaped magnetic nanostructures, other types of
magnetic nanoarchitectures and magnetic fields have been studied in
the context of magnetomechanical induced cell death. An example is
the work of Wong et al,'””” where biaxial pulsed magnetic fields
(14 = 1mT; 1-20 Hz) were applied to suspensions of HeLa cells having
a concentration of 0.1 mg/ml of magnetic nanostructures for 10 min.
In this work, the analyzed nanoarchitectures, which presented a triple
vortex state, had three different diameters, namely, 150 nm, 250 nm, or
350nm, and a length of 500 nm. On one hand, the cell apoptosis
caused by uniaxial AC and direct current (DC) pulsed magnetic fields
was compared against the one obtained from the biaxial pulsed fields,
considering the particles with a diameter of 150 nm [Fig. 29(a)]. In this
context, it was verified that a larger magnetic torque, demonstrated by
a higher responsiveness over a wide range of frequencies, is induced
on the nanostructures by applying a biaxial pulsed magnetic field,
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FIG. 28. Micrographs of lung carcinoma cells after 24 h of incubation with (a) microdiscs (coated with gold) and (b) nanodiscs (coated with gold).** Reprinted with permission
from M. G. Goikoetxea, “Magnetic vortex nanodiscs for cancer cell destruction,” Ph.D. thesis (Universidad del Pais Vasco-Euskal Herriko Unibertsitatea, 2017).Copyright 2017

Author licensed under a Creative Commons Attribution (CC BY-NC-SA 3.0 ES) license.

resulting in an increased in vitro magnetomechanical induced cell
death. This study also concluded that the nanoarchitecture with
the smaller diameter had the greatest low field susceptibility and
remanence, therefore allowing the application of larger forces to
the cells. This was confirmed in the cell viability test performed,
where the particles with a diameter of 150 nm produced more 12%
cell death when compared to the remaining nanostructures, which
caused a cellular mortality of around 20% at best, under identical
conditions [Fig. 29(b)].

Magnetic nanowires have also been studied in the context of
magnetomechanical induced cell damage by various authors. One of
the first reports addressing this one-dimensional nanostructure in
such biomedical application is by Fung et al.'®" In their work, ferro-
magnetic Ni nanowires, with diameters ranging from 198nm to
280 nm and an average length of 4.4 um presenting longitudinal mag-
netic anisotropy, were prepared by electrodeposition in porous alumi-
num oxide templates and then incubated with fibroblast (NTH/3T3)
for about 12 h (Fig. 30). These nanostructures did not significantly
affect the cell viability in the absence of a magnetic field, in spite of Ni
being an agent of hypersensitivity and moderately cytotoxic. Then, the
nanowires were exposed to a weak (240 mT) and low-frequency
(1 Hz) rotating magnetic field for 20 min. After this process, a viability
reduction of the cell cultures by 89% was observed, indicating that this
process effectively induced cell death.

Complementing this work, Choi et al."** demonstrated the death
of human embryonic kidney cells (HEK-293) due to the rotation of
internalized Ni nanowires, with an average nominal diameter of
150 nm and longitudinal magnetic anisotropy, caused by the applica-
tion of an external AC magnetic field. In this study, it was also verified
that the AC modulation amplitude and rate were fundamental param-
eters to determine the rotation of the nanowire inside the cell; how-
ever, the authors do not specify field intensity and frequency or the
cell death rate achieved using this technique.

Also, in this context, Contreras et al.'* analyzed the magnetome-
chanical effect in human colon cancer cells (HCT116) incubated with
two concentrations of Ni nanowires (2.4 and 12 ug/ml). These nano-
structures had a diameter of 35 nm and a length of 4 ym and presented

longitudinal magnetic anisotropy. After the incubation, the viability of
the cells was confirmed, and subsequently, they were exposed to an AC
magnetic field (0.5 mT; 1 Hz or 1kHz) for 10 or 30 min. Similar to the
previous reports,'*>'** after the application of the magnetic field, a
drop in the cell viability was verified, with a maximum decrease of 38%
for the concentration of 12 ug/ml and the magnetic field of 1kHz
being observed. It was also demonstrated that there was no significant
difference between applying the process for 10 min or 30 min, which
indicates that the cell death induction mechanisms affect cells fast.

A different study by Contreras'** considered the application of
Fe and Ni nanowires, with longitudinal shape anisotropy, in the same
experimental conditions, and revealed that the first nanostructures are
better tolerated by the used cell lines (HCT 116 and HeLa). Different
lengths of nanowires (1 um and 5 um) were also analyzed; however, a
significant influence of this parameter on the cell viability for nano-
structures of the same material was not observed. Afterward, both
types of nanowires (with a diameter of 35 nm and ~4 um long) were
incubated with cells (HCT 116) at two different nanowire-to-cell con-
centrations (100:1 and 500:1), and then AC magnetic fields (0.5mT
and 1 Hz or 1kHz) were applied. Similar to the previous study, it was
verified that the magnetomechanical action resulted in the death of up
to 60% of cancer cells when using Ni nanostructures at a 500:1 con-
centration, with a 1 h exposure. Additionally, it was found that a one
hour incubation time seemed to be optimal for the application of this
treatment.

Bearing in mind the improvement of this particular application for
magnetic nanowires, Martinez-Banderas et al.'” developed a bimodal
strategy to induce cancer cell death through the combination of the che-
motoxic effect caused by an anticancer drug (doxorubicin) with the
mechanical perturbation exerted by Fe nanowires (average length of
64 *13um and a diameter of 30 to 40nm) exposed to a low
frequency (10Hz) AC magnetic field (I1mT) for 10min. The one
dimensional nanostructures, shown in Fig. 31, were coated with 3-
aminopropyltriethoxysilane (APTES) or with bovine serum albumin
(BSA), in order to allow their functionalization with doxorubicin (DOX).

The efficiency of this technique in cell death induction was
determined by the viability reduction of breast cancer cells (MDA-
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FIG. 29. (a) HeLa cell viability after magnetomechanical treatment for different magnetic field configurations. (b) Comparison of Hela cells’ viability after magnetomechanical cell
annihilation treatment using nanostructures with d = 150-350nm and | =500 nm.""’ Reprinted with permission from Wong et al., “Magneto-actuated cell apoptosis by biaxial
pulsed magnetic field,” Sci. Rep. 7, 10919 (2017); Copyright 2017 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.

MB-231). The nanostructures were incubated with the cells at a con-
centration of 0.05mg Fe/mL for 24 h, and it was verified that the
functionalized nanowires demonstrated a high degree of internaliza-
tion by the cells, becoming efficient carriers for drug delivery. The
nanowires coated with BSA showed better internalization (26 * 3 pg
of Fe per cell) and a wider distribution within the cells, besides forming
smaller and less compact clusters. Consequently, these were consid-
ered a more efficient option for the induction of cellular death. In this
work, a large cytotoxic effect in the breast cancer cells caused by the
dual effect of the functionalized nanowires was also observed, with a
maximum reduction of 73% in cell viability, when using BSA-coated
nanostructures. Therefore, it was demonstrated that the combination
of the chemotoxic and magnetomechanical treatment modes, using
magnetic nanowires, had synergistic effects, turning this technique
into an attractive approach for novel cancer therapies.

Serra et al."®> approached this theme on a different perspective

by fabricating multisegmented, nontoxic, and biocompatible (Au/Ni-
NiO)s nanowires, with longitudinal magnetic anisotropy, through a
single-bath potentiostatic-pulsed electrodeposition process. These
nanostructures have a triple functionality since they can carry two
types of functional molecules and induce cell death by magnetic actua-
tion. The HeLa cells were incubated with nanowires at different con-
centrations (0 — 200 ug/ml), and after internalization and cytotoxicity
assessment, AC magnetic fields with a frequency of 20Hz and
strengths ranging from 2 to 40 mT were applied. These caused the
nanostructures to vibrate and move inside the cells favoring the release
of the drugs that they carried. After this process, it was verified that
the motion of the nanowires induced the apoptosis of the HeLa cells,
without evidence of mechanical destruction. It was also shown that the
cell death increased for higher magnetic field strengths. Therefore,
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FIG. 30. Confocal projection and cross sections of a 3T3 fibroblast (red) with vari-
ous Ni nanowires internalized (blue)."®" Reprinted with permission from Fung et al.,
“Induction of cell death by magnetic actuation of nickel nanowires internalized by
fibroblasts,” J. Phys. Chem. C 112, 15085-15088 (2008). Copyright 2008 American
Chemical Society.

these multisegmented nanostructures provide a novel platform that
induces the death of cancer cells, combining a magnetomechanically
action with drug release.

Besides nanowires and disks in a spin-vortex state, some studies
also analyzed the suitability of SAF nanostructures for magnetome-
chanical induced cell death. An example is the report by Mansell
et al.”> where disk-shaped SAFs (2 um diameter), with perpendicular
magnetic anisotropy, were fabricated from a repeated motif of ultra-
thin CoFeB/Pt layers and then applied in an in vitro study with glioma
cells. The efficiency of the CoFeB/Pt microdiscs in this biomedical
application was compared against the one obtained from Py spin-
vortex microdiscs, which have an easy magnetization plane, on the
same conditions (Fig. 32).
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FIG. 31. TEM micrographs of (A) APTES-coated nanowires and (B) BSA-coated
nanowires. The scale bars are equal to 50 nm.'®® Reprinted with permission from
Martinez-Banderas et al., “Functionalized magnetic nanowires for chemical and
magneto-mechanical induction of cancer cell death,” Sci. Rep. 6, 1-11 (2016).
Copyright 2016 Authors licensed under a Creative Commons Attribution (CC BY
4.0) license.

In this case, brain tumor cells (U87) were incubated for 24 h at a
concentration of 50 particles per cell. The cell damage was quantified
after the application of a rotating (20 Hz) magnetic field (1 T) for one
minute. It was verified that the CoFeB/Pt microdiscs were able to
induce cellular death on 62 * 3% of the cancer cells; however, under
the same conditions, the Py microdiscs could only kill 12 * 2% of the
glioblastoma cells. The torque applied by the two types of particles was
also measured, having maximum values of 20 fNm for CoFeB/Pt and
75 fNm for the Py nanostructures. Therefore, it was shown in this
work that the symmetry of the anisotropy is more relevant than the
magnitude of the torque in causing effective cell destruction.
Consequently, the ability to explore the anisotropy of nanostructures
can open new paths for the magnetomechanical induced cell death.

Kwon'** also performed a work where disk-shaped SAF nano-
structures, based on Fe;O,, were fabricated and then studied the
context of magnetomechanically induced cell death (HeLa cell line)
through the application of an AC magnetic field (200 mT; 1 Hz). The
author assessed the effect of the nanodisc concentration as well as
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FIG. 32. lllustration demonstrating the magnetization direction and torques on (.

a) CoFeB/Pt particles and (b

) Py vortex particles in a rotating magnetic field.® Reprinted with

permission from Mansell et al., “Magnetic particles with perpendicular anlsotropy for mechanical cancer ceII destruction,” Sci. Rep. 7, 4257 (2017). Copyright 2017 Authors

Creative Commons Attribution (CC BY 4.0) license.
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FIG. 33. SEM image of the rectangular-shaped magnetic nanoarchitectures.'”” Reprinted with permission from Chiriac et al., “Fe-Cr-Nb-B ferromagnetic particles with shape
anisotropy for cancer cell destruction by magneto-mechanical actuation,” Sci. Rep. 8, 11538 (2018).Copyright 2018 Authors licensed under a Creative Commons Attribution

(CC BY 4.0) license.

the influence of treatment time on the cell viability. It was observed
that cell viability decreases as the concentration of nanostructures
increases; however, there is a “threshold” concentration (ratio of 1
nanoparticle: 4 cells) where the cell viability decreases abruptly.
Additionally, it was verified that with 8 min of exposure, 80% of the
cells were viable; however, after 16 min, less than 8% of them was alive.
Therefore, the obtained results show that these nanoarchitectures,
depending on the analyzed parameters, induce different levels of cell
death when exposed to an AC magnetic field.

In the context of this biomedical application, a new type of
rectangular-shaped magnetic nanoarchitecture, prepared by wet mill-
ing of superferromagnetic Fe-Cr-Nb-B precursor glassy ribbons
(Fig. 33), was fabricated and studied by Chiriac et al.''” These nano-
structures possess an improved torque in a rotating magnetic field,
due to the shape anisotropies induced not only by their shape but also
by the superferromagnetism of the glassy alloys. To assess their effec-
tiveness in cell death induction, human osteosarcoma cells (MG-63)
were incubated with these nanostructures, at 5 different concentra-
tions, 0.5, 1, 2, 3, and 5 mg of particles in 1 ml of cell culture, and after-
ward exposed to a rotating magnetic field for 10 min. The exposure
time was also evaluated by exposing a nanostructure concentration of
2mg/ml for 0, 5, 10, 15, and 20 min to the same magnetic field. Then,
the cell viability (Fig. 34) was evaluated, and it was verified that the
rotation of these nanoparticles caused relevant damage on the cells
that increased with the increasing concentration and exposure time, in
spite of the low intensity of the applied magnetic field (1 mT) at a fre-
quency of 20 Hz. Therefore, these kinds of nanostructures can also be
good candidate for the development of the magnetomechanically
induced cell death technique.

A different approach was also reported by Shen et al,'"” where
cube-shaped iron oxide nanoparticles doped with zinc (Zn) were fabri-
cated and then functionalized with the epidermal growth factor (EGF)
peptide in order to target human glioblastoma cells (U87) in vitro.
Consequently, after the incubation of the nanostructures with the cells
at a concentration of 100 ug/ml, they were exposed to a low frequency
(15 Hz) rotating magnetic field (40 mT) for 30 min per day for 3 days.
It was verified that the application of the magnetic field resulted in the
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FIG. 34. Cellular viability of MG-63 cells, loaded with rectangular-shaped magnetic
nanostructures, as a function of the exposure time to an AC magnetic field, which
can cause their translation or rotation.""” Reprinted with permission from Chiriac
et al., “Fe-cr-nb-b ferromagnetic particles with shape anisotropy for cancer cell
destruction by magneto-mechanical actuation,” Sci. Rep. 8, 11538 (2018).Copyright
2018 Authors licensed under a Creative Commons Attribution (CC BY 4.0) license.
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formation of elongated aggregates, with longitudinal magnetic anisot-
ropy, which generated hundreds of pN. Afterward, the cell viability
was assessed, and it was observed that more than 90% of the cells were
damaged after the treatment, indicating that such clusters were in fact
capable of inducing the destruction of cancer cells.

In this section, various works were addressed and some of
them approached Ni nanomaterials in the context of magnetome-
chanical induced cellular annihilation. However, it was previously
mentioned that Ni shows long term in vitro toxicity, which is a
significant drawback for the in vivo application of such nano-
structures. Consequently, one of the issues that future research in
this field should address is the increase in the nanoarchitectures
biocompatibility, which can open new paths for their clinical
implementation.

Additionally, most of the studies described do not address in vivo
situations, which are a key part for the development of nanostructures
suitable for clinical application. A particularly important aspect is the
biodistribution of those nanoarchitectures within an organism because
we not only want them to reach the site of interest but also wish their
removal from the body after the treatment. Searching through the lit-
erature, no studies were found on the in vivo biodistribution of mag-
netic nanoarchitectures. Until now, the in vivo biodistribution of
nanomaterials is reported, mainly on mice and/or rat, for spherical
magnetic nanoparticles, **'** carbon nanotubes, ”>*"* and nanodiscs
based on 11 a-helix MSP1E3D1 protein and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine lipids.”””

From these works, it is possible to conclude that the upper and
lower nanoparticle size limits are not precisely defined; however, vari-
ous authors agree that the maximum dimension for a nanomaterial
inside an organism should be around 150 nm, in order to avoid reten-
tion in the liver and spleen. On the other hand, the lower size limit is
set by the glomerular filtration size cut-off of about 6nm since we
want to avoid renal elimination and consequently increase their circu-
lation time inside the body, which leads to increased accumulation in
target tissues.'*”*"**> Nevertheless, various studies include particles
ranging up to the micrometer scale; however, it was observed that
larger structures (>1 um) have the capacity to cause a partial or even
total occlusion of the capillaries.””*"” Throughout this section, differ-
ent works were based on nanostructures with dimensions larger than
1 um. Therefore, another path for the development of these biomedi-
cal applications can possibly be the reduction of the nanoarchitecture
dimensions. Additionally, detailed in vivo studies addressing the effect
of the magnetic nanostructure size on in vivo pharmacokinetics and
cellular interaction should be performed, so that we can move a step
closer toward the employment of these nanoarchitectures in real clini-
cal cases.

With this review article, it was possible to address various prom-
ising biomedical applications of different magnetic nanostructures.
These nanoarchitectures demonstrated considerable advantages when
compared to the typical superparamagnetic nanoparticles.
Nevertheless, there is also significant work left to do in this area, such
as improving the magnetic nanostructures as well as get a better
understanding of the interaction between biological systems and the
nanoarchitectures. Therefore, it is expected that this theme will con-
tinue to be addressed by several authors over time, possibly leading to
the development of new diagnostic and therapeutic techniques that
can improve the life quality of the patients.
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