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Prefaceto "Biosensors with Magnetic
Nanocomponents”

The book you have in your hands is a result of the special efforts of an international team from
Brazil, China, Italy, Russia, Spain, and the United States of America. The works of all the members
of this multidisciplinary team are especially appreciated, as the last 5 months of the Issue coincided
with the coronavirus world tragedy. We all learned from this new experience and started to realize
the need for extra efforts in the field of biomedical applications and public health. This book contains
peer-reviewed contributions from the Special Issue “Magnetic Materials Based Biosensors” in MDPI'’s
Sensors. The works herein were submitted to the journal in the period from February 2019 to June
2020. This book contains nine research works and one topical review. PhD students, researchers,
and the educational community working in the fields of magnetic nanomaterials and biomedical
applications of nanocomposites with magnetic components will find this book useful.

The selective and quantitative detection of biocomponents is greatly requested in biomedical
applications, clinical diagnostics, and the development of new composites from biotechnological
roots. On one hand, many traditional magnetic materials are not suitable for the ever-increasing
demands of these processes. On the other hand, the list of requested applications is rapidly growing.
The push for a new generation of microscale sensors for biomedical applications continues to
challenge the materials science and engineering communities to work together in close collaboration
with medical teams aiming to develop novel compact analytical devices that are suitable for such
purposes.

The principal requirements of a new generation of nanomaterials for sensor applications are
based on well-known demands: high sensitivity, small size, low power consumption, stability, quick
response, resistance to aggressive media, low price, and easy operation by nonskilled personnel. In
addition, the possibility of integration of on-chip sensitive elements with nanoscale components is
also expected for the next generation of devices.

There are different types of magnetic effects capable of creating sensors for biology,
medicine, and drug delivery, including magnetoresistance, spin valves, Hall and inductive effects,
magnetoelastic resonance, and giant magnetoimpedance. Although many geometries are still under
testing, thin films and nanostructured multilayers are preferable, as they are most compatible with
semiconductor electronics and existing electronic circuit fabrication technologies. There are different
reasons contributing to the delay of the competitive integration of high-frequency nanostructured thin
film elements into the global market. One of them is the need for additional understanding of basic
concepts of microwave radiation absorption by nanostructured multilayered elements. Another is the
need for the elaboration of simple, fast, and cheap characterization of materials with high dynamic
permeability.

The present goal is to design nanomaterials both for magnetic markers and sensitive elements
as synergetic pairs working in one device with adjusted characteristics of both materials. Synthetic
approaches using the advantages of simulation methods and synthetic materials mimicking natural
tissue properties can be useful, as can the further development of modeling strategies for magnetic
nanostructures.

In fact, one of the most interesting cases greatly requested for cancer therapies, the detection
of magnetic nanoparticles incorporated into biological tissues, has not been yet properly addressed.
Biological tissues present a huge variety of morphologies, and therefore the development of magnetic



biosensors is conditioned by the fabrication of reliable samples. One of the strategies for solving this
problem is to substitute biological samples at a certain stage of the development of the biosensor
by synthetic hydrogel (experimental model of the cytoskeleton) with a certain amount of magnetic
nanoparticles, which is capable of mimicking the main properties of living tissues. Here, special
attention was also paid to the remarkable multimodal properties of magnetic nanoparticles, as they

are very important in resolving challenges slowing the progression of biotechnology.

Galina V. Kurlyandskaya
Editor
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Abstract: The remarkable multimodal functionalities of magnetic nanoparticles, conferred by
their size and morphology, are very important in resolving challenges slowing the progression
of nanobiotechnology. The rapid and revolutionary expansion of magnetic nanoparticles in
nanobiotechnology, especially in nanomedicine and therapeutics, demands an overview of the
current state of the art for synthesizing and characterizing magnetic nanoparticles. In this review, we
explain the synthesis routes for tailoring the size, morphology, composition, and magnetic properties
of the magnetic nanoparticles. The pros and cons of the most popularly used characterization
techniques for determining the aforementioned parameters, with particular focus on nanomedicine
and biosensing applications, are discussed. Moreover, we provide numerous biomedical applications
and highlight their challenges and requirements that must be met using the magnetic nanoparticles
to achieve the most effective outcomes. Finally, we conclude this review by providing an insight
towards resolving the persisting challenges and the future directions. This review should be an
excellent source of information for beginners in this field who are looking for a groundbreaking start
but they have been overwhelmed by the volume of literature.

Keywords: magnetic nanoparticles; nanobiotechnology; nanomedicine; therapeutics; biosensing

1. Introduction

Advancement of nanotechnology has extensively expedited the emergence of novel magnetic
nanostructures by reducing the dimensions to 2D nanomaterials, such as thin films and supperlattices,
or 1D nanomaterials, such as magnetic nanowires (MNWs), and even 0D, such as spherical magnetic
nanoparticles. The excellent quantum efficiency achieved using these nanomaterials has made them
useful building blocks for diverse research areas, including medical treatment [1-5], environmental
science [6,7], and quantum devices [8-11]. These magnetic nanostructures have opened numerous
opportunities for scientists in different disciplines such as nanomedicine, molecular biology [12-14],
applied physics, and nanostructured materials [15-20].

Among all magnetic nanostructures, the low dimension magnetic nanostructures, 0D and 1D magnetic
nanoparticles, have attracted huge attention over the last few decades as they provide multimodal
functionality priming multitude aspects of the nanomedicine and therapeutics applications. As the
magnetic nanoparticles” dimensions and size are reduced, due to the competition between the magnetic
energies, in addition to their composition, the magnetic nanoparticles present different magnetic behaviors,
such as ferromagnetic, superparamagnetic, and ferrimagnetic (see Figure 1). The ferromagnetic and

Sensors 2020, 20, 2554; doi:10.3390/s20092554 1 www.mdpi.com/journal/sensors
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superparamagnetic nanoparticles are opposite, as the former ones have long range ordered magnetic
moment leading to have non-zero magnetization at zero fields, while the latter do not possess a stable
magnetic moment, due to thermal fluctuations, leading in zero magnetization at zero fields. Note that
ferrimagnetic nanoparticles are an intermediate state between these two states where they would be
superparamagnetic if their sizes are sufficiently small so that no domain walls can be formed.

(a) (b) (c)

(NN I !
LA

Figure 1. Schematic illustrating the dominant magnetic moment configurations in nanoparticles:
(a) ferromagnetic: summing up long range ordering of magnetic moments, (b) ferrimagnetic:

subtracting long range ordering of magnetic moments, opposite directions in the neighboring domains,
and (c) superparamagnetic: continuous fluctuations of the magnetic moment leading to a net zero
magnetic moment.

The multimodal functionality of the magnetic nanostructures requires an accurate and precise
characterization of these nanostructures, which may inhibit or enhance their use depending on the
application. Unfortunately, the high yielding nanofabrication processes for magnetic nanoparticles
do not allow perfectly identical production, leading to variation in their magnetic characteristics
and functionalities, ultimately inefficient for the proposed application. Consequently, in order to
suppress this persistent challenge, it is important to understand the strengths and weaknesses of the
synthesis processes as they are fundamental for producing identical magnetic nanoparticles with
unique properties. Furthermore, understanding the reliability and validity ranges of the diverse
characterization techniques is crucial for determining the most effective synthesis process for achieving
magnetic nanoparticles with desired properties for a particular bio-application. In this review,
we briefly provide details regarding the most commonly used synthesis processes to realize the most
effective approach for tailoring magnetic nanoparticles. We then explain the diverse techniques used
for characterizing the size, morphology, composition, and magnetic properties of these magnetic
nanoparticles. Finally, we provide objective recommendations for selecting the most effective synthesis
approach for producing magnetic nanoparticles for specific applications.

2. Synthesis Processes

Magnetic nanoparticles can be divided into two groups based on their dimensions: 0D and 1D.
Each category can be further divided into sub-categories based on their shapes or aspect ratios, defined
as the ratio of the longitudinal size to the lateral size. For example, 1D magnetic nanoparticles include
nanodiscs, which are particles with aspect ratios equal or smaller than one and nanowires with aspect
ratios larger than five. The magnetic properties of the magnetic nanoparticles determine the best
synthesis path. For example, the 1D ferromagnetic magnetic nanoparticles are mainly fabricated
using either the template-assisted method or template-free methods. In both categories, the flux of
ions can be produced using several methods, such as chemical vapor deposition, physical vapor
deposition, atomic layer deposition, laser pulse deposition, and electrochemical deposition. Except for
electrochemical deposition, other techniques are not very common in the fabrication of the magnetic
nanowires because they require high energy and vacuum pressure that are costly. Furthermore,
in addition to the very low yields of these techniques, they also suffer from uniform growth of
the magnetic nanowire, especially if high aspect-ratio magnetic nanoparticles over 1000, such as in
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template-assisted electrodeposition of magnetic nanowires, are desired. Therefore, here we focus on the
electrochemical deposition technique that requires a template for synthesis. To date, numerous methods
for synthesizing the magnetic nanoparticles have been proposed and successfully employed for the
fabrication of diverse magnetic nanoparticles. Considering the cost and controllability of size/shape,
all these synthetic methods can be categorized into two main categories according to the used solvent:
aqueous or non-aqueous solvents [21]. The aqueous-based magnetic nanoparticles are relatively cheap;
however, controlling their sizes and shapes is very challenging. The non-aqueous-based methods
provide good control of the size and shape while they are relatively more expensive compared to the
aqueous-based methods. Here, we provide a brief review of the most popular synthetic methods.

2.1. Co-Precipitation

Co-precipitation is the most commonly used approach that can be done at room temperature or
elevated temperature (Figure 2). The solution consists of mixing ferrous and ferric ions in a molar
ratio of 2:1 protected using an inert gas. In this method, the solution pH is a very important factor as a
lower pH is desirable for nucleation of the Fe3O,4 nucleus while the higher pH facilitates the growth
of the Fe30O4 nucleus. The capability of this method for mass-production of magnetic nanoparticles
has placed in a central position leading to several attempts to modify this method to enhance the
magnetic nanoparticles’ magnetic properties and morphology [22]. For example, Wu et al. employed
ultrasonic-assisted chemical co-precipitation to achieve magnetic nanoparticles with a nominal size of
15 nm with high purity [23]. Another example is the work by Pereira et al. where they synthesized
magnetic nanoparticles with a nominal size of 5 nm using a one-step aqueous co-precipitation that
employs alkanolamines [24]. These two examples represent a significant technological development as
they are capable of mass producing magnetic nanoparticles with reduced average size while enhancing
the magnetization moment. The size and shape control of the magnetic nanoparticles using this
technique is very challenging, and furthermore, the presence of multi-phase magnetic nanoparticles is
a common limitation [25]. The mass production of magnetic nanoparticles with large magnetization
saturation usually suffers from particle aggregation. To overcome this limitation, a coating is essential,
which was shown to readily be done using Ag and Au or introducing ligands.

Fe?* r\ n Fe3+ n Base
- - Fe;04 MNPs

Oxygen-free pH8-14 °

e _o
environment °® :.o. e
® g0

Figure 2. A schematic of the synthesis of iron oxide magnetic nanoparticles using the co-precipitation
method [26]. In this example, the precursors (FeZ*/Fe3* chlorides, sulfates, or nitrates) are dissolved in
an acidic solution. Then, a strong base is added to increase the pH > 8 in a non-oxidizing environment.

2.2. High-Temperature Thermal Decomposition

The thermal decomposition approach overcomes the size and morphology disparities limitation
of the co-precipitation method. Generally speaking, the magnetic nanoparticles synthesized at higher
temperatures provide more uniform size distributions [27]. The high-temperature decomposition also
provides a route towards more crystalline magnetic nanoparticles (Figure 3). The main advantage
of this method over co-precipitation is that it decouples the nucleation and growth of the magnetic
nanoparticles leading to monodisperse, narrow size distribution, and highly crystalline magnetic
nanoparticles [21]. It is possible to incorporate the inexpensive and non-toxic iron chloride to produce
monodisperse magnetic nanoparticles without the need for size selection processes [28]. This approach
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also has the ability to control the crystallinity in ways suitable for producing various shapes, such as
nano-cubic and nano-octahedral shapes [29]. Nevertheless, the magnetic nanoparticles synthesized
using the thermal decomposition technique, especially those synthesized on aqueous media, tend to
degrade in long term which makes their clinical applications debatable.

Metal Metal-oleate
= + Na-oleate — + NaCl
chloride complex

Metal-oleate Thermal decomposition
complex in high boiling solvent

Figure 3. A schematic for magnetic nanoparticles preparation using thermal decomposition technique.
Metal-oleate precursors were prepared from the reaction of metal chlorides and sodium oleate.
The thermal decomposition of the metal-oleate precursors in the high boiling solvent produced
monodisperse nanocrystals [30].

2.3. Hydrothermal and Solvothermal Synthesis

Hydrothermal and solvothermal syntheses employ various wet-chemical techniques to form
crystalline magnetic nanoparticles. Figure 4 shows a schematic of the hydrothermal method, where the
process s carried out in high-pressure reactors or autoclaves to reach high pressures at high temperatures.
This method uses either aqueous or non-aqueous solutions at high temperatures under high pressures to
avoid the growth of dislocations in single crystal magnetic nanoparticles [30]. As a result, this method
is suitable for the growth of crystalline phases that are unstable around their melting temperature.
Furthermore, this method facilitates the growth of the magnetic nanoparticles that have a very high
vapor pressure at their melting points while maintaining good control over the magnetic nanoparticles’
compositions [31]. This method is especially beneficial for the synthesis of hollow and controlled
shape magnetic nanoparticles [32] including nanotubes and nanorings. It should be mentioned that
this technique is very sensitive to the synthesis temperature as it can dramatically impact the reaction
kinetics and nucleation rate [33].

Iron pentacarbonyl

n Teflon autoclave
Fe;04 MNPs
- — -
- -

Stirred for 60 min Reaction at 200°C

-
==
for6 h -

Figure 4. A schematic describing the hydrothermal synthesis approach. The process is similar to the
co-precipitation; however, after preparing the mixture, the solution is transferred to an autoclave for
further aging at high temperature and pressure for several hours [26].
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2.4. Sol.-Gel and Polyol Methods

Sol-gel and polyol methods use essentially the same process but in a different direction, in which
the sol-gel process is an oxidation reaction whereas the polyol process is a reduction reaction. The sol-gel
synthetic approach is a well-known and widely used method in material science for the fabrication of
metal oxides. This method usually starts with a colloidal solution acting as a precursor for either discrete
nanoparticles or network polymers. Typically, a sol is a stable dispersion of colloidal nanoparticles
or polymers in a solvent. Similarly, the gel could be either a colloidal gel, a network built from
the agglomeration of colloidal nanoparticles, or a polymer gel, in which the nanoparticles have a
polymeric sub-structure made by aggregation of sub-colloidal nanoparticles. Sol-gel processes usually
are done at room temperature and the heat treatment can be done if high crystalline structures are
desired [34]. The sol stage plays a critical role in the quality of the final nanoparticles made through
this approach because the final size and saturation magnetization of the nanoparticles highly depends
on the sol stage. The shape and crystallinity of the nanoparticles produced by this method are very
sensitive to the type of precursors of the initial colloidal solution. As a result, this method is capable
of producing nanospheres, hollow nanocages, and nanorods by controlling the water to acid ratio.
Further adjustment on the temperature, pressure, and hydrous state can be done to tailor the phase of
the nanoparticles [35].

In the polyol method, on the other hand, the polyols serve as both solvent and reduction agent and
it applies stabilizers to prevent nanoparticles aggregation while controlling the growth of nanoparticles.
The polyol method is done at high temperatures, the boiling temperature of the solution, but it does not
require to be done at high pressure as it is required by the hydrothermal methods. This method can be
done using different polyol solvents, for example, triethylene glycol (TREG), with high uniformity of
morphology and colloidal stability nanoparticles. The magnetic nanoparticles produced by the sol-gel
and polyol methods contain hydrophilic ligands on the surface that enhance their colloidal stability in
the aqueous and non-aqueous solvent, an advantage compared to the magnetic nanoparticles produced
by the co-precipitation method. Regardless of the high cost and safety issues associated with the sol-gel
and polyol methods compared to the co-precipitation method, the sol-gel and polyol methods result in
magnetic nanoparticles with significantly higher crystallinity and saturation magnetization [30].

2.5. Microemulsion Methods

Microemulsions are isotropic, stable, and clear mixtures of water, oil, and a surfactant [26].
The most commonly used microemulsion approaches for the synthesis of the magnetic nanoparticles
are reverse, in which water dispersed in oil (w/0), and direct, in which oil dispersed in water (o/w) [21].
The surfactant could be a monolayer molecule with a hydrophilic tail dissolved in the water and a
hydrophobic head dissolved in the oil, or vice versa.

Figure 5 schematically shows the microemulsion method, where the blue circles (also known
micelles) are the magnetic nanoparticles precursors surrounded by surfactant molecules. The initial
concentration and form of the surfactants are the keys to the final size and growth of the magnetic
nanoparticles. For example, Darbandi et al. reported highly uniform size distribution and crystalline
magnetic nanoparticles using the microemulsion method at room temperature [36]. It was shown
that the presence of the surfactant residuals on the magnetic nanoparticles provides high molecular
bonding affinity that makes this method highly desirable for producing magnetic nanoparticles for the
detection and purification of the proteins in a solution as well as delivering vitamins [37].
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Figure 5. A schematic for the microemulsion process [26]. In this process, the iron (II) sulfate and iron
(III) chloride salts are used in addition to hydrazine, which decreases the nanoparticles formation.

2.6. Sonolysis or Sonochemical Methods

Sonolysis or sonochemical methods employ high-intensity ultrasound irradiation to take advantage
of the chemical effects induced by the acoustic cavitation for forming novel magnetic nanoparticle
structures [38,39]. The ultrasonic irradiation creates bubbles that undergo continuous compression
and expansion leading the oscillation of the bubbles (Figure 6). The oscillating bubbles accumulate
the ultrasonic energy that continuously increases until causing the collapse and releasing the stored
energy in the bubbles. Once the bubbles collapse, a highly localized energy burst is released
that significantly increases the temperature and pressure at an extremely short time. In general,
ultrasound-based irradiation is an excellent pathway for producing nanocomposites, such as dispersed
magnetic nanoparticles in reduced graphene oxides or magnetic nanoparticle-loaded latex beads [40].
Even though the sonolysis or sonochemical method are promising for the fabrication of magnetic
nanoparticles with desired sizes and excellent magnetic saturation properties, this method suffers from
the dispersity and controllability of the magnetic nanoparticles’ shapes. Furthermore, the magnetic
nanoparticles synthesized using this technique are usually amorphous, porous, and agglomerated [41].

3 r 9 r -
Sonication Further
° Sonication
° ° ° o
oo ©°
[
) )
1-1 7S T
° \ L, T
e o e O B r ~ 2
o °° ° f"’\/"\l1 20s 50mins
o o o ,"l‘,l‘f‘~
Magnetite particles dispersed Addition of water and SDS SDS stabilised monomer droplets SDS stabilised polymer particles
in monomer phase containing magnetite particles containing magnetite particles

Figure 6. A schematic of the encapsulation of magnetic nanoparticles in latex nanoparticles using the
sonochemically-driven miniemulsion polymerization technique [42]. Sodium dodecyl sulfate (SDS)
is added to magnetite nanoparticles in the monomer phase followed by sonication to stabilize the
surrounding magnetite nanoparticles.

2.7. Microwave-Assisted Synthesis

Microwave radiation forces molecules to reorient and oscillate with the electric field of the
microwave signal (Figure 7). The strong oscillation at microwave frequencies results in intense internal
heating that not only reduces the synthesis time but also significantly reduces the costs for nucleation
and growth of the resulting magnetic nanoparticles [43,44]. The homogeneous excitation of the
molecules using microwave signals have made this approach a strong tool for preparing the magnetic
nanoparticles with controllable shape and size. One of the main advantages of the microwave-assisted
synthesis is that this method can produce magnetic nanoparticles with different phases with an
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instantaneous coating that are desired for many applications, such as biomedical applications [30].
Furthermore, the microwave-assisted method is capable of producing magnetic nanoparticles with high
colloidal stability that can be readily dispersed in water without any costly and complicated procedures
for purification and ligand exchange [45]. These capabilities have made the microwave-assisted
synthesis competitive to the thermal decomposition method for the mass production of magnetic
nanoparticles. This method has been used for synthesizing magnetic nanoparticles as small as 6 nm
up to 1000 nm and saturation magnetization comparable to the bulk values, where the crystallinity
enhances with the increasing temperature of microwave heating [46].

CO,

2-propanol

Fe(NO3)3aq) + CO(NH2)3(5) =~

f Microwave {
120 °C, 30 min |

adsorption
ASOz_

Figure 7. A schematic of magnetic nanoparticle preparation using the microwave-assisted technique at
a temperature of 120 °C using a mixture of ferrite-nitrate and urea aqueous solution [47].

2.8. Electrochemical Deposition

The template-assisted electrochemical deposition has been broadly used in the synthesis of the
magnetic nanowires as this method provides a highly controllable route for achieving precise dimension
and compositions [48] (Figure 8). The template-assisted method can be divided into two categories
depending on the template utilized, polymeric templates or anodic templates. The most commonly
used polymer for synthesizing magnetic nanowires is polycarbonate because of its cost-effective
approach, biocompatibility, and hydrophilic properties achieved by coating the polycarbonate templates.
The hydrophilic property is the key for the fabrication of uniform and high aspect-ratio magnetic
nanowires [49]. The polycarbonate templates are produced by ion irradiation of the row polycarbonate
temples followed by a chemical etching process for opening the pores, which determines the final
pore diameter. Due to the randomness of the ion irradiation, the distribution of the nanopores in
polycarbonate templates is non-uniform. This features of polycarbonate templates have been used to
synthesize interconnected networks of magnetic nanowires [50]. The aluminum anodic oxide templates,
on the other hand, are relatively more expensive compared to the polycarbonate templates but they
provide magnetic nanowires with very uniform diameters. The anodic aluminum oxides are prepared
using both one-step anodization and two-step oxidation process after patterning an aluminum foil,
where the two-step anodization leads to a significantly uniform distribution of the nanoporous [51,52].
A distinct advantage of anodic aluminum templates is that they provide flexibility to engineer the
diameter along the porous leading to fabricate multi-diameters or tapper magnetic nanowires [53].
Particularly, electrochemical deposition is a strong tool for the synthesis of the magnetic nanowires as
multi-segmented and/or multi-component, such as alloys.
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Figure 8. A schematic showing the synthesis of magnetic nanowires using a template-assisted
electrodeposition technique [54]. After making the electrical contacts, the template is placed at anode
and a platinum mesh is used as counter-electrode. The deposition current and voltage are controlled

using the reference electrode, where the electric field between the working and counter electrodes
forces the free ions to be deposited in the pores.

It should be mentioned that electrochemical deposition has been also used for synthesizing
non-cylindrical magnetic nanoparticles, such as nanospheres [55]. Despite the high costs associated
with the electrochemical synthetic approach, this method is very useful compared to other methods if
very high purity products with controlled size and shape are demanded. The electric field distribution
within the electrodes plays a critical role in the magnetic nanoparticle size and aggregation during
the synthesis. A challenge during the synthesis of magnetic nanoparticles using the electrochemical
methods is the formation of the metallic Fe. To overcome this challenge, one should apply a more
anodic potential over a long time, which makes this method unfavorable compared to the other
synthetic methods [56] for mass-production.

2.9. Biosynthesis Methods

The biosynthesis method employs a microbial enzyme or a plant phytochemical with reducing
properties that make this method eco-friendly. Traditionally, magnetotactic bacteria and iron-reducing
bacteria are used to synthesize magnetic nanoparticles [57]. This method was shown promise for
doping iron oxide magnetic nanoparticles with cobalt with improved magnetization properties [58].
More recently, several attempts have been put forth to employ human stem cells to synthesize
re-magnetized magnetic nanoparticles [59]. The type of the bacteria and the synthesis conditions
(aerobic or anaerobic), determine the phase of the resulting magnetic nanoparticles. For example,
maghemite magnetic nanoparticles with superparamagnetic characteristics can be produced using
Actinobacter bacteria under aerobic conditions [60]. In general, the mechanism of the biosynthesis of
magnetic nanoparticles has not been well understood in order to clarify the controlling parameters
of the shape and sizes while maintaining the desired saturation magnetization of the magnetic
nanoparticles [61].

2.10. Other Techniques

In addition to the aforementioned syntheses that are chemical approaches, magnetic nanoparticles
have been also produced using physical methods. The physical techniques are in their majority
top-down processes where a bulk magnetic material is decomposed into magnetic nanoparticles.
A few well-known examples of physical techniques are mechanical milling [26], electrical explosion
of wires [62], and laser target evaporation [63]. Even though the physical approaches have higher
production yield, up to 200 g/hr, they form almost 10% of magnetic nanoparticles for diverse applications.
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This is because the physical approaches have relatively high power consumption and controlling the
shape and size distributions is difficult.

3. Different Shapes

3.1. Sphere, Cubic, Octahedral, and Rhombohedral

The final morphology of the magnetic nanoparticles not only depends on the synthetic method used,
but also on the solution composition, temperature, and pressure [30]. For example, the precipitation of
an iron (II) salt in alkaline media in the presence of a mild oxidant such as potassium nitrate results in
magnetic nanocubes [64] rather than nanospheres. This is because the aforementioned parameters
accelerate crystal growth over specific facets while hindering the growth over other facets by slowing
it down. Aside from the aforementioned parameters, the ratio of the compounds in the solution is the
most critical parameter determining the shape of the magnetic nanoparticles. For example, when the Fe
(II):OH" ratio gets close to 0.77, the achieved magnetic nanoparticles are cubic, while the shape changes
to octahedral as the ratio approaches 1.65. It should be noted that the crystal growth at different facets
is also controllable by precise adjusting the pH during the synthesis. Atlow pH, the OH™ concentration
is negligible thus the growth takes place mainly by aggregation, where the growth kinetics are much
faster. In another words, the primary nanoparticles are not repelling each other because they are
not sufficiently charged and the aggregation is followed by subsequent recrystallization leading to
octahedral nanoparticles with a broad range of sizes, from a few nanometers to micrometers [65,66].

As mentioned, thermal decomposition is able to differentiate the nucleation and growth process
during the synthesis. By changing the precursors, it is possible to obtain octahedral magnetic
nanoparticles using a thermal decomposition method. For example, the decomposition of iron (II)
oleate in tetracosane in the presence of oleylamine results in octahedral nanoparticles nucleated by the
selective binding of oleylamine to {111} facets [67]. Interestingly, the heating rate of the solution also
was found to lead to octahedral nanoparticles. A synthetic strategy laying between the aqueous and
organic media consists of the hydrolysis of Fe (II) acetate in the presence of oleylamine dissolved in
xylene. Heating the reaction mixture followed by a fast injection of water triggers the hydrolysis of the
Fe-oleylamine complex leading to nanocubes as well.

Recently, a three-step approach was reported for the synthesis of the rhombohedral magnetic
nanoparticles [68] through a three-step synthetic approach: (1) synthesis of antiferromagnetic
nanoparticles, (2) nanoparticle coating, and (3) subsequent reduction of the core material to magnetite.
This approach comprises the generation of hematite nanoparticles, further encapsulation in silica
and final reduction to magnetite, in which the first step is crucial for the growth of rhombohedral
scaffolding and it is achievable by solvothermal synthesis.

3.2. Nanodiscs

The easiest synthetic approach for the fabrication of the nanodiscs is the precise control of
the deposited charge during the electrochemical deposition. Since the length, or thickness in the
case of nanodiscs, can be accurately controlled using the applied potential and deposition time,
the electrochemical deposition is the strongest tool for achieving this morphology. However, if nanodiscs
of a very small size are desired, this technique becomes costly compared to the other synthetic
approaches, even for small volumes of magnetic nanoparticles. Alternatively, both one-step and
two-step synthetic approaches, such as the solvothermal technique, become a good alternative [69].
For the one-step synthetic techniques, a promising approach must delay the nucleation of the
nanoparticles. The nucleation can be delayed in the absence of the water during the formation of
the common nanoparticles, such as nanospheres [65]. In the aforementioned aquatic-based synthesis
techniques, water acts as an accelerating agent, which increases of the thickness while suppressing the
diameter growth. Reducing the size of nanodiscs while maintaining the aspect ratio is also possible
through two-step synthesis approaches [70]. Moreover, it was reported that hematite nanodiscs can



Sensors 2020, 20, 2554

be achieved by the hydrolysis of iron (II) chloride in a mixture of water/ethanol in the presence of
sodium acetate [71]. In this approach, the diameter and thickness of the hematite nanoparticles can be
controlled by the amount of water in the solvent and sodium acetate.

3.3. Elongated Nanoparticles

The elongated nanoparticles are the results of hindering the crystal growth rate at a specific
direction while accelerating the growth rate at other facets. This can be done by incorporating
precursors during the synthesis of the template-free synthetic approaches or simply using a template
during the synthesis. The elongated nanoparticles are technically the 1D magnetic nanoparticles
which are described in the literature with different names such as nanowhiskers [72] or nanorods [73],
nanorices [74], nanobelts [75], nanospindles [76], and nanowires [77]. The different terms are attributed
to their final morphology, the geometry of the edges, and the axial ratios of the lateral dimension
to the longitudinal dimension. Recently, numerous attempts were taken place to achieve a one-step
direct synthesis of elongated nanoparticles as opposed to the conventional methods as they require
templates for controlling the morphology. Comparatively, the final properties, such as crystallinity,
of the elongated nanoparticles highly depend on the synthetic approach used [65]. The template-free
synthetic approaches are mainly limited to magnetic nanoparticles with small aspect-ratios [78], on the
order of 3-10. For example, the hydrolysis and oxidation of the iron (II) sulphate in water in the
presence of carbonate ions was shown to result in magnetic nanoparticles with an aspect ratio of 3 to 4
at room temperature [74]. In this approach, the concentration of the iron (II) sulphate and carbonate,
air flow rate and reaction time, additive precursors, and pressure are all influencing factors.

The strongest synthetic approach for elongated nanoparticles, especially with a broad range of
aspect ratios in order of 1 to 1 x 10%, is template-assisted electrochemical deposition [77]. By adjusting
the potential and deposition time, the aspect ratio can be easily controlled. The final aspect ratio
depends on the ratio of the template pore diameter to thickness. As mentioned, the main advantage
of the electrochemical deposition is that it can synthesize multi-compounds and multi-segmented
elongated nanoparticles. The length uniformity can be controlled by applying step potentials, additive
precursors, and the solution temperature.

4. Characterization

Similar to other types of nanoparticle, precisely characterizing of the magnetic nanoparticles
is very important as it determines the reproducibility of the results. Characterization of magnetic
nanoparticles in terms of their size, shape and composition is particularly substantial as their magnetic
properties are significantly influenced by those parameters. For example, if the size of a magnetic
nanoparticle shrinks sufficiently such that it no longer can hold a domain wall, the coherence between
the spins results to superb magnetic properties. Similarly, the shape of the magnetic nanoparticles
causes magnetic inhomogeneity leading to quantum effects that cannot be achieved in the bulk states.
In nanobiotechnologies, particularly in biosensing, the accurate characterization of the composition
and surface coating is vital because their biocompatibility and sensitivity are highly relied on these
characterizations. In this section, we briefly explain the highly characterization techniques that have
been utilized to demonstrate their functionalities in diverse applications, from quantum storage
to nanomedicine.

4.1. Shape, Size, and Composition

4.1.1. Transmission Electron Microscopy (TEM)

TEM is a microscopy technique that exploits the interaction between a uniform flux of electrons
and the nanoparticles under study. The interaction of electron flux leads to a part of it being transmitted
through the nanoparticles while the rest are scattered, where the interaction depends on the size,
shape, and elemental composition of the nanoparticles. TEM is the most popular technique to measure
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nanoparticles” shape, size, and homogeneity because it provides direct images of the nanoparticles.
Recent advances in TEM imaging, such as liquid-phase TEM, not only directly characterizes magnetic
nanoparticles size and morphology but also characterizes the interparticle distances in a solution [79,80],
which was shown to be a critical parameter for the magnetic response of the magnetic nanoparticles.
Interestingly, TEM facilitates the real-time imaging for demonstrating the dynamic transformation
in nanoparticles over time [81]. For example, TEM was used to visualize the biodegradation of the
coating of nanoparticles in the presence of biological entities, such as bacteria. It also was found to be a
very strong approach for real-time monitoring of the dynamic growth of the magnetic nanoparticles in
suspension [82]. Nevertheless, TEM is very costly and slow for the characterization of nanoparticle
assemblies if there are a large number of them with polydispersity. Furthermore, due to high absorption
of the electron energy with liquid molecules, this technique is very tedious to measure the size and
shape of the magnetic nanoparticles in suspensions. In these cases, the other methods, such as
nanoparticle tracking analyzer (NTA) or dynamic light scattering (DLS), are more efficient [83].

4.1.2. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a commonly used technique to find the size of particles suspended
in colloidal solutions (Figure 9). DLS uses the Stoke-Einstein law to relate the light scattered from the
nanoparticles in a colloidal solution to their hydrodynamic diameter. It is beneficial to have solutions
with low concentration to avoid simultaneous multiple scattering events in order to achieve a more
accurate analysis. The DLS technique has been used to realize the influence of the nanoparticle shapes,
size, concentration, and surface coating on the colloidal stability of the magnetic nanoparticles [83].
For middle-size magnetic nanoparticles, the DLS technique provides accurate results for determining
the size that was shown to match with the results derived from TEM and SEM images. However,
for small size magnetic nanoparticles, the DLS technique does not match the TEM results due to the
radius of curvature effects. The DLS is not a good technique for analyzing the magnetic nanoparticles
if the heterogeneity and poly-disparities are high [84]. That is because the larger nanoparticles scatter
substantially more light obscuring the detection of the scattered lights from the small nanoparticles.
Furthermore, the DLS requires transformative analysis with several assumptions, especially when the
nanoparticles are non-spherical or the polydisparity is high, which diminishes its accuracy [81].
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Figure 9. A schematic of the dynamic light scattering (DLS) setup [84] (a) and the acquired results (b).
A laser light hits the magnetic nanoparticles in a continuous flow while the scatted light is monitored
using a detector. The results are size distributions where the accumulative function can be calculated
by taking an integral from the size distribution.

4.1.3. Nanoparticles Tracking Analyzer (NTA)

NTA takes advantage of both the light scattering and Brownian motion properties of the
nanoparticles in a solution to determine the size distribution at a lower concentration limit compared
to the DLS technique [85] (Figure 10). The main advantage of the NTA over DLS is that its results
are not biased by the aggregation of larger nanoparticles. As a result, the literature shows that NTA
provides more accurate results for both monodisperse and polydisperse samples compared to DLS [86].
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The main difference between the NTA and DLS is that NTA tracks single nanoparticles while DLS
analyzes an ensemble of nanoparticles with a high bias towards the larger nanoparticles. This different
operation mode causes the NTA to be relatively slower with a more complex operation procedure than
DLS. However, since NTA is also capable of preedictingt the magnetic nanoparticle concentrations [87],
it has received a huge amount of attention over the last few years.
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Figure 10. A schematic of the nanoparticles tracking analyzer [85]. (a) NTA employs a high speed
camera to capture the light scattered by the Brownian motion of nanoparticles to determine the
nanoparticles size distributions, and (b) is an example for a sample including two size distributions.

4.1.4. X-ray Diffraction

Undoubtedly, X-ray diffraction is one of the key tools that has been extensively used to
characterize both magnetic and non-magnetic nanoparticles. The X-ray diffraction technique provides
detailed information regarding the phases, lattice parameters, crystalline grain size, and crystalline
structures [81]. The composition, crystal structures and the nature of the phases can be determined by
comparing the position and intensity of the X-ray peaks with the available reference database while
the crystalline grain size can be determined using the broadening of the peaks [88]. Aside from the
amorphous nanoparticles, the broadening of the X-ray peaks is mainly due to the nanoparticle/crystalline
size and lattice strains. Practically, if the magnetic nanoparticles are big enough to hold more than one
crystal boundary, the X-ray cannot distinguish between the boundaries leading in the misrepresentation
of the crystalline grain sizes [89].

Numerous modifications have been applied to the X-ray diffraction to enhance its capability
beyond demonstrating the chemical composition and/or crystallinity. For example, X-ray absorption
includes both extended absorption fine structure and X-ray absorption near edge structure capable to
measure the surface binding energy and density of states [90]. Another example is X-ray photoelectron
spectroscopy that has been widely used for surface chemical analysis, electronic structures, elemental
composition and oxidation state of the elements [90].

4.1.5. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is another technique for determining the structure,
size, and composition of magnetic nanoparticles. FTIR measures the absorption of electromagnetic
radiation with wavelengths within the mid-infrared region. By comparing the FTIR spectra of pure
magnetic nanoparticles or their modified versions, such as after adding a surface coating, one can
quantify the composition (Figure 11). Once a molecule is excited with IR radiation, its dipole
moment gets aligned and oscillates accordingly. Thus, the recorded spectrum gives the position of
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the bands related to the strength and the nature of the bonds providing information regarding the
molecular structure and inter-molecule interactions [91]. FTIR is usually combined with differential
electrochemical mass spectroscopy to further detect the volatile reactants. For example, Shukla et al.
employed this method to illustrate the surfactant bonding on iron platinum (FePt) nanoparticles
stabilized in a non-polar solution [92]. They showed that FTIR is capable of detecting the types of the
bonding, either monodentate or bidentate, on the FePt magnetic nanoparticles. The relative low cost
and high throughput of this technique have resulted in several attempts to push its limit to analyze
magnetic nanoparticles of a few nanometers in size. For example, it was shown that FTIR can determine
the crystallinity of magnetic nanoparticles with the average size below 15 nm [93].
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Figure 11. Comparing the FTIR spectra of (a) modified magnetic nanoparticles, (b) the modification
composition [92].

4.1.6. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is an analytical method for the quantitative determination of magnetic
nanoparticle structures. NMR spectroscopy is based on magnetic resonance of the nanoparticles’
nucleii under a strong magnetic field that induces an energy difference between the down and up spins.
Even though NMR spectroscopy is a useful method for studying superparamagnetic nanoparticles,
it fails to characterize ferromagnetic nanoparticles, such as nickel or cobalt magnetic nanowires, because
their strong magnetization can cause a reduction of the relaxation time while drastically shifting the
signal frequency and local magnetic field [94]. The NMR method has been used for characterizing the
surface coating of the magnetic nanoparticle as it is very sensitive to electronic structures and molecular
bonding on the surfaces [95] if they are sufficient to be detected. Practically, the NMR technique has
sensitivity on the order of a few nanogram that can be enhanced to a few picograms [96].

4.1.7. Mass Spectroscopy (MS)

Mass spectroscopy (MS) is known as a powerful and reliable tool for the analytical characterization of
magnetic nanoparticles. The common MS tools have a sensitivity that is on the order of a few picograms,
which is better than the conventional NMR technique [97]. This technique not only provides elemental
information regarding the composition, chemical states, and structures of the magnetic nanoparticles but
also quantifies the surface bioconjugations for targeting biomolecules [81]. Aside from the simplicity
and universality of MS, it is a highly sensitive technique that can be coupled with separation techniques
for real-time sorting applications. For example, the inductively coupled plasma MS (ICP-MS) is a
robust, highly sensitive technique with a wide dynamic range for elemental analysis of the magnetic
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nanoparticles [98]. Another example is the single-particle operation mode ICP-MS those improvements
on the identification of the concentration and size distribution of magnetic nanoparticles [99].

4.1.8. Thermal Gravimetric Analysis (TGA)

Even though FTIR provides information regarding the presence of binding on the surface and
its type, it does not provide volumetric information, such as mass to mass ratio of the magnetic
nanoparticles to its coating. This limitation can be addressed using thermal gravimetric analysis (TGA),
which provides information about the composition and mass of the coating [100-102]. This technique
increases the sample temperature while monitoring the mass change of the sample as it changes due
to the degradation of components. As a result, this technique is not only capable to quantitatively
determine the mass of the coating of the magnetic nanoparticles but also determines the compositional
purity and the thermal stability of the coating [103]. For example, Ziegler-Borowska et al. conducted
TGA experiments in both air and nitrogen where they showed the modified chitosan has low thermal
stability; however, once this coating thermally degrades, its degradation products form a stable
surface layer [104]. The drawback of this method is its destructive analysis and the minimum initial
nanoparticle mass [81].

4.2. Magnetic Characterization

4.2.1. Hysteresis Loop Measurement

As the size of the magnetic materials decreases towards the nanoscale, they exhibit substantially
different magnetic properties compared to their bulk state. This change in the magnetic properties is
due to two facts. First, the magnetic nanoparticles can no longer hold multiple domains to balance
their magnetiostatic energy and exchange energy [105]. Second, the number of the atoms on the
surface becomes comparable to the number of atoms in the volume. The former means that they
behave as a single domain nanoparticle, where they behave like superparamagnetic if the thermal
fluctuations become significant compared to the energy barrier. The latter means that, at a few
nanometer size, the unpaired electrons become more dominant leading to additional anisotropies,
such as surface anisotropy. The major hysteresis loop measurement is the key technique to measure
the basic hysteretic information of any magnetic nanoparticle. The hysteresis loops can be measured
using a superconducting quantum interface device (SQUID) or vibrating sample magnetometry
(VSM), in which the SQUID has a significantly higher resolution. The major hysteresis loop provides
the saturation magnetization, remanence magnetization, and the coercivity. These parameters
are sufficient to describe the magnetic response of isolated-single domain magnetic nanoparticles,
or those with negligible magnetic interactions, with respect to a magnetic field. However, if further
characterization is required or the interaction fields among the magnetic nanoparticles are not negligible,
more advanced magnetic characterization techniques are needed [106-108]. Importantly, the hysteresis
loops are unable to discriminate between the different phases if there are more than one in magnetic
nanoparticle assemblies.

4.2.2. MoOssbauer Spectroscopy

Mossbauer spectroscopy (Figure 12), is a powerful analytical technique to evaluate the oxidation
state, spin states, and spin ordering of Mossbauer-active elements (such as Fe) for the identification of
magnetic phases [109,110]. Mossbauer spectroscopy can also provide insight into the quantification
of the thermal blocking/unblocking (superparamagnetic response) and magnetic anisotropy energy
if the measurements are conducted as a function of temperature. The Mossbauer spectroscopy shift
is an important parameter that arises from the nuclear-energy shift that is caused by the Coulombic
interaction between the nucleus and the electron density at the site of the nucleus [81]. As an example,
Oh et al. used Mossbauer spectra as a probe to quantitatively study the local state of electrons on the
surface of the FeCo nanoparticles [111]. They investigated the process parameters on the magnetic
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properties of the FeCo nanoparticles using Mossbauer spectroscopy. Furthermore, Lange and et al.
showed that Mossbauer spectra can be used to determine the hyperfine interactions between nuclei
and their surroundings because this method is very sensitive to the local structural and chemical
environment of the M@ssbauer-active elements [112]. In this direction, Tiano and co-workers utilized
Mossbauer spectroscopy and SQUID to draw the relation between the magnetic properties and the
composition of several magnetic nanoparticles, such as Mg, Fe, Co, and Ni [113]. The Mossbauer
isomer shift is not technically a probe for determining the oxidation number of the dopant atoms
because it only determines the charge state on the nucleus [114]. Therefore, if both Fe?* and Fe?*
species persist in a Fe-doped nanoparticles, the electron redistribution from the dopant sites to the
crystal matrix leads a very similar shifts for both species.
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Figure 12. A schematic of the Mossbauer spectroscopy setup [111].
4.2.3. Ferromagnetic Resonance (FMR)

FMR is a spectroscopic technique probing the nanoparticle magnetization induced by the magnetic
moments of the dipolar coupled of unpaired electrons. The width of the FMR peak was shown to be
related to the size, shape, defects density, and surface anisotropy. For example, Diehl et al. conducted
FMR spectroscopy experiments on both crystalline and imperfect magnetic nanoparticles revealing
that this technique is able to illustrate the coherence of the lattice drastically impacts the magnetic
inhomogeneity and anisotropic properties of nanoparticles [115]. The same authors also reported that
surface defects can be detected at low temperatures using FMR. It was shown that decreasing the
temperature or increasing the magnetic nanoparticle size causes a shift in the resonance field leading
to enhancement of the FMR peak asymmetry and broadening [115]. It should be mentioned that FMR
usually predicts the size of the nanoparticles smaller than the actual values measured by TEM due to
the presence of the magnetically disordered layer on the surface.

4.2.4. Magnetic Susceptibility

Magnetic susceptibility is defined as the ratio of the magnetization to the applied field indicating
how strongly whether a nanoparticle is repelled by or attracted into a magnetic field. This technique
is able to quantify the magnetic nanoparticles coated with polymeric or organic/inorganic materials.
Consequently, this technique has been used to determine the mass of the surface coatings to the magnetic
mass of nanoparticles [116,117]. Magnetic susceptibility also has been used to acquire the size and size
distribution of magnetic nanoparticles, and a good agreement was observed by comparing to the TEM
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results [117]. The field-dependent magnetic susceptibility was shown to provide information regarding
the magnetocrystalline anisotropy of the magnetic nanoparticles. Due to the limited dynamic range of the
susceptometers, this technique most often used over a range of temperature rather than frequencies that
provides insight into the heating efficiency of the magnetic nanoparticles for certain applications.

4.2.5. Electron Holography

Electron holography is a holographic technique using electron waves for imaging. This technique
uses a high spatial and temporal coherence of an electron beam to acquire holographic imagery.
The main advantage of electron holography is that this technique provides direct information regarding
the internal magnetic structures rather than via the stray fields or only the surface magnetization
states (Figure 13). Among the several different holography configurations, the off-axis and in-line
configurations are the most commonly used techniques in imaging nanoparticles. For example,
Ortega et al. reported the off-axis electron holography under Lorentz microscopy conditions to observe
the magnetization distribution and to determine the saturation magnetization of multi-segmented
FeGa/Cu nanowires [118]. They showed the presence of an antiferromagnetic configuration along the
FeGa/Cu nanowires even though the magnetic nanowires are ferromagnetically coupled. Electron
holography was also shown to be useful for visualizing the magnetic domain walls and/or domain
wall pinning in magnetic nanoparticles with high resolution compared to other magnetic imaging
techniques, such as magnetic force microscopy. For example, Biziere et al. reported on observation of
the magnetic domain walls in magnetic nanowires leading to illustrating the presence of two types of
domain walls transferring to each other by manipulating the diameter [119].
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Figure 13. An exemplary experimental result showing magnetic nanowires captured using the electron
holography technique [120]. (a,b) are the electrostatic phase and its amplification, respectively. (c,d)
are the magnetic phase and its amplification. (e) is the phase shift across the arrow in (c).

4.2.6. Remanence Curves Technique

The remanence curves technique has been widely used to qualitatively determine the nature of
the interaction fields among magnetic nanoparticles in assemblies. The remanence curves technique
characterizes magnetic nanoparticles by subtracting isothermal remanence and DC demagnetization
curves and comparing the results with the Stoner-Wohlfarth model, also known as Henkel plots.
The isothermal remanence measures the remanence by applying and removing an ascending field to
initially demagnetized nanoparticles [121], while the DC demagnetization measures the remanence by
applying and removing a descending field to initially saturated nanoparticles [122]. For non-interacting
nanoparticles, both curves are identical, meaning there is no interaction. However, the curves deviate
for interacting nanoparticles, where the sign and strength of the deviation qualitatively determine the
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interaction fields. Recently, several attempts have been made to use this technique for quantitative
analysis of the interaction fields [123,124]. For example, Huerta et al. used it to study the interaction
fields between arrays of magnetic nanowires where the authors showed interaction fields are dominated
by dipole-fluctuation effects [123]. In their approach, they used the difference between the field where
the DC demagnetization curve is zero and isothermal remanence curve is 0.5 to quantify the interaction
fields. In another example, Moya et al. used the remanence curves technique combined with the
ZFC/FC to quantify the interaction fields [125].

This technique also has been proposed to probe the spin disorder in magnetic nanoparticles [126].
For example, Toro et al. reported that the dips in the DeltaM plots, calculated by subtracting the
remanence curves, are not necessarily due to the interaction fields as they could be due to spin disorder,
an inhomogeneity of spin distributions in the magnetic nanoparticles [127]. Despite the simplicity
and straightforward measurements and analysis of the remanence curves technique, this technique
is limited to magnetic nanoparticles having strong magnetic anisotropy, in which their coercivity is
larger than the interaction fields [128]. As a result, it is unable to determine the interaction fields
among the superparamagnetic nanoparticles, or even the ferromagnetic nanoparticles if the interaction
fields are comparable to the coercivity. An interesting comparative analysis on this was given by
Zamani Kouhpaniji et al., where the authors compared the results of the hysteresis loops, remanence
curves, first-order reversal curves (FORC), and projection method to assess the reliability and validity
range these techniques for magnetic characterizing of nanoparticles [107].

4.2.7. Magneto-Optic Kerr Effect (MOKE) Microscopy

MOKE microscopy is an optical imaging technique that utilizes the interaction between the
magnetization and optical waves to image the magnetization state on the surface of nanostructures
(Figure 14). The MOKE measurements are categorized into four groups depending on the relative direction
of the light polarization and the magnetization direction. The MOKE technique has been used to study
the angular dependence of the magnetization demonstrating the anisotropy and the reversal mechanism
of the magnetic nanoparticles [129]. For example, Palmero et al. reported on the coercivity mechanisms
in multi-diameter magnetic nanowires illustrating the fundamentals for controlling the propagation of
the single domain wall in the magnetic nanowires [130]. In another example, Bran et al. reported on
capturing the Barkhausen jumps inside the magnetic/non-magnetic multi-segmented nanowires using the
MOKE technique [131]. They showed that the magnetization can be pinned at the interface between the
magnetic and non-magnetic segments that can be engineering using the ratio of the segments.
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Figure 14. Schematic illustrating the magneto-optic Kerr effect (MOKE) setup [129]. (a) Out-of-plane
measurement and (b) in-plane measurement, (c.1-¢.3) show the MOKE signals at different locations
along the magnetic nanowire corresponding to the red ellipses [132].
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4.2.8. Magnetic Force Microscopy (MFM)

The MFM technique is a form of scanning probe microscopy that measures the magnetic forces
applied on the probe for imaging. In the MFM, a nanoscale probe is coated with a few tens of
nanometers of magnetic material to capture the magnetic stray fields of the magnetic nanoparticles.
The main advantage of the MFM is that it can image the magnetic domains indicating the magnetization
direction. As an example, Mohammed reported on controlling the spin-torque driven domain wall
motion in staggered magnetic nanowires using MFM [133]. Furthermore, it has been widely used to
indicate the interaction fields among the magnetic nanoparticles [134]. Because of the high sensitivity
of this technique, it has also been used to quantify the amount of magnetic nanoparticle internalized
into the cells where optical imaging, such as fluorescence imaging is not feasible [135]. The MFM
technique was originally proposed to measure the remanence magnetization in the absence of an
external field, in other words, it used to only measure the remanence magnetization. However, recently
several attempts were taken that enabled the whole hysteresis loop measurement using MEM in the
presence of an external field. For example, Coisson et al. reported on implementing the MFM to probe
the magnetic vortex chirality of magnetic nanodisc using the MFM technique [136].

4.2.9. Minor Hysteresis Loops

Minor hysteresis loop measurements are performed at fields smaller than the saturation field of the
magnetic nanoparticles. These measurements are very useful to describe the magnetization response of
the magnetic nanoparticles that do not experience full saturation during the implementation of a cyclic
magnetic field, such as during hyperthermia or nanowarming experiments. For example, Shore et al.
conducted minor hysteresis loop measurements to demonstrate the heating efficiency of the magnetic
nanowires for nanowarming applications [137]. Since the minor hysteresis loops are measured at not
full saturation, the overall shape of the hysteresis loops highly depends on the initial magnetization
state of the nanoparticle. As a result, the minor hysteresis loops technique has been used to study the
reversal mechanism not only in magnetic nanoparticles but also in complex magnetic nanostructures.

4.2.10. Zero-Field-Cooled/Field-Cooled (ZFC/FC) Magnetization Curves

The ZFC/FC technique measures the magnetization at different temperatures to determine
the transmission from ferri/ferromagnetic response to superparamagnetic response [138]. In ZFC,
the nanoparticles are cooled to the lowest temperature in the absence of an applied field. Then,
the magnetization is recorded at a finite field while the temperature increases (Figure 15).

Initially, the magnetization increases with the temperature before it starts decreasing at a certain
temperature, which is called the blocking temperature. The FC part of the measurement records the
magnetization as the temperature is returned to the initial value. The blocking temperature has been
widely used to determine the anisotropy of the magnetic nanoparticles. For example, Nemati et al.
investigated the shape and size effects of nanospherical and nanocubic nanoparticles on their magnetic
anisotropy and heating efficiency using the ZFC/FC technique [29]. In another example, Das et al. used
the ZFC/FC technique as a probe for illustrating the structural transition of magnetic nanorods [139].
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Figure 15. An example of the zero-field cooling (ZFC) measurement for three different types of
superparamagnetic magnetic nanoparticles (a) and their corresponding hysteresis loops (b). As the
temperature varies, there is a jump in the magnetization indicating the block temperature [140].

4.2.11. Angular-Dependent Coercivity

The angular-dependent coercivity technique measures the hysteresis loop at different angles
between the applied field and the easy axis of the magnetic nanowires. Intuitively, it is only applicable
to magnetic nanoparticles having a strong shape anisotropy, such as magnetic nanowires or nanorods.
The variation of the coercivity in terms of the angle determines the reversal mechanism in the
nanoparticles, which can occur via a coherent rotation or a domain wall propagation [105]. It was
shown that the reversal mechanism can changes from the coherent rotation to a domain wall at some
angles, where there is a sharp reduction in the coercivity after an initial increase [141]. This technique
also has been used to determine the energy barrier and magnetic anisotropy in nanoparticles [142].
In general, since this technique is unable to directly measure the interaction field and subtract its effects
from the coercivity, this technique is not well-suited for characterizing the magnetic nanoparticles
when the interaction fields are not negligible [143].

4.2.12. First-Order Reversal Curve (FORC)

The first-order reversal curve (FORC) technique is one of the most powerful techniques
that has been widely utilized for quantitative and qualitative description of complex magnetic
nanostructures [144]. Figure 16 provides an example of the FORC data and heat-maps for analyzing
the types and volume ratios of magnetic nanowires combination.

The FORC technique scans the whole area of the hysteresis loop leading to collecting detailed
information regarding the interaction fields and intrinsic magnetic properties of the magnetic
nanoparticles [145]. For example, Ramazani etal. utilized this technique to quantify the interaction fields
and coercivity distribution of magnetic nanowire arrays [146]. In another example, Zamani Kouhpanji
reported on the application of the FORC technique for demultiplexing the magnetic nanowires
embedded inside the biological species [143]. Regardless of the complex data processing of the
FORC [147-149], this technique is significantly slower than the other magnetic characterization
techniques because it requires scanning the whole area of the hysteresis loop to a detailed
analysis [107,108,129]. In this direction, several works have been done to enhance the measurements
by introducing modifications to the standard protocol of the FORC technique. In a significant
technological development, Zamani Kouhpanyji et al. introduced a novel modification into the FORC
protocol indicating only a narrow region of the hysteresis loop is required to fully characterize the
magnetic nanoparticle assemblies [108]. They showed the interaction fields and coercivity of the
magnetic nanoparticles can be comprehensively and reliably measured by a factor of at least 50x-100x
faster than the standard FORC protocol [54,107].
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Figure 16. First-order reversal curve (FORC) data (a,c,e,g) and heat-maps (b,d,fh) of magnetic
nanowires in polycarbonate templates [143]. The horizontal and vertical axes of the heat-maps are the
coercivity axes and interaction field axes, respectively.

4.2.13. AC Field Technique

The AC field technique measures the hysteresis loops of magnetic nanoparticles at high frequencies.
The AC field technique was first proposed to characterize the applied field rate effects on the coercivity,
a critical parameter for proper designing magnetic recording media. This technique became a very
important characterization for understanding the heating efficiency of the magnetic nanoparticles,
especially the superparamagnetic nanoparticles because they have zero-coercivity at static field that
increases with the frequency of the applied field. The coercivity of the superparamagnetic nanoparticles
is linearly proportional to the frequency of the applied fields for low frequencies while it behaves
nonlinearly at high frequencies. This frequency dependence of the coercivity of the superparamagnetic
nanoparticles was found as a great source of heat generation for biomedical applications, such as
hyperthermia [58,150,151] or nanowarming [152]. For example, Nemati et al. reported on the shape
and size effects on the heat generation of magnetic nanoparticles using the AC field where it was
shown the magnetic nanodiscs have relatively larger heating efficiency compared to the nanospherical
nanoparticles [70]. Elsewhere, Das et al. reported on the enhanced heating efficiency of elongated
magnetic nanoparticles using the AC field [139], where they showed the shape anisotropy induced by
elongation is the key for tuning the heating efficiency of the magnetic nanoparticles. The requirement
of a high heating generation rate for special applications, such as nanowarming of cryopreserved
organs, the AC field technique became a strong technique for characterizing the magnetic nanowires,
as they are capable to generate much higher heats granted to their shape anisotropy [137,153].

5. Applications

5.1. Drug Delivery

In traditional drug delivery approaches, either intravascular injection or oral ingestion, the blood
circulation distributes the medication throughout the body. This drug delivery mechanism causes
only a small portion of the medicine to reach the targeted tissue or organ while the majority of the
drug is distributed to healthy sites. Due to the small therapeutic windows for effectiveness of a drug,
this mechanism of drug delivery is not efficient as it requires injection of high doses to assure the
effectiveness of the drug, which can cause side-effects on healthy tissues/organs. In this particular
application, the magnetic nanoparticles are highly desired as they can be controlled and directed to the
targeted sites using an external field [154] (Figure 17). The movement of the magnetic nanoparticles
can be controlled using either a static magnetic field or an alternating magnetic field. Considering the
costs and maneuvering flexibility, the static field is significantly cheaper but less accurate compared
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to the alternating field approach. Another advantage of magnetic nanoparticles in drug delivery is
their capability for generating heat. In order to control the drug dissociation or activation, the loaded
drugs on the magnetic nanoparticles will not be released unless temperature increases sufficiently to
activate it [155]. As an example, Kennedy et al. reported in magnetic regulation of drug delivery using
the ferrogels [156]. The authors showed that the stimulation of biphasic ferrogels using an optimized
magnetic signal can control the drug release rates of multiple drugs at different frequencies.

External (® Endotherial cells
Maguetic Cancer cells
Field @

Figure 17. A schematic of magnetic nanoparticles for drug delivery. The magnetic nanoparticles
concentrate at the targeted site using an external highly uniform and strong static magnetic field [30].

Magnetic nanoparticles must have high magnetization and anisotropy to induce sufficiently large
electromotive power to overcome the drag forces imposed by the blood. In this prospect, the elongated
magnetic nanoparticles, especially the magnetic nanowires, have superiority over the other magnetic
nanoparticles, such as nanospheres [157]. The magnetic nanowires with large magnetic moment and
anisotropy were shown to penetrate deeply into the tissues targeting favorable sites. For example,
Pondman and co-authors reported on non-toxic drug delivery using the magnetic nanowires that were
surface functionalized in oleic acid [155]. In another study, Alsharif et al. proposed using the surface
functionalized core-shell iron-iron oxide nanowire using BSA for drug delivery [158]. The larger
magnetic moment of the core-shell iron-iron oxide improved the controlling the magnetic nanowires;
however, due to the larger magnetic interactions, these magnetic nanowires show larger degrees of
aggregation leading to reducing the drug delivery efficiency.

5.2. Cancer Therapy: Thermal or Mechanical

One of the most interesting applications of magnetic nanoparticles is cancer therapy [159].
Magnetic nanoparticles have shown great promise in destroying cancerous cells via both thermal
damage and mechanical damage. In thermal damage, also known as hyperthermia, three mechanisms
are used to destroy the cancer cells: (1) Brownian mechanism, (2) Neel mechanism, and (3) hysteresis
loss (Figure 18).

The Brownian mechanism damages the cancer cells by heat generation as a result of mechanical
rotation and/or vibration, also known as external friction. The Neel mechanism damages cancer
cells using the heat generation induced by the movement of the magnetic domains, which can be a
result of the electromagnetic wave stimulus. The hysteresis loss, on the other hand, damages cancer
cells using the heat generation induced by the switching the magnetic moment, as a result of an
external magnetic field. Comparing the Neel mechanism and hysteresis loss, the hysteresis loss has
significant advantage over the Neel mechanism as it can generate much higher heat rate. Comparing
the Brownian mechanism and hysteresis loss, the hysteresis loss is practically more favorable because
of its high selectivity for damaging the cancer cells with minimal damage to healthy ones compared to
the Brownian mechanism [160].
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Figure 18. A schematic of the different heat generation modes using magnetic nanoparticles in cancer
hyperthermia [161]. Orange circles represent magnetic nanoparticles, the straight arrows render
magnetic field direction, curved arrows show the movement or change in magnetization direction
(dashed curved arrow), and dashed lines illustrate domain boundaries in magnetic nanoparticles.

In this particular application, the anisotropy and saturation magnetization of the nanoparticles
play a critical role on their efficiency [150]. As a result, it was shown that the nanocubes, nanoflakes,
nano-octahedra, elongated and nanodisc nanoparticles have significantly higher hyperthermia efficiency
compared to nanospheres [162,163]. For example, Goiriena-Goikoetxea et al., reported on high
yield synthesis of permalloy nanodiscs with zero remanence and high magnetic moment for cancer
therapy [164], where the authors used the hole-mask colloidal lithography method to cost-effectively
and uniformly produce nanodiscs. Larger hysteresis loss can be achieved by the nanoparticles with
larger hysteresis area, such as electrodeposited ferromagnetic nanowires. For hysteresis loss, the
external magnetic field must be sufficiently larger to meet the coercivity of the nanoparticles [77].
Since ferromagnetic nanowires have very large coercivities, they require a very large external field
to generate heat. Superparamagnetic nanoparticles, on the other hand, have zero coercivity at static
fields while it increases as the frequency of the external magnetic field increases [29]. Thus, even
though the ferromagnetic nanowires have a significant higher heating efficiency, the superparamagnetic
nanoparticles provide more flexibility for designing a more effective hyperthermia cancer therapy
because the magnetic field and frequency cannot exceed the biological safety limits, as they can cause
severe damage to the healthy cells/tissues.

5.3. Cryopreservation

Cryopreservation is another form of heat generation using magnetic nanoparticles; however, in
contrast to the hyperthermia, it involves heat generation from cryogenic temperatures up to the melting
temperature of the cryopreservation agent. In contrast to hyperthermia, the only heat generation
mechanism is the hysteresis loss because the magnetic nanoparticles are not able to produce any
mechanical rotation or vibration as they are fixed at cryogenic temperatures. The main challenge
in this application is generating enough heat over a short time leading to a high heat generation
rate. If the heat generation rate is not sufficiently large to meet the critical warming rate of the
cryopreservation agent, large thermal stresses will form across the tissue/organ. These thermal stresses
induce large the mechanical stresses that can cause mechanical cracks, and ultimately destroying
the cryopreserved tissue/organ [165,166]. Spherical superparamagnetic nanoparticles have shown
promising results as they meet the critical warming rate of V555, a commonly used cryopreservation
agent. Since VS55 is toxic, low concentrations are highly desirable to minimize its side-effects after
transplanting. The lower concertation of the VS55 requires a higher heat generation rate that is
very challenging to be met. In this case, other magnetic nanoparticles, especially ferromagnetic
nanowires, are superb candidates [137] as they are able to generate heat at significantly higher rates.
General speaking, since the ferromagnetic nanowires have large coercivities, they require large external
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magnetic field which makes their implementation problematic because at large magnetic fields the
eddy currents cause extremely non-uniform heat distributions. This particular application of magnetic
nanoparticles has been recently proposed and still much efforts are needed to elucidate the most
effective nanoparticles, especially in the case of large cryopreserved tissues/organs that required very
uniform temperature increase.

5.4. MRI Imaging

MRI images are captured using a strong magnetic field, magnetic field gradient, and radio waves.
The main advantage of the MRI imaging is that this technique does not require X-rays or ionizing
radiation compared to CT scans and PET scans. However, it is very challenging to take MRI images
from tissues/organs with similar magnetic properties [165]. In these cases, magnetic nanoparticles
have been used as contrast agents to distinguish those tissues/organs by manipulating the relaxivities,
transverse (T2) and/or longitudinal (T1), of their molecules. The T1 and T2 relaxation times indicate
the path that molecules/tissues return to their equilibrium state, transverse to the static magnetic
field and parallel to the static magnetic field, respectively. The magnetic nanoparticles were found
to be a promising candidate, especially for manipulating the T2 relaxation time that was found to
be more effective compared to manipulating the T1 relaxation time, due to their non-zero magnetic
moment. The most favorable T2 relaxation time can be achieved using the magnetic nanoparticles
with highest local magnetic inhomogeneities. Thus, elongated nanoparticles, such as nanorods and
nanowires, are good candidates for this application as they have higher magnetic inhomogeneity
because of their high surface to volume ratio [167]. For example, Smolensky et al. reported a trend of
increased T1 relaxation time with increasing the diameter of the nanospheres [168]. In another example,
Zhou and co-authors reported on magnetic nanodiscs with enhanced T1 relaxation times compared
to magnetic nanospheres [169]. In this direction, Shore et al. introduced Fe/Au multi-segmented
magnetic nanowires where they observed the shorter segments with larger diameters have significant
improved T2 relaxation time [167]. More recently, Martinez-Banderas et al. introduced core-shell
iron-iron oxide magnetic nanowires with excellent T2 relaxation time suitable for cell tracking [170].
The authors varied the oxidization level of their electrodeposited Fe nanowires and they showed the
oxide thickness can be adjusted to tailor the transverse relaxation time.

5.5. Tissue Engineering

Tissue engineering is one of the major biomedical applications that has benefitted drastically from
the capability of magnetic nanoparticles for being remotely actuated and/or controlled [171,172]. It
was shown that engineering the texture of the tissues can successively improve nerve growth or cause
cancer cell proliferation and migration to cease [173]. Traditionally, the fibrils of collagen-based tissues
were oriented by applying a large magnetic field because the collagen is diamagnetic and it reorients
perpendicular to the applied field direction [174]. Due to the requirement of very large magnetic field,
in order of several thousand Oersted, this method is limited to a very small volume of the tissue.
To overcome this limitation, Sharma et al. proposed crosslinking the collagen fibrils with surface
functionalized magnetic nanowires prior to gelation. Using this technique, they showed that one-step
bi-directional alignment of the collagen fibrils using only a few hundred Oersted [175] (Figure 19).
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Figure 19. (a) A schematic of magnetic nanoparticles’ application for tissue engineering via crosslinking
magnetic nanowires with collagen fibrils under a highly uniform magnetic field during gelation [176];
(b) a diffraction contrast image, (c) dark-field image, and (d) confocal reflectance image.

Magnetic nanoparticles are also incorporated into hydrogels for producing ferrogels by chemically
crosslinking the magnetic nanoparticles to the hydrogels. Ferrogel-based magnetic composites have
attracted special attention, particularly in biosensing applications. An interesting work on the synthesis
and comprehensive characterization of ferrogels was reported by Blyakhman et al. [177]. The authors
synthesized and fully characterized two different series of ferrogels based on polyacrylamides with
different chemical network densities. In another example, Safronov et al. reported on the synthesis
of magnetically enriched polyacrylamide ferrogels by free radical polymerization using large aspect
ratio magnetic nanowires, where they showed that large volume homogeneous magnetically enriched
ferrogel-based tissues are feasible [5].

In addition to taking advantage of the remote actuation characteristics of magnetic nanoparticles
for engineering regenerative tissues, magnetic nanoparticles also have been used in this particular
application for inducing cells and delivering drugs promoting neuroregeneration. For example, Yuan
et al. recently developed Au-coated superparamagnetic iron oxide nanoparticles to stimulate the nerve
growth factor with low toxicity [176]. They showed that the coated magnetic nanoparticles provided
higher neuronal growth and controlled orientation if they are stimulated under a dynamic magnetic
field compared to a static magnetic field. Another interesting study was done by Polakka-Kanthikeel
et al., where they showed that the surface functionalized magnetic nanoparticles are able to pass
through the blood brain barrier to promote brain tissue repair [178]. Further information regarding the
application and impacts of the magnetic nanoparticles in tissue engineering can be found in [173].

5.6. Enrichment

Magnetic nanoparticles are promising enrichment agents compared to optical nanoparticles [2,179].
This is because the magnetically enriched biological entities, such as cells, can be rapidly and
cost-effectively separated and isolated from the whole population using a simple magnet [160]
(Figure 20).

This can be readily done using a simple magnetic stand as opposed to costly, slow, and high
complex optical systems. Magnetic nanospheres, nanocubes, and nano-octahedra have been widely
used for this application because they can be mass produced cheaply. Furthermore, their rounded
geometry, compared to the elongated nanoparticles, promotes their circulation inside capillaries with
lower risk of blocking. However, there are two main challenges with these nanoparticles. First, they
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have relatively very small magnetic moment compared to ferromagnetic nanowires that makes it
difficult to fully collect them. Second, ferromagnetic nanowires have shown a higher internalization
yield that makes them superior for effective collect specific RNA/DNA and exosomes from targeted
cells. For example, Hultgren et al. showed that nickel magnetic nanowires have an internalization
yield of 35% larger than those of iron oxide nanospheres [180,181]. In another example, Sharma et al.
observed high internalization of the gold-tipped nickel nanowires into osteosarcoma cells showing
high cell activities and proliferation even after internalization of the magnetic nanowires [182,183]. In
this direction, Nemati et al. enriched canine osteosarcoma cells (OSCA 8, 32, and 40) using iron-gold
multi-segmented nanowires and they successfully collected the cancer-derived exosomes with a yield
competitive to the commercialized methods [4].
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Figure 20. A schematic of the application of magnetic nanoparticles in enrichment [184]. (a) Scheme of
cell separation using magnetic particles. Target cells are bound to magnetic particles modified with
transferrin as a targeting moiety (step 1). Cells are magnetically separated (step 2). Non-targeted
cells are removed with supernatant (step 3). Subsequently, target cells are re-suspended and removed
(step 4). (b) Enzymatic transformation of magnetic particles for selective sorting of cancer cells.

5.7. Multiplexing/Demultiplexing Biolabels

Multiplexing/demultiplexing is crucial for many diseases, and tumors in particular, as they are often
inhomogeneous. Multiplexing/demultiplexing can ensure both successful diagnosis and phenotyping
of the discovered tumor [143]. Numerous attempts have been made to conjugate fluorophore
molecules with magnetic nanoparticles to provide multiplexing. Since the multiplexing/demultiplexing
of magnetic nanoparticles relies on the optical molecules, they inherently suffer the limitations
of optical molecules [185]. The magnetic anisotropy of magnetic nanoparticles is a key for this
application because it produces different magnetic signatures in different directions. Elongated
magnetic nanoparticles, and in particular electrodeposited nanowires, exhibit a superior advantage
over all other magnetic nanoparticles. That is because the electrodeposition technique provides
much more flexibility to tailor the magnetic anisotropy via electrodepositing multi-segmented,
multi-component, and multi-diameter magnetic nanowires with high-aspect ratios. For example,
Sharma at al. electrodeposited multi-segmented magnetic nanowires for barcoding the cancer
cells [183,184,186]. They used the hysteresis loop for detecting the barcodes, which suffers from low
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specificity [187]. Hysteresis loops only measure the saturation magnetization and the coercivity, which
does not provide flexibility to generate multitude of unique detection.

As an alternative, Wen et al. designed a ferromagnetic resonance system to detect the resonance
frequency of the magnetic nanowires as biolabels [188]. The two main limitations of this approach are:
(1) the magnetic nanowires must be in contact with a co-planar waveguide, a condition which cannot
be met in practical applications, and (2) the magnetic nanowires must be aligned as their ferromagnetic
signature changes in different directions. More recently, Zamani Kouhpanji et al. proposed an approach
that suppresses the former limitations, as it can detect the magnetic nanowires regardless of its
location in the biological tissue [143]. Using FORC measurements and proposing a novel approach for
demultiplexing the overlap magnetic signatures, they were able to successfully quantify the magnetic
nanowires with high precision competitive to optical techniques. In another significant technological
development, Zamani Kouhpaniji et al. introduced a novel approach to significantly speed up the
measurement while collecting more accurate data than FORC technique to more precisely quantify the
magnetic nanowires in complex combinations [54] (Figure 21).
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Figure 21. A schematic of the use of magnetic nanoparticles for multiplexing/demultiplexing [54]. The
magnetic nanowires with different magnetic signatures, granted by their size and composition, were
synthesized in polycarbonate tissues. The projection method, which directly measures the irreversible
magnetization, was used to demultiplex the magnetically enriched tissues in complex combinations.

5.8. Biosensing and Biosensors

Magnetic nanoparticles have broadly used in diverse nanosensors, especially biosensors [189].
The surface functionalization of the magnetic nanoparticles, such as aptamer-modified magnetic
nanoparticles, is a critical key in biosensing as it not only enhances their biocompatibility but also
their specificity [190]. The magnetic interaction between the magnetic nanoparticles is the basis of
their application in biosensors granted to their large surface to volume ratio leading to very high
binding affinity [191]. These interaction forces substantially decrease the time response of these
nanosensors. In the majority of biosensors, the magnetic nanoparticles are suspended in a solution and
there are surface functionalized to detect the target molecules (Figure 22). An early report of using
the magnetic nanoparticles for sensing was by Wang at al. who utilized magnetic nanoparticles to
detect DNA with high selectivity and sensitivity [192]. More recent studies, for example Tavallaie et al.,
reported on sensing the RNA with extremely low concentration, as low as 1 x 10717M, using magnetic
nanoparticles [193].
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Figure 22. A schematic of the use of magnetic nanoparticles for biosensing applications [194].
In subfigures, (a) is a schematic diagram of a surface functionalized giant magnetoresistance (GMR)
biosensor, (b) is the coated magnetic nanoparticles with a secondary antibody to detect the primary
antibody on the surface of the GMR biosensor shown in (c).

For this particular application, Maruyama et al. reported on a fully automated biosensors
using biomagnetic nanoparticles [195]. The authors were able to detect and identify two types of
somatic mutations of epidermal growth factor receptor gene in lung cancer in a limited time. Their
results are interesting as they indicate a very low mutation rate could be detected using magnetic
nanoparticles. The giant magnetoimpedance biosensors and giant magnetoresistance biosensors
have been widely used for detection in biomedical applications [196]. A pioneering work on giant
magnetoresistance biosensors was reported by Baselt et al. [197]. In this work, the authors were able
to measure intermolecular force binding, such as DNA-DNA, ligand-receptor, and antibody-antigen,
using their portable giant magnetoresistance biosensors. Blyakhman et al. developed a giant
magnetoimpedance sensor prototype for studying ferrogels [176]. These forms of biosensors are very
promising for dispersed magnetic nanoparticles in solutions or ferrogels. However, detecting the
magnetic nanoparticles incorporated into living entities, such as cells or biological tissues, is extremely
difficult and it still not properly understood.

6. Summary/Outlook

In this review, we have provided a short, but still comprehensive review, of the synthesis and
characterization techniques of magnetic nanoparticles. The main focus of this review was to understand
the most effective approach for synthesizing and characterizing magnetic nanoparticles suitable for
specific bio-applications, particularly biosensing and nanomedicine. The sensitivity of a particular
bio-application on the monodispersity or polydispersity of the magnetic property is the key to choosing
the most efficient route for synthesis and characterizing the required magnetic nanoparticles. For example,
in biosensing applications, the magnetic nanoparticles do not necessarily need to have an identical
morphology. However, the final achievable magnetic moment and size, which determine the magnetic
nanoparticles binding affinity, and costs for mass-production are the keys determining the synthesis
technique. On the other hand, for a bio-application such as multiplexing where the identical magnetic
property is in high demand, the synthesis technique must be capable of precisely tuning the magnetic

27



Sensors 2020, 20, 2554

properties. As another example, for drug delivery and tissue engineering applications it is critical to
have magnetic nanoparticles with a strong magnetic moment to assure their controllability in addition
to a large surface area to load a sufficient amount of drugs. In this particular application, the elongated
magnetic nanoparticles, especially electrodeposited magnetic nanowires, are of great interest as they
generally have a strong magnetic moment with a larger surface area. The same situation is valid for
selecting the most appropriate characterization technique. For example, in hyperthermia cancer therapy
and cryopreservation applications, the heating efficiency of the magnetic nanoparticles is the key that
must be adequately characterized and verified using AC field, zero-field cooling/field cooling (ZFC/FC),
and magnetic susceptibility measurements. Particularly for biosensing applications, the characterization
techniques such as Fourier transform infrared spectroscopy (FTIR) or thermal gravimetric analysis (TGA)
are very useful as they provide valuable information regarding the amount and types of the coatings. To
date, even though the magnetic nanoparticles have been proposed as promising multimodal nanoparticles
in diverse nanobiotechnology applications, there are still numerous broken connections among those that
must be addressed to realize the multimodality of the magnetic nanoparticles.
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Abstract: Intensive studies of the magnetoimpedance (MI) effect in nanostructured multilayers
provide a good phenomenological basis and theoretical description for the symmetric case when
top and bottom layers of ferromagnet/conductor/ferromagnet structure have the same thickness and
consist of one magnetic layer each. At the same time, there is no model to describe the MI response
in multilayered films. Here, we propose the corresponding model and analyze the influence of the
multilayer parameters on the field and frequency dependences of the MI. The approach is based on
the calculation of the field distribution within the multilayer by means of a solution of lineralizied
Maxwell equations together with the Landau-Lifshitz equation for the magnetization motion. The
theoretical model developed allows one to explain qualitatively the main features of the MI effect in
multilayers and could be useful for optimization of the film parameters. It might also be useful as a
model case for the development of MI magnetic biosensors for magnetic biomarker detection.

Keywords: magnetic multilayers; magnetoimpedance; modeling; magnetic sensors; magnetic
biosensors

1. Introduction

The magnetoimpedance (MI) effect implies a strong dependence of the complex impedance of
a ferromagnetic conductor on an external magnetic field [1,2]. Since its rediscovery [3-6], the effect
has attracted much attention due to its remarkable advantages for the development of high-sensitive
magnetic field detectors [7,8]. The origin of MI can be explained in the framework of the classical
skin effect, i.e., the tendency of an alternating electric current to be distributed within a conductor
in such a way that the current density is largest near the conductor surface. The Ml is related to the
changes in the skin depth with the permeability of the ferromagnetic conductor and is observed in soft
magnetic materials, which exhibit variation in permeability at low external magnetic fields. The effect
was studied in detail in different magnetic materials, in particular, in amorphous wires and ribbons,
electroplated wires, glass-coated microwires, and thin-film based systems.

Maximum magnitudes of the impedance variation and field sensitivity were obtained in Co-based
amorphous wires and glass-coated microwires. However, for sensor miniaturization, thin-film
structures could be more attractive materials. Experimental studies of the MI effect have been
performed in films with different structures, such as single-layer ferromagnetic films [9,10] and
three-layered films called “MI sandwich” [10-14] (see Figure 1a). Changes in the film impedance with
the external magnetic field become high when the skin penetration depth reaches the order of the
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film thickness. For a soft magnetic film with a thickness of 1um, this condition is valid within the
gigahertz frequency range [12]. To observe large changes in the impedance at moderate frequencies,
three-layered film structures consisting of two soft magnetic films separated by a non-magnetic layer
were proposed, designed, tested, and described by appropriate models [12,14]. Typical material for
soft magnetic layers is nanostructured permalloy, and highly conductive Cu, Al, or Au are used for
the central layer material. Thin-film sensitive elements with thicknesses of the order of microns are
required for many sensor applications, including MI [13,15].

Cu

substrate substrate substrate
(a) (b) ()

Figure 1. Schematic representation of the MI multilayered sensitive elements. (a) Classic “MI sandwich”
without nanostructuring of magnetic layers. (b) MI symmetric multilayer with the same total thickness

of FeNi top and bottom layers, both deposited as multilayers with Cu spacers. (c¢) MI non-symmetric
multilayer with different total thicknesses of top and bottom layers: top multilayer contains two FeNi
sub-layers and bottom multilayer contains three FeNi sub-layers in this particular case.

High field sensitivity of the impedance in film structures can be obtained when permalloy
layers have low coercivity, high permeability, and well defined in-plane magnetic anisotropy with
low local anisotropy axes distribution. However, the out-of-plane component of the anisotropy
can appear in permalloy films, when the film thickness increases above the critical thickness of the
transition into a “transcritical state” [16-18]. The value of the thickness corresponding to the transition
depends on many parameters, including the working gas pressure during sputtering deposition [17].
This value can vary in the range from a few nanometers to a few hundred nanometers [17,19].
The appearance of the out-of-plane component of the anisotropy is ascribed to columnar structure
formation, magnetocrystalline, and/or magnetoelastic anisotropy [19]. As a result, degradation of
the soft magnetic properties takes place due to the transition into the “transcritical state” [16,19].
To avoid the “transcritical state” transition and to increase the total thickness of soft magnetic layers,
nanostructured multilayers have been proposed and developed [20,21].

The influence of different parameters, such as the thickness of magnetic layers, material, and
thickness of non-magnetic interfaces, on the magnetic properties and the MI response in multilayers
was studied experimentally [22-28]. It was also demonstrated that MI in nanostructured multilayered
films could be promising for the development of magnetic biosensors [29,30]. In a magnetic biosensor,
non-uniform magnetic fields having a complex configuration should be analyzed. In this connection,
recently, non-symmetric nanostructured multilayered films have attracted considerable attention [31,32].
Non-symmetric films were obtained by the deposition of top and bottom ferromagnetic parts of a
multilayer with different thicknesses. It was found that the symmetric multilayered films have the
highest field sensitivity. At the same time, non-symmetric multilayers allow one to obtain a higher MI
response at high frequencies [32].

Although the MI effect in nanostructured multilayers was intensively studied in experiments, to
the best of our knowledge, there is no model to describe the MI response in multilayered films. In this
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paper, we propose the corresponding model and analyze the influence of the multilayer parameters on
the field and frequency dependences of the MI. The approach is based on the calculation of the field
distribution within the multilayered film by means of a simultaneous solution of lineralizied Maxwell
equations and the Landau-Lifshitz equation for the magnetization motion. Both the symmetric and
non-symmetric nanostructured multilayered films are studied. The model developed allows one
to explain qualitatively the main features of the MI effect in multilayers and could be useful for
optimization of the film parameters.

2. Model

Let us consider a film structure, [F/X]m/F/C/[F/X]n/E, shown schematically in Figure 1. The
structure consists of a highly conductive non-magnetic central layer, C, of a thickness, 2d, and two
external (top and bottom) multilayers. The external multilayers contain soft magnetic layers, F, of a
thickness, dp, separated by non-magnetic layers (spacers), X, of a thickness, d;. The corresponding
conductivities of the layers, C, X, and F, are oy, 1, and 0. Note that top and bottom multilayers may
have different thicknesses, m # n. It is taken into account that materials of the central layer, C, and
spacers, X, may be different [27,33]. The film structure length and width are / and w, respectively.

It is further supposed that all magnetic layers have the same physical properties. Usually, during
the deposition of multilayered films, a constant magnetic field is applied along the short side of the
film in order to induce the transverse magnetic anisotropy. To take into account this fact, we assume
that the magnetic layers have uniaxial in-plane magnetic anisotropy, and the angle, 1, of deviation of
the anisotropy axis from the transverse direction is relatively small.

We also assume that the value of the permeability in the ferromagnetic layers is governed by
the magnetization rotation only. This approximation is valid at sufficiently high frequencies (above
10 MHz), when the domain-wall motion is damped [34,35]. Furthermore, due to the averaging over
the domain structure, the permeability tensor has a quasi-diagonal form. In this case, the MI of the
multilayered film depends on the value of the transverse permeability only.

The alternating driving voltage, U = Ug,exp(—iwt) (Where w is the angular frequency, ¢ is the time,
and i is the imaginary unit), is applied to the multilayered structure, and the external magnetic field,
H,, is parallel to the long side of the film (see Figure 1b).

Let us restrict our consideration by the case of not too high frequencies when wl/c << 1, where c is
the speed of light in vacuum. Then, the field distribution in the film can be considered to be independent
of the coordinate, z. For the film length, I = 1 cm, this approximation is valid at frequencies, f = w/21 <<
5 GHz. Moreover, since the film width, w, is much higher than its thickness, neglecting edge effects, we
can suppose that the electromagnetic fields depend only on the coordinate, x, perpendicular to the film
plane. This approach is adequate when the film width exceeds some critical value. This critical value,
A, depends on the layer thicknesses and static permeability in the magnetic layers [36-38]. Estimations
show that A ~ 10 um for typical parameters of the multilayered films studied below.

In the one-dimensional approximation, the amplitudes of the longitudinal electric field, ey, and
the transverse magnetic field, hg, in the central non-magnetic layer, C, —dy < x < dy, satisfy Maxwell
equations centimeter-gram-second (cgs) system of units is used:

-9 = (iw/c)hy, )
dhg 1)
T = (4map/c)ep.
The solution of Equation (1) can be expressed as follows:
eo = (cpo/4mag)[Ag cosh(pox) + Bosinh(pox)], @

hy = Apsinh(pox) + Bo cosh(pox) .
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where, Ap and By are the constants, py = (1 — 7)/0g and 0g = ¢/(2nwag) 2. Note that for the symmetric
film, m = n, the constant, By, is equal to zero.

The solution of the Maxwell equations for the field amplitudes in the non-magnetic spacers, X,
can be presented in the following form:

egj) = (cp1 /47101)[A§j) cosh(p1x) + Bgﬁsinh(plx)} ,

. 3
n = Agj)sinh(plx) + Bi” cosh(pix) . ®

(
1
where, e( D and h( ) are the amplitudes of the longitudinal electric field and the transverse magnetic

field, respectively; j =1, ..., m + n is the non-magnetic layer number; Aij ) and Bij ) are the constants;
p1 = (1 - i)/6; and 6y = ¢/(2rwar)'2.
The field amplitudes, egk) and hgk) , in the magnetic layers, F, are given by:

eF — (cp2/4mor) [Agk) cosh(ppx) + B;k) sinh(pax)],

h%zk) — Aék)sinh(pzx) + B§k> cosh(pax) .

Q)

where, k=1,...,m + n + 2 is the magnetic layer number; Agk) and ng) are the constants; pp = (1 —1)/0y,
8y = ¢/nwuc,)"? and y is the transverse permeability.

To find the transverse permeability in the magnetic layers, we neglect the contribution
of the exchange energy.  More rigorous theoretical treatment requires the inclusion of
the exchange-conductivity effect in the model [39,40]. However, the contribution of the
exchange-conductivity effect to the MI response is relatively low within the high-frequency range.
The solution of the linearized Landau-Lifshitz equation results in the following expression for the

transverse permeability, y, in the ferromagnetic layers [41]:

YATM(y4TM + w1 — ikw) sin? O
p=1+ . . . ©)
(y4rM + w1 — ixw) (w2 — ikw) — w?

w1 = y[Hy cos?(0 — 1) + H,sin 0],

= y[Hacos{2(60 — )} + Hesin O] . ©)

where M is the saturation magnetization of the magnetic layers, y is the gyromagnetic constant, « is
the Gilbert damping parameter, 0 is the equilibrium magnetization angle, and H, is the anisotropy
field in the ferromagnetic layers.

The equilibrium magnetization angle, 0, can be found by minimizing the free energy. The
free energy can be presented as a sum of the uniaxial anisotropy energy and Zeeman energy. The
minimization procedure results in the following equation for the magnetization equilibrium angle, 6

H,sin(0 — 1) cos(0 — ) = Hpcos 6. (7)

To describe the field distribution in the external regions, we use the approximate solution for the
vector potential obtained previously [37,42] in the case, d << w, where d = 2dy + (m + n)dy + (m + n +
2)d, is the total multilayer thickness. The field amplitudes are given by:

es = Cs [C [2w log(R“") arctan(z’l‘él ) 1 log(RH)],

_ o Ax[_R4a* 1 wl
hs = -Cs [4R2x2+lzwz RI—w? ~ R2- 12]+CswarC"an(2R)

®)

where the subscripts, s = 3 and s = 4, correspond to the bottom and top external region, respectively,
C; are the constants, and R = (12 + w? + 4x2)2. In the symmetric film, m = n, the distribution of the
electric field in the external region is symmetrical with respect the multilayer center, and C3 = Cj.
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Thus, the field distribution within the 2(m + n) + 3 layers of the film is described by Equations (2)
to (4). The total number of constants in Equations (2) to (4) is equal to 4(m + 1) + 6. The constants,
Ay, By, Agl ), Bij >, Agk), and Bék), can be found from the continuity conditions for the amplitudes of the
electric and magnetic fields at the interfaces between different layers. In addition, we should take into
account that the driving voltage with the amplitude, Uy,, is applied to the film region, —t; <x < tp,
where t; =dy + ndy + (n + 1)dy and t, = dy + mdy + (m + 1)d,. Then, the boundary conditions at the

bottom surface of the film, x = —t;, can be written in following form:

eV (=h) = es(~t1) + Uar/1,

©)
hﬁ”(—tl) =h3(~t).
Similar expressions can be found at the top surface of the film structure, x = f,:
e§m+71+2)(t2) = 64(t2) + Uy, /1, (10)

hé’"*"”) (t2) = hy(ta).

When the field distribution is obtained, we can find the impedance, Z, of the multilayered film as
a ratio of the applied driving voltage to the total current, I, flowing through the film structure:

_ u]dr _ udr _ 4n % Udr . (11)

z = 0 () - (=h)

wfz a(x)e(x)dx

-t

To describe a relative variation of the impedance, let us introduce the Ml ratio, AZ/Z, which is
given by:
AZ/Z (%) =100 x [Z(H,) - Z(Ho)]/Z(Hy), 12)

where Hj is the value of the external field sufficient to saturate the impedance. In the further
calculations, we assume that Hy = 100 Oe, which is the typical magnitude of the maximum value of the
experimentally available external magnetic field [26,31].

3. Results

3.1. Influence of Multilayer Parameters on MI Response

In this subsection, we analyze the results of the modeling of the field and frequency dependences
of the MI in symmetric nanostructured multilayers. Let us assume that the central layer, C, and
non-magnetic spacers, X, are made of the same material and, correspondingly, oy = 01. The field
dependence of the MI ratio for the multilayered film calculated for different frequencies is shown in
Figure 2. Note that the results are presented only for the region of the positive fields and the calculated
curves are symmetrical with respect to the sign of the external magnetic field, since hysteresis effects
are neglected in the framework of the model. The dependence of the MI ratio on the external field
shows a typical behavior with a maximum near the anisotropy field, H,. It follows from Figure 2 that
the maximum values of the Ml ratio are achieved within the frequency range from 50 to 100 MHz.
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Figure 2. Ml ratio, AZ/Z, as a function of the external field, H,, for different frequencies, f: curve 1,
f =25MHz; curve 2, f = 50 MHz; curve 3, f = 100 MHz; curve 4, f = 150 MHz; curve 5, f = 200 MHz.
Parameters used for calculations are I = 1 cm, w = 0.02 cm, 2dy = 500 nm, d; = 3 nm, d, = 100 nm,
m=n=4,M=750G, H,=60e, =0.1m,00=0; =5x10"7 57,0, =3 x 10" s71, and « = 0.02.

Figure 3 illustrates the influence of the anisotropy field, H,, and the anisotropy axis angle, 1, in the
magnetic layers on the field dependence of the MI ratio. With a decrease of H,, the MI ratio increases
due to a growth of the transverse permeability. At the same time, the position of the peak in the field
dependence of the impedance shifts towards the zero field with a decrease of the anisotropy field
(see Figure 3a). As follows, from Figure 3b, the Ml ratio is very sensitive to the value of the anisotropy

axis angle, 1), in the ferromagnetic layers. The MI ratio drops sharply with an increase of the deviation
of the anisotropy axis from the transverse direction.
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Figure 3. (a) MI ratio, AZ/Z, as a function of the external field, H,, at f = 100 MHz for 1) = 0.17 and
different values of the anisotropy field, H,: curve 1, H, = 5 Oe; curve 2, H, = 6 Oe; curve 3, H, = 7 Oe;
curve 4, H, = 8 Oe; curve 5, H, = 10 Oe. (b) AZ/Z ratio as a function of the external field, H,, at
f =100 MHz for H, = 6 Oe and different values of the anisotropy angle, ¢: curve 1, i = 0.057; curve 2,

1 =0.17; curve 3, ¢ = 0.157; curve 4, i = 0.27. Other parameters used for calculations are the same as
in Figure 2.
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Let us study the influence of the multilayer geometric parameters on the MI. For the analysis, we
use the maximum MI ratio, (AZ/Z)max, which is defined as follows:

(AZ/Z) oy (%) = 100 X [Zimax = Z(Ho)]/Z(Ho), (13)

max (
where Znax corresponds to the peak in the field dependence of the multilayer impedance.

Figure 4a shows the frequency dependence of the maximum MI ratio, (AZ/Z)max, calculated for
multilayered films with different thicknesses, 2d), of the central layer. The value of (AZ/Z)max decreases
with the thickness of the central layer, and the peak in the frequency dependence of (AZ/Z)max shifts
towards higher frequencies with a decrease of 2dj. The results obtained are in qualitative agreement
with the experimental data [24] and the results of simulation by means of the finite element method [27].
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Figure 4. (a) Frequency dependence of the maximum MI ratio, (AZ/Z)max, at different values of the
central layer thickness, 2dy: curve 1, 2dy = 100 nm; curve 2, 2dy = 200 nm; curve 3, 2dy = 300 nm; curve 4,
2dy = 400 nm; curve 5, 2dy = 500 nm. (b) Frequency dependence of the maximum MI ratio, (AZ/Z)max,
at different values of the thickness, dq, of spacers: curve 1, d; = 2 nm; curve 2, d; = 3 nm; curve 3,
dy = 5nm; curve 4, d; =7 nm; curve 5, d; = 10 nm. Other parameters used for calculations are the same
as in Figure 2.

Figure 4b presents the effect of the thickness, dy, of separating layers on the frequency dependence
of (AZ/Z)max- Maximal values of (AZ/Z)max are attained at low dy, i.e., the increase of the thickness of
non-magnetic spacers results in a decrease of the ML It should be noted, however, that at low values
of dy, the exchange interactions between magnetic layers appear, which can essentially influence the
Ml response. The critical thickness of the non-magnetic separating layer depends significantly on the
properties of the magnetic layers.

The effect of the number of magnetic layers on the frequency dependence of (AZ/Z)max is shown in
Figure 5. Note that the total thickness of the magnetic layers is constant for all films used for calculation.
It follows from Figure 5 that the value of (AZ/Z)max drops with the increase of the number of magnetic
layers and with the corresponding decrease of the magnetic layer thickness.
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Figure 5. Frequency dependence of the maximum MI ratio, (AZ/Z)max, for different symmetric film
structures, m = n: curve 1, m = 4 and d, = 100 nm; curve 2, m = 9 and d, = 50 nm; curve 3, m = 19 and
dp =25 nm; curve 4, m = 49 and d; = 10 nm. Other parameters used for calculations are the same as in
Figure 2.

It should be noted that the magnetic properties of the magnetic layers may change with the
thickness of layers and this fact may affect significantly the MI response. In particular, an experimental
study [43] showed that multilayers composed with permalloy layers of a thickness of 50 and 100 nm
exhibit a similar MI ratio, whereas multilayers with thinner magnetic layers have a lower MI response.
An opposite tendency was observed in another experiment [44], where it was found that the film
structures with magnetic layers of a thickness of 25 nm exhibit a much higher Ml ratio than films with
magnetic layers with a thickness of 170 nm. This disagreement between the experimental data [44] and
results of the modeling may be due to the fact that soft magnetic properties degrade in films with thick
layers as a result of an approximation toward the transition into the “transcritical state” [17]. Mixed
interfaces can also contribute to the balance. The volume corresponding to the interfaces is similar for
multilayers with different thicknesses of magnetic layers, but the ratio between the total volume and
the volume corresponding to the interfaces is different for thin and thick layers. Another contribution
may come from the difference in the roughness of the interfaces corresponding to multilayers with
different thicknesses of magnetic layers.

As mentioned above, materials of the central layer and non-magnetic spacers may be different.
Figure 6 shows the influence of the difference in the conductivity of the central layer and spacers
on the ML It follows from Figure 6a that the value of (AZ/Z)max increases with a decrease of the
conductivity, oy, of the separating layers. Note that the values of o1 =5 x 101757 and g1 = 5 x 1016 571
correspond approximately to the conductivity of copper and titanium. As follows from Figure 6b,
replacing copper with titanium has a more significant effect on the MI response, when the thickness of
the spacers decreases.

46



Sensors 2019, 19, 1761

2
S
)
S

—
[
(=}

100

(o]
S
oo
(=]

[=))
(=)

Maximum Ml ratio (AZ/ Z )pax (%0)
(=}
(=]

Maximum Ml ratio (AZ/ Z)pax (%)

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Frequency f (MHz) Frequency f (MHz)

(a) (b)

Figure 6. (a) Frequency dependence of the maximum MI ratio, (AZ/Z)max, for m = 4, d; = 100 nm, and
different values of the conductivity, o1, of spacers: curve 1, 01 =5 X 10" s71; curve 2, 01=2X 107 71,
curve 3, 01 = 107 s71; curve 4, 01 = 5 x 10'® s71. (b) Frequency dependence of the maximum MI ratio,
(AZ|Z)max, at different values of the conductivity, o1, and thickness, d;, of spacers: curve 1, m = 4,
dy =100 nm, and 07 =5 x 10" s71; curve 2, m = 4, dp = 100 nm, and 57 =5 x 10 s71; curve 3, m = 9,
dy =50 nm, and 01 =5 X 1017 s71; curve 4, m =9, dy =50 nm, and 01 =5 X 10%6 571, Other parameters
used for calculations are the same as in Figure 2.

3.2. MI in Non-Symmetric Nanostructured Multilayers

Let us now study the MI effect in non-symmetric multilayered structures. The frequency
dependence of the maximum MI ratio, (AZ/Z)max, calculated for film structures with different numbers
of layers is shown in Figure 7. It is assumed that the properties of the magnetic layers are the same for
the symmetric, n = m, and non-symmetric films, n < m. It follows from Figure 7a that the value of
(AZ/Z)max decreases with the number of layers, n. The frequency of the peak in (AZ/Z)max increases
with the growth of asymmetry between the top and bottom layers. Within the frequency range,
f > 250 MHz, non-symmetric multilayered films exhibit a higher MI effect.

Figure 7b presents the results of calculations of (AZ/Z)max for the films with thinner magnetic
layers. In this case, the decrease in (AZ/Z)max for the non-symmetric films is less pronounced in
comparison with the symmetric film structure, n = 9. At the frequencies of the order of 150 MHz and
higher the symmetric and non-symmetric films show very similar magnitudes of (AZ/Z)max (Figure 7b).
For practical purposes, a lower working frequency may have higher importance in comparison with
the maximum effect value. From this point of view, the result corresponding to n = 9 is very interesting
as the (AZ/Z)max peak appears at a lower frequency in comparison with the n = 4 curve (Figure 7a).
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Figure 7. (a) Frequency dependence of the maximum MI ratio, (AZ/Z)max, at m = 4, d = 100 nm, and
different values of n: curve 1, n = 4; curve 2, n = 3; curve 3, n = 2; curve 4, n = 1. (b) Frequency
dependence of the maximum Ml ratio, (AZ/Z)max, at m =9, dy = 50nm, and different values of n: curve 1,
n=09; curve 2, n = 8§; curve 3, n = 7; curve 4, n = 6. Other parameters used for calculations are the same
as in Figure 2.

4. Discussion

The aim of the work was to develop a model and theoretical analysis of MI in multilayer films
with nanostructured magnetic layers. Up to now, such a model description was absent in the research
literature. The results of modeling are in qualitative agreement with experimental studies of the MI
in non-symmetric multilayers [31,32,44]. However, in the experiments, the change in the frequency
of the peak in (AZ/Z)max is more pronounced, when the difference in the thickness of the top and
bottom layers increases. Moreover, it was found that the frequency dependence of (AZ/Z)max differs
significantly for the multilayers with odd and even numbers, 7, in the bottom layer [32]. These facts
clearly indicate that magnetostatic interactions between magnetic layers affect significantly the MI in
non-symmetric multilayers. In fact, in all previous designs of the multilayers, the main priority was
given to the evaluation of the coercivity of single-layer or three-layered structures. For example, the
interaction between two magnetic layers separated by a weakly magnetic layer for Fej9Nig; /Cr/Fe9Nig;
and Fe;5Coy0Nigs/Cr/Fe5Coy0Nigs was studied [45]. The experimental data on the coercivity, domain
structure parameters, and microstructure as well as the theoretical estimates showed that an increase of
the thickness of the Cr can lead to a replacement of the exchange interaction between the ferromagnetic
layers by the magnetostatic interaction. In its turn, the effectiveness of the magnetostatic interaction
can be governed by surface defects and the layer magnetization ripple structure [45]. These conclusions
correspond to the simplest symmetric structure, F/X/F, even without a central conductor, but the results
for F/X/E/X/F, F/X/E/X/F/X/E, etc. are absent in the literature.

One of the weak points in a comparison of the magnetic properties of multilayered structures
is a well known dependence of the properties of thin films on the preparation conditions and even
particular equipment [46,47]. In combination with the strong dependence of the interaction between
two magnetic layers on the thickness of the non-magnetic spacer, varying at nanoscale, the comparison
becomes a very difficult task. With respect to MI multilayers, the experimental data on the adjustment
thickness of the spacers are very limited. The microstructure and magnetic properties of FeNi films and
FeNi (170 nm)/M/FeNi (170 nm) (M = Co, Fe, Gd, Gd-Co) multilayers were studied in [48]. In contrast
to the Co and Fe spacers, Gd and Gd-Co magnetic spacers improved the softness of the FeNi/X/FeNi
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multilayers. The MI responses were also measured, and the highest MI variation was observed for
the [FeNi/Gd (2 nm)],/FeNi case. The thickness for the minimum of coercivity in the case of the
Gd spacer was 3 + 1 nm, which is almost the accuracy limit for the sputtering technique. Although
the MI measurements were performed for [FeNi/Gd (2 nm)],/FeNi multilayers, the behavior of the
system for different spacer thicknesses in the cases of different numbers of magnetic layers was not
studied systematically. All this means that we still need to make experimental efforts in order to
improve the phenomenological basis for the next step of the theoretical development of the problem of
MI multilayers.

In order to understand the role of the magnetostatic interactions, a more systematic investigation
is required. In the framework of the model proposed, the magnetostatic interactions can be taken into
account by introducing an additional effective field acting on the bottom layer of the film structure.
Although this approach simplifies the real field distribution, it allows one to describe qualitatively the
influence of the magnetostatic field on the MI in non-symmetric multilayers.

We would like to now return to the concept of the magnetic MI biosensor. Why is the problem
of symmetric or non-symmetric MI structures so important in this particular case? There are two
main different types of biomedical requests: Analysis of electric and magnetic properties of living
systems, reflecting their functionality, and analysis of specific properties of the biocomponents.
In the present work, we refer to both the first and the second kind. The first case was already
demonstrated as useful devices for biomagnetic level magnetic field recording (magnetocardiogram or
magnetoencefalogramm) [49] or a very first attempt to use MI detectors for diagnostics of vascular
problems near stenosis [50].

The second kind are magnetic marker detecting compact analytical devices [29,30,51]. As the main
principle of magnetic marker detection is an evaluation of the sum of the stray fields of all magnetizable
markers [52], their conjunction can be viewed as an additional layer with particular properties
(Figure 8). Magnetic markers for biomagnetic detection are spherical superparamagnetic nanoparticles
or polymer composites containing spherical superparamagnetic nanoparticles, usually biocopatible
iron oxides [53,54]. In the ideal case, they are all identical and carry the same magnetic moments,
m, in a certain applied magnetic field. External field and magnetic moments of individual markers
are parallel to each other and therefore each marker creates stray fields. The measured difference
between the sensor output in the absence of the magnetic markers and in their presence allows (in the
calibrated system) a calculation of the amount of magnetic markers and therefore the biocomponents
of interest [55,56]. One therefore treats the study of the comparison of symmetric and non-symmetric
cases for MI multilayers as a model approach for improving the MI biodetector sensitivity.

S ~ NS + markers

S z NS

Y, v
J 7 /
J z
substrate substrate

Figure 8. Schematic representation of the symmetric (S) and non-symmetric (NS) MI multilayered

\;l:‘

sensitive elements. In a model case (to mimic the layer of randomly distributed magnetic markers),
the top multilayer can be substituted by a set of superparamagnetic spherical markers with the same
individual moments, ;Z, oriented in the direction of the applied field, H,.
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A theoretical study of the MI in symmetric and non-symmetric nanostructured multilayers can be
useful for the development of planar detectors of very low magnetic fields (of the order of biomagnetic
responses) of both types described above. Of course, proper comparison of the experimental results
and specially designed MI multilayers with nanostructured magnetic layers is desirable and we are
now in the process of obtaining the set of required multilayered samples for comparison.

5. Conclusions

The MI effect in symmetric and non-symmetric multilayers with nanostructured magnetic layers
was studied theoretically in order to analyze the influence of the multilayer parameters on the field
and frequency dependences of the MI response. The proposed approach consists of a calculation of
the field distribution within the multilayered film by means of a simultaneous solution of lineralizied
Maxwell equations and the Landau-Lifshitz equation. The model developed allows one to explain
qualitatively the main features of the MI effect in multilayers. It can be useful for optimization of
the MI film parameters. It might also be useful as a model case for the development of MI magnetic
biosensors for magnetic marker detection.
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Abstract: Amorphous and nanocrystalline soft magnetic materials have attracted much attention in
the area of sensor applications. In this work, the magnetoimpedance (MI) effect of patterned soft
ferromagnetic meander-shaped sensor elements has been investigated. They were fabricated starting
from the cobalt-based amorphous ribbon using the lithography technique and chemical etching.
Three-turn (S1: spacing s = 50 um, width w = 300 um, length 1 = 5 mm; S2: spacing s = 50 pm, width
w =400 pm, length 1 = 5 mm) and six-turn (S3: s = 40 pm, w = 250 um, length 1 = 5 mm; S4: s =40 um,
w = 250 um and 1 = 8 mm) meanders were designed. The 'n’ shaped meander part was denominated
as “one turn”. The S4 meander possesses a maximum MI ratio calculated for the total impedance
AZJZ ~ 250% with a sensitivity of about 36%j/Oe (for the frequency of about 45 MHz), and an MI
ratio calculated for the real part of the total impedance AR/R ~ 250% with the sensitivity of about
32%/Oe (for the frequency of 50 MHz). Chemical etching and the length of the samples had a strong
impact on the surface magnetic properties and the magnetoimpedance. A comparative analysis of
the surface magnetic properties obtained by the magneto-optical Kerr technique and MI data shows
that the designed ferromagnetic meander-shaped sensor elements can be recommended for high
frequency sensor applications focused on the large drop analysis. Here we understand a single large
drop as the water-based sample to analyze, placed onto the surface of the MI sensor element either by
microsyringe (volue range 0.5-500 pL) or automatic dispenser (volume range 0.1-50 mL).

Keywords: Magnetoimpedance effect; amorphous ribbons; patterned ribbons; meander sensitive
element; magnetic field sensor

1. Introduction

The magnetoimpedance (MI) effect is a classic electromagnetic phenomenon which can be
described as a significant change of the total impedance of a ferromagnetic conducting sensor element
applied to an external magnetic field when a high frequency alternating current flows through it [1-3].
The first magnetic field sensors working on the principle of the change of alternating current resistance
applied to an external magnetic field were reported by Makhotkin et al. [4] even before the MI
phenomenon was given its proper name [2,3].

Sensors 2019, 19, 2468; d0i:10.3390/s19112468 53 www.mdpi.com/journal/sensors
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In recent years, MI sensors have attracted special attention for their promising technological
applications in different fields [5-8]. Cobalt-based amorphous ribbons show good MI characteristics
with high sensitivity with respect to applied magnetic fields, sufficient even for biosensor
applications [9,10]. Cobalt-based rapidly quenched materials have reasonably high saturation
magnetization and nearly zero magnetostriction constant value, characteristics that make them
good candidates for very different applications [11-13]. One of the shortcomings of the rapidly
quenched ribbon-based materials is their relatively large size. It was shown previously that the shape
anisotropy plays a crucial role and the Ml ratio decreases significantly in the ribbons with a length of
less than a few centimeters [14,15]. One of the solutions to such a problem was to create patterned
elements in the shape of the meander [16-18] when the flat surface of the sensor element is required.
Although meander geometry was previously applied with success for the case of MI multilayered
structures [19-21], the proposed solution was shown to be useful in selected applications as the ribbon
patterning technology is cheaper in comparison with the thin films case, despite the disadvantage of a
lower degree of compatibility with semiconductor electronics, and the interaction effect resulting in
a decrease of the overall sensitivity. The effective length in a meander-shaped MI sensor element is
increased in comparison with the overall maximum dimension, providing the MI meander element a
special advantage. At the same time, possible interactions between the fields created by the different
parts of a meander can be complicated, and this geometry requires additional investigation.

Low working frequency is usually preferred for sensor applications as it makes the electronics
circuit cheaper and insures easier processing of the electronic signals. At the same time, the frequency
of the exciting current is an important parameter for determining the MI value [1,12]. Further
development of electronic circuits and measurement techniques have possibly extended the frequency
range of MI-based sensor applications [22-24] to higher frequencies where the signal-to-noise ratio can
be improved [12].

Despite the fact that MI materials with a very high MI ratio and sensitivity, combined with a small
size, have already been reported [25,26], there are particular biomedical applications for which flat
biosensors are required to measure liquids with a relatively large bioanalyte drop. Such applications can
be found in the environmental control and technological control of reservoirs. It is worth mentioning
the existence of similar solutions found earlier for giant magnetoresistance-based elements for magnetic
label detection [27]. In these cases, the resulting sensor elements consisted of wound lines forming the
spiral structures. They were assembled into the element consisting of tens of the elements incorporated
into the area of few squared millimeters. The signal for detection was collected from a number of
elements after appropriate biochemical treatment. Therefore, we proposed to design a relatively large
sensor element for the evaluation of the signal from one element. In future it might be useful for testing
the composition with four elements in a bridge configuration.

In this work, the magnetic properties and magnetoimpedance of patterned Co-based amorphous
ribbons were comparatively analyzed. We made the first step to work out the protocol of evaluation of
magnetic properties of such complex subjects. MI was measured in the extended frequency range of
1-200 MHz. The patterning was done by lithography and chemical etching in the shape of meander
sensor elements with three- or six-turns, with design focused on large drop analysis.

2. Materials and Methods

2.1. Fabrication of Ribbon-Based Patterned Soft Ferromagnetic Multi-Turn Sensitive Elements

First of all, we designed and developed small sensor elements in the geometry of the meander
shape close to a square, aiming to develop a particular type of detector focused on the single large
drop analysis of bioanalytes. Water droplet size is very important for different areas of analysis. Here,
we understand a single large drop as the water-based sample to analyze, laced onto the surface of the
MI sensor element either by microsyringe (volue range 0.5-500 uL) or automatic dispenser (volume
range 0.1-50 mL). The fabrication process of patterned ribbons constitutes a series of steps. Initially
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the as-cast ribbon was produced by the rapid quenching technique [24,25] followed by cutting, field
annealing, mechanical polishing and micromachining. Amorphous ribbons in the as-cast state were
obtained with CoysFe;oNi,SigBs nominal composition and a thickness of about 20 pm. Afterward,
ribbons were cut in 4 x 3 cm pieces via the SPF-7100 die sawing system, and the subjected to transverse
magnetic field annealing treatment in order to induce transverse magnetic anisotropy. The magnetic
field during field annealing was applied perpendicular to the ribbon axis (perpendicular to the direction
of the ribbon movement during the solidification). The details of the annealing process can be found
elsewhere [23]. Mechanical polishing was performed by diamond sand-paper with a gradual reduction
of the grain size in order to reduce the surface roughness having a negative impact on the value of MI
sensitivity [28]. After polishing, the thickness of the ribbons was close to 15 pm. In order to reduce
the etching error, chemical etching was carried out in a thermostatic water bath. Micromachining
was done by micro electro-mechanical system (MEMS) technology, including bonding, lithography,
and chemical etching. After etching, all patterned ribbons in the meander shape were polished again to
ensure a smooth surface. The last request is especially important in biosensor applications for magnetic
label detection.

Although different geometries obtained by the employed technique were tested, we selected just a
few of them with reasonable quality (Figure 1). With the amorphous ribbons it is impossible to ensure
a flat cross-section of the samples for the individual line width below 0.1 mm. Planning the creation of
the magnetic marker sensor for the in-liquid detection, one must keep the surface geometry as flat as
possible. Meanders with a larger number of turns are difficult to fabricate by etching; therefore we
selected some simple options for testing. Figure 1a,b shows the surface features of the amorphous
ribbon after both chemical etching and polishing.

'f"

Induced magnetic anisotropy axis
—

. (d) 40

250 pm

Characteristic
places

Cu Contacts Co-based amorphous ribbon

Figure 1. Surface micrograph of the CoysFe;gNipSigBs ribbon after chemical etching (a). Surface
micrograph of the chemical etched CoysFe;oNi;SigBs ribbon after polishing (b). The description of
the selected types of the patterned MI meanders (c,d). General view of the fabricated patterned MI
meanders S1 and S4 (e,f). Part (c) shows three-turn and part (d) shows six-turn meanders.

55



Sensors 2019, 19, 2468

The micropatterned ribbon sensor elements were designed as compact n-shaped meander
structures. Figure 1c,d shows selected examples of the meander geometry. The 'n’ shaped meander
part was denominated as a “one turn” sample.

Three-turn meanders were denominated as S1 and S2, and six-turn meanders were denominated
as S3 and S4. Details of the geometries of all samples are given in Table 1. The length close to 8 mm was
previously described in the literature as a critical length for non-patterned amorphous ribbon [13,14].
The spacing of 50 pm and length of 5 mm were used for S1 and S2 meanders and the same spacing
of 40 um and width of 250 um were used for S3 and 54 meanders. Figure le,f shows a general view
of the fabricated S1 and S4 meanders. High magnification allows an estimation of the quality of the
fabricated sensitive elements.

Table 1. Selected parameters of Coz5Fe;gNi,SigBs meanders.

Sample Number of Turns Spacing Width Length
S1 3 50 pm 300 pm 5mm
S2 3 50 um 400 pm 5 mm
S3 6 40 pm 250 pm 5mm
S4 6 40 pm 250 pm 8 mm

2.2. Measurement of Surface Magnetic Properties of the Samples

Surface magnetic properties of the samples were investigated by the magneto-optical Kerr effect
(MOKE) using a Kerr microscope (Evico magnetics GmbH, Dresden, Germany). MOKE measurements
were performed by collecting the signal in the longitudinal mode, i.e., the component of magnetization
lying in the sample plane and parallel to the direction of incidence of light was analyzed. Figure 1c,d
shows some selected positions—A, B, C, D, E, F, G, H for MOKE measurement (white squares) according
to the symmetric structure of the meander patterning. The signal was obtained from the plot area
of 0.5 x 0.5 mm?. Some characteristic positions named by the same letter were picked up for the
same location for different samples. The magnetic field up to 270 Oe was applied along the ribbon
axis coinciding with longer part of the “n”- shaped direction. Meanwhile the magnetic field was also
applied perpendicular to the ribbon axis for comparative analysis.

MOKE is a surface sensitive method that probes the surface magnetization. The origin of the
high frequency alternating current impedance is connected to the change of the dynamic magnetic
permeability and skin effect [1-3]. As the high frequency alternating current flows close to the surface,
it is the surface anisotropy that makes a significant contribution to the MI effect value.

We made the first step to work out the protocol of evaluation of the magnetic properties of such
complex subjects. On one hand, the bulk measurements with vibrating sample magnetometer (VSM)
could provide more complete information because the VSM signal comes not only from the surface but
also from the volume of the massive sample. On the other hand, the information obtained from the
whole meander is quite mixed as the shape anisotropy and interactions between different parts of the
meanders are crucial. There is no detailed evaluation of local magnetic properties of such structures in
the literature and we made a step in this direction. As will be shown below, the proposed methodology
seems to be working.

2.3. Measurement of MI

In order to ensure high-quality MI measurements and to minimize the “microstripe line” holder
parasite signal contribution, special sample holders were prepared in accordance with the size of
each sample (Figure 2b). The total effective impedance of the sample installed in a measuring circuit
(“microstrip” line in this particular case) consisted of two different parts. The first one was the intrinsic
impedance of the sample. It changes under the application of the external magnetic field. The second
one is the external impedance attributed to the circuit itself. The last contribution does not change in
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the course of the external magnetic field application. This means that the measured effect is lower than
the one corresponding to the intrinsic impedance of the MI sensor element.

Holder

s Helmholtz coil

Agilent E499

| B
ls‘._l. £

Figure 2. Schematic view of the MI measuring system for meander samples (a) and and “microstrype

Zonmy ¥

line” type sample holder with incorporated meander sample (b).

The impedance was measured as a function of alternating current frequency in the frequency
range of 1 to 200 MHz using an automatic system based on a precision Agilent HP E4991A impedance
analyzer. The calibration of the system and mathematical subtraction of the contributions of the test
fixture were in accordance with a previously established procedure [29]. Total impedance (Z) was
measured as a function of the external magnetic field for the exciting current amplitude of 10 mA in all
measurements. The external quasi-static magnetic field (H) generated by Helmholtz coils was changed
in the interval +110 to =110 Oe and aligned with the long parts of the meander.

Measurements in the decreasing field were denominated as the “down” branch; measurements in
the increasing field were denominated as the “up” branch. The Ml ratio for total impedance variation
and its real part in the external magnetic field were calculated as follows:

AZ/Z =100 X (Z(H) — Z(Hmax))/Z(Hmax) (€]

AR/R =100 X (R(H) — R(Hmax))/R(Hmax) )

where Hpax = 110 Oe. The maximum ratio at each frequency was denoted AZ/Zn, for the total
impedance and AR/Rpax for its real part. An important characteristic of the MI response is the maximal
sensitivity with respect to the external magnetic field. The MI sensitivity with respect to the applied
magnetic field was calculated as follows:

S(AZ/Z) = AN(AZ/Z)|AH 3)
S(AR/R) = A(AR/R)/AH 4)
where AH ~ 0.1 Oe is the field increment for calculation of AZ and AR.

3. Results and Discussion

The quasi-static magnetic properties of the meanders were measured by the MOKE microscope.
Hysteresis loops taken from the characteristic sections of the samples (Figure 1) are shown in the Figure 3.
The hysteresis loops in point A have the small coercive force and high magnetic permeability, which are
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common for amorphous magnetically soft ribbons [10,29]. More complex types of magnetization
reversal were observed for the non-external long sections of the meander due to the complicated
process of magnetization interactions with the adjacent parts of the element. Although, one can notice
a great difference between the magnetization processes in points B and C of the samples S1, S2 and S3.
In the case of the sample 5S4, only a slight increase in the coercive force takes place. As this sample is
longer than the others, one can suppose that the changes in the type of the hysteresis loops are caused
by an influence of the smaller contribution of the meanders’ round sections (as points D and H in
Figure 2) as well as due to the stronger contribution of the demagnetizing factor of the elongated parts.
Although the details of such a mechanism are not clear, the origin can be explained by the presence of
the stray fields of different meanders’ areas and surface, including the border defects that appeared
during the samples’ production process. At the same time, in order to obtain statistics and better
insight, M(H) loops were measured many times at the same position and allow a small displacement.
As the M(H) loops in these conditions did not change very much we have concluded that border effects
were not crucial.

M/M
>
N

M/M

-1 -1
r T T T T T T r T T T T T T T
20 -15 -10 -5 0 5 10 15 20 20 -15 -10 -5 0 5 10 15 20

H (Oe) H (Oe)

Figure 3. MOKE hysteresis loops taken from the corresponding characteristic sections A, B (G), C (F) of
different CoysFe;gNi,SigBs meander samples. The external magnetic field is applied parallel to the
long side of the meanders and perpendicular to the induced magnetic anisotropy axis.

Also, one can notice that the magnetic properties of the turning sections of meanders (points D, E,
H) differ from the properties of the middle sections (Figures 3 and 4). In these regions the material
of the meander reaches a saturated state only in very high magnetic fields above 200 Oe. Moreover,
in the case of the sample S4 a certain increase in the coercive force is observed. This fact supports our
hypothesis about role of the shape, and to a lesser extent the defects caused by the etching on local
magnetic properties and effective magnetic anisotropy axis dispersion.
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Although point-by-point analysis of the local hysteresis loops is useful, one can also compare
the whole set of the obtained shapes of M(H) loops. It is clear that in the S4 case, M(H) loops for very
different points differ from each other to a lesser extent, i.e., the magnetic material shows a lower
degree of inhomogeneity in the sense of the dominating magnetization mechanisms. A similar concept
was previously discussed in the literature for non-patterned amorphous and nanocrystalline ribbon,
we refer to the role of the anisotropy distribution in the formation of the MI response [30,31].
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Figure 4. MOKE hysteresis loops taken from the same turning sections of the three-turn (a) and six-turn
(b) CoysFeq9Ni,SigBs meander samples.

As it can be seen (Figures 5 and 6), complex quasistatic magnetic properties of the meander
samples also reflect their MI responses. One can notice several field intervals with different curvature
of the MI curves, i.e., behavior, which is usually not observed for simple amorphous ribbon quenched
samples [10] in the shape of a single elongated stripe. These intervals are marked as A, B and C
(Figure 6) characteristic areas.

2501
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Figure 5. Field dependence of the MI ratio for the total impedance (a,c) and its real part (b,d) for the
CoysFejoNiySigBs meander samples; (¢,d)—the same dependencies in a small field range. “Down”
curves for the magnetic field change from 100 Oe to —100 Oe are marked with solid symbols, “Up”
curves for the magnetic field change from —100 Oe to 100 Oe are marked with empty symbols.
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Figure 6. Comparison of the magnetization curves and field dependence of the MI ratio for total
impedance of the three-turns CoysFe;oNi,SigBs meander S2. Characteristic field intervals with different

curvature of the GMI curves are marked as A, B and C.

In small magnetic fields (interval A) the border parts of the meanders (point A) quickly magnetize,
meanwhile the middle sections keep staying almost demagnetized and hence do not contribute
significantly to the MI response. In the higher fields (intervals B and C) the border sections become
saturated and stop contributing to the MI. The second change of curvature of M(H) curves is observed
for both points B and C. Although the explanation of the origin of such behavior requires an additional
investigation of the position of about 10 Oe, for both M(H) and MI, the curves indicate a strong
contribution of the anisotropy field.

Despite the complexity of the dynamic magnetization process described above the meander
samples used in this work show high MI response and its sensitivity to an external magnetic field
(Figures 7 and 8). As is shown in Figure 8, the S4 meander demonstrates the highest values for both
parameters: GMI response AZ/Z = 244% and its sensitivity S(AZ/Z) = 35%/Oe. It also correlates with
Figure 3, which shows that there is only a slight difference in magnetization curves for the different
sample areas. As expected, the highest MI effect and its sensitivity are observed for the case where
the most uniform anisotropy is insured. Both effects can be explained by a lower anisotropy axis
dispersion in comparison with the other samples because of its longer length, and hence a smaller
impact of the turning sections or the shape anisotropy.

2404 (@) » 7T,
y’ AN

(AZ/Z)max(*)
(AR/R)max(%)

50 l(I)O 150 2(‘)0 SIO l(l)O léO 260
Frequency (MHz) Frequency (MHz)

Figure 7. Frequency dependence of the maximal MI ratio for the (a) total impedance and (b) its real

part for CozsFe1oNiySigBs meander samples.

The frequency dependences of the maximum of the MI ratio for total impedance and the real part
of the total impedance are shown in Figure 7. The maximum AZ/Z . ratio of about 250% appeared at
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a frequency of 42 MHz for the six-turn sample S4 (Figure 7a). However, the AZ/Z .« ratios (162% for
S1 and 146% for S2) at a lower frequency of 32 MHz was larger than that of the six-turn sample S3
(129%). The main reason may be that S1 and S2 samples had a better proportion of width and spacing.
Compared with the AZ/Z . ratios of the three-turn samples S1 and S2, we can find that the MI ratio
of the sample S1 with a narrow line-width was larger than that of sample S2. These results were
consistent with the earlier reports [26,30].
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Figure 8. Frequency dependence of the sensitivity of the Ml ratio for (a) total impedance and (b) its
real part for CoysFe;oNiySigBs meander samples.

In the frequency range 100-200 MHz, there is no obvious difference for AZ/Zmax ratios of samples
S1 and S3. Compared with the six-turn meanders, the increase of length had a strong impact on MI
enhancement. The maximum AR/Rmax ratios was 254% obtained at a frequency of 53 MHz from
the sample 54 (Figure 7b). The tendency for (AR/R)max is similar to that of (AZ/Z)m.x. However,
the AR/Rpmax ratios had a conspicuous distinction in the frequency range 1-200 MHz: the working
frequencies correspond to the AR/Rpmax ratios for samples S1-54 are higher than that AZ/Z . ratios.

Figure 8 shows the frequency dependence of the sensitivity of the MI ratio for total impedance
and its real part for different meanders. A general view of the frequency dependence of the MI
maximum (both for real part and the total impedance) is quite similar to the (AR/R)max (AZ/Z)max
measured for single stripe amorphous ribbons. The origin of such behavior was previously discussed
in the literature. Under conditions of strong impedance variation, the constant external magnetic field
and transverse magnetic field created by the alternate current make a contribution to the transverse
dynamic permeability. With the frequency increase, the domain walls become affected by stronger
eddy-current damping, the anisotropy field gradually increases, magnetic permeability decreases
leading to decrease in MI value. More details can be found elsewhere [2,32-34].

The sensitivity for the total impedance MI ratio maxima S(AZ/Z)max and for its real part maxima
S(AR/R)max were calculated in the field of 7 Oe, 14 Oe and 12 Oe respectively. The AZ/Zyax sensitivity
of meander samples S4, S3, S2 and S1 were 36%/Oe, 9%/Oe 12%/Oe and 14%/Oe, respectively.
These dependences reveal the same tendencies as those found for the frequency dependence the MI
ratio maximum for the total impedance and its real part (Figure 8). The highest S(AZ/Z)max and
S(AR/R)max (36%) were observed in the case of the sample S4 with increased frequency. The sensitivity
of the Ml ratio for total impedance and its real part of sample S3 were median. The values of sensitivity
were also adequate for sensor applications from the point of view of magnetic field sensitivity.

Table 2 lists the sensitivity of the MI ratio for total impedance and its real part for different
samples and the corresponding different magnetic fields and frequencies. The sample S4 had better MI
characteristics including a wider range of the fields suitable for application. Therefore, the field and
frequency dependence of the Ml ratio of the 54 meander were investigated in more detail (Figure 9).
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Measurements in the decreasing field after magnetic saturation were defined as “down” branch and
the measurements in the increasing field after saturation were defined as the “up” branch.

Table 2. Comparison of sensitivity of the MI ratio for total impedance and its real part for
CoysFeoNi,SigBs meander samples, and the corresponding different magnetic fields and frequencies.

Sample S (AZ/Z)(%[Oe) H (Oe) f (MHz) S (AR/R)(%/Oe) H (Oe) f (MHz)
S1 14% 12 32 15 12 53
S2 12% 12 42 14 12 74
S3 9% 14 63 10 14 63
S4 36% 7 42 36 7 53
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Figure 9. (a) Field and (b) frequency dependence of the MI ratio of CoysFe19Ni;ySigBs patterned

meander element S4.

The MI value is almost constant in higher fields due to the saturated sample state.
Magnetoimpedance ratio in an external field of 30 Oe also varies slightly in the frequency range
40-200 MHz. A significant change in the Ml ratio was observed by varying not only the magnitude
of the external magnetic field from 0 to 15 Oe but also the frequency of the exciting current. The
optimum mode of MI-detection by the 54 element is frequency range up to 40 MHz in low fields up to
15 Oe. As the biodetection of the magnetic markers requires the highest sensitivity with respect to the
applied field, due to the very small value of the stray fields of magnetic nanoparticles employed as
biomolecular labels [35], the S4 element seems to be the best candidate for this kind of application.

4. Conclusions

In summary, surface magnetic properties and the magnetoimpedance effect of patterned soft
ferromagnetic CoysFe1oNi;SigBs ribbon-based meander sensor elements have been investigated.
Samples with a different number of turns, line width and length were fabricated and studied.
The results showed that the length of the samples plays the most important role in the formation of
well-defined magnetic anisotropy, and hence a higher homogeneity and MI response. The maximum
MI ratio of the total impedance of 250% for the exciting current frequency of 45 MHz, and its sensitivity
to the external magnetic field of 36%/Oe were observed for the longest six-turn meander sample.
These results can be used for further investigations and the production of magnetic field sensors based
on the MI effect for the cases focused on large drop analysis.
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Abstract: Magnetic iron oxide nanoparticles are relatively advanced nanomaterials, and are widely
used in biology, physics and medicine, especially as contrast agents for magnetic resonance imaging.
Characterization of the properties of magnetic nanoparticles plays an important role in the application
of magnetic particles. As a contrast agent, the relaxation rate directly affects image enhancement.
We characterized a series of monodispersed magnetic nanoparticles using different methods and
measured their relaxation rates using a 0.47 T low-field Nuclear Magnetic Resonance instrument.
Generally speaking, the properties of magnetic nanoparticles are closely related to their particle sizes;
however, neither longitudinal relaxation rate r nor transverse relaxation rate r, changes monotonously
with the particle size d. Therefore, size can affect the magnetism of magnetic nanoparticles, but it is not
the only factor. Then, we defined the relaxation rates r/ (i = 1 or 2) using the induced magnetization
of magnetic nanoparticles, and found that the correlation relationship between | relaxation rate
and rq relaxation rate is slightly worse, with a correlation coefficient of R? = 0.8939, while the
correlation relationship between r; relaxation rate and r, relaxation rate is very obvious, with a
correlation coefficient of RZ = 0.9983. The main reason is that r, relaxation rate is related to the
magnetic field inhomogeneity, produced by magnetic nanoparticles; however r| relaxation rate is
mainly a result of the direct interaction of hydrogen nucleus in water molecules and the metal ions
in magnetic nanoparticles to shorten the T; relaxation time, so it is not directly related to magnetic
field inhomogeneity.

Keywords: magnetic nanoparticles; contrast agent; relaxation; relaxation rate; Langevin model;
magnetic field inhomogeneity

1. Introduction

Magnetic iron oxide nanoparticles (MIONPs) have developed rapidly in recent years and have
been widely used in biology, physics and medicine. They are quite small, usually nanoscale, and
because of their scale, they can manifest many unique properties, such as superparamagnetism,
i.e.,, when the applied magnetic field approaches zero, the induced magnetization and coercivity
are also zero [1-4]. In addition, MIONPs have good temperature performance and can be used
as temperature sensors. Some scholars used them to make some progress in the field of magnetic
temperature measurement [5-11]. Due to their low toxicity, biocompatibility, and specificity after
surface modification, MIONPs can be used as a target for drug delivery and disease treatment [12-15].
MIONPs are often used as contrast agents [16-20] in magnetic resonance imaging (MRI), which is one
of the most important imaging methods in the field of medical diagnosis and scientific research [21-24].
MRI is a kind of imaging technology, which mainly uses the resonance effect of an electromagnetic
field and hydrogen nucleus spin. Then, according to the collected magnetic resonance signal, imaging
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information from the tested object can be established. MRI not only has many imaging parameters
and can be imaged in any direction without ionizing radiation damage to the human body, but can
also perform non-invasive imaging of the internal structure or tissue of the human body or organism.
According to the energy exchange between nuclear spin and the outside, hydrogen protons have two
main relaxation mechanisms: longitudinal relaxation (spin-lattice relaxation) and transverse relaxation
(spin-spin relaxation), which correspond to two relaxation time parameters, respectively: longitudinal
relaxation time (T relaxation time) and transverse relaxation time (T, relaxation time). These two
relaxation mechanisms have a direct impact on the quality of magnetic resonance imaging. When the
contrast agent (such as MIONPs) is added to the tested object, it will produce induced magnetization
under the excitation of the magnetic field, which will affect the distribution and uniformity of the
magnetic field around it, and then change the relaxation mechanisms of the protons around it; in short,
the relaxation times will change. More intuitively, it will enhance the image contrast and speed up the
image efficiency [23,25,26]. The enhancement effect of contrast agents on MRI can be expressed by the
relaxation rate (rq relaxation rate and r; relaxation rate). Current research focuses on how to reduce
proton Ty relaxation time and T relaxation time, how to improve the contrast performance of lesions
and surrounding tissues, and how to accelerate the relaxation rate. In these studies, MIONPs can play
a significant role. For example, different synthetic methods, size control, surface modification, etc. are
used to improve their performance as a contrast agent. In addition, some scholars studied the use of
different proportions of other metal materials such as Co, Zn and Mn doped iron oxide to enhance
its saturation magnetization, thereby improving the relaxation enhancement properties of magnetic
nanoparticles [27-30].

Characterization of the properties of magnetic nanoparticles plays an important role in the
application of magnetic particles. In this paper, a series of commercial single core magnetic nanoparticles
(SHP series, Ocean Nanotech, San Diego, CA, USA) with different nominal particle sizes (5 nm, 10 nm,
15 nm, 20 nm, 25 nm, 30 nm) were characterized using different methods. They can be stably
monodispersed in aqueous solutions. Generally speaking, the properties of magnetic nanoparticles
are closely related to their sizes, so we firstly measured the particle sizes using transmission electron
microscopy and dynamic light scattering. Then the relaxation time of samples with different Fe ion
concentrations was measured in a 0.47 T low-field nuclear magnetic resonance (LF-NMR) instrument
and fitted to obtain rq relaxation rate and r, relaxation rate. However, neither r; relaxation rate
calculated nor 7, relaxation rate calculated changes monotonously with the particle size d. Because the
addition of magnetic nanoparticles mainly changes the uniformity of the ambient magnetic field of the
surrounding water molecules, and then changes the relaxation time, we further seek the relationship
between the relaxation time and the induced magnetization of the magnetic nanoparticles in the
magnetic field, and define the r; relaxation rate and ré relaxation rate. Because the T, relaxation
process is very sensitive to the inhomogeneity of the magnetic field, and the addition of magnetic
nanoparticles can directly affect the inhomogeneity of the magnetic field, it is found that the correlation
between 77, relaxation rate and 7, relaxation rate is good. The effect of magnetic nanoparticle contrast
agent on T relaxation mechanism is mainly due to the direct interaction of the hydrogen nucleus in
water molecules and metal ions in magnetic nanoparticles; therefore T relaxation mechanism is not
directly related to the magnetic field inhomogeneity. Therefore, the magnetic properties of magnetic
nanoparticles are influenced by many factors, among which particle size is only one.

2. Materials and Methods

2.1. Magnetic Nanoparticles

We use an SHP series commercial magnetic nanoparticle reagent (Ocean NanoTech, San Diego,
CA, USA), which is a single core magnetic nanoparticle. It is composed of ferric oxide magnetic
nanoparticles, which are coated with carboxylic acid groups on the surface with good water solubility
and dispersity. Its original iron ion concentration is 5 mg/mL. Six kinds of magnetic nanoparticle
reagents were selected: SHP-05, SHP-10, SHP-15, SHP-20, SHP-25 and SHP-30 (nominal particle sizes
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are 5, 10, 15, 20, 25 and 30 nm, respectively, with a tolerance of < 2.5 nm). In addition, according to the
measurement method of relaxation rate, samples with different Fe concentrations need to be prepared
for each particle size of the magnetic nanoparticle reagent. Therefore, the magnetic nanoparticle
reagent with the above particle size were diluted by deionized water to prepare five different Fe ion
concentrations (1.79 mM, 1.12 mM, 0.89 mM, 0.45 mM, 0.22 mM), totaling 30 samples.

2.2. Transmission Electron Microscopy

The magnetic nanoparticles were imaged by transmission electron microscopy (TEM) (H-7000FA,
HITACHI, Tokyo, Japan) with 110 kV to characterize their core size.

2.3. Dynamic Light Scattering

Dynamic Light Scattering (DLS) can detect the diffusion motion of particles and determine the
hydrodynamic size (the overall size including magnetic core, polymer coating layer and the surrounding
water layer) distribution of particles. Zetasizer Nano ZS90 (Malvern—Panalytical, Malvern, England)
was used to measure the hydrodynamic size distribution of the above magnetic nanoparticles at a fixed
scattering angle of 90 degree. The autocorrelation function of scattered light is analyzed, and the size
distribution is calculated by assuming that the particle is an equivalent sphere.

2.4. LF-NMR

The relaxation time was measured using an LF-NMR instrument with a magnetic field of 0.47 T
(MiniPQO001-20-15 mm, Niumag, Suzhou, China). The temperature of the main magnet and the
sample chamber of the instrument is set at 35 °C To shorten the temperature balance time after the
samples are put into the sample chamber, the samples are kept in an incubator set at 35 °C before the
experiment. After starting the experiment, the samples were placed in the sample chamber of the
LF-NMR instrument in turn for about 3 min, so that the temperature of the samples in the sample
chamber could reach the thermal equilibrium as far as possible. The T; relaxation time is measured
four times by using Inverse Recovery (IR) Sequence and then T, relaxation time was measured by
using the CPMG (Carr-Purcell-Meiboom-Gill) sequence five consecutive times.

3. Results

3.1. Characterization of Magnetic Nanoparticles Samples: TEM, DLS

TEM: The TEM images of SHP-05, SHP-10, SHP-15, SHP-20, SHP-25 and SHP-30 magnetic
nanoparticles samples in Figure 1 show that they are monodispersed magnetic nanoparticles.

Figure 1. TEM images of SHP series magnetic nanoparticles samples. (a) SHP-05; (b) SHP-10; (c) SHP-15;
(d) SHP-20; (e) SHP-25; (f) SHP-30.
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DLS: The hydrodynamic size distributions are shown in Figure 2. To reduce the measurement
error, each magnetic nanoparticle sample was measured three times in succession, and the statistical
mean values were used.
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Figure 2. Hydrodynamic size distribution of SHP series magnetic nanoparticles. The discrete points
are the measured hydrodynamic size distributions, and the solid lines are the fitting curve obtained
using lognormal distribution.

Generally, we believe that the hydrodynamic size distribution of magnetic nanoparticles follows
lognormal distribution [31-34]

1 1 ( d\
- ]

here, d is the diameter of particles, u is the median diameter of the lognormal distribution, ¢ is the
standard deviation of Ind. Therefore, the lognormal distribution function is used to fit the hydrodynamic
size distribution measured by DLS, and the results are shown in Table 1.

Table 1. Parameters of lognormal distribution of the hydrodynamic size and the nominal size for SHP
series magnetic nanoparticles.

DLS
Sample Nominal Size (nm)
Median Diameter (y/nm) Variance (6?)
SHP-05 18.24 0.28 5
SHP-10 29.72 0.22 10
SHP-15 37.11 0.24 15
SHP-20 28.22 0.23 20
SHP-25 36.85 0.23 25
SHP-30 40.40 0.24 30

Dynamic light scattering (DLS) is a physical characterization method, which can be used to
measure the particle size distribution of solutions or suspensions, and also to measure the behavior of
complex fluids such as concentrated polymer solutions. The irregular random diffusion of magnetic
particles in aqueous solution will attract some water molecules to move together on its surface, that is to
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say, water film is formed on its surface. It can be seen that the measurement results seem to be somewhat
abnormal and have little correlation with the nominal core sizes. The results of DLS measurements
using the same magnetic particles as us are not entirely consistent in other studies [35-37]. This may
be caused by measurement errors, methods, etc., or more complex underlying causes.

3.2. Waiting Time Dependence of T, Relaxation Time

The relaxation time of each magnetic nanoparticle samples was then measured using a 0.47 T
LF-NMR instrument. In addition, it was reported in much of the literature that the relaxation time
(especially T relaxation time) of magnetic nanoparticle aqueous solution samples obtained from NMR
measurements is time-dependent [38—41]. That is to say, the measured relaxation times are related
to the waiting time that the sample undergoes after being put into the sample chamber of the NMR
instrument. In our experiment, because each sample was kept for about 3 min in the sample chamber,
then the T7 relaxation time was measured several times, and then the T; relaxation time was measured
several times in succession. Therefore, depending on the above-mentioned articles on the waiting time
dependence of T, relaxation time, this paper did not set the waiting time accurately. However, in order
to illustrate the problem as much as possible, we define the waiting time #;,, and set the waiting time f,
for the first measurement of the T, relaxation time of each sample to 0 s. The waiting time #}, of the
same sample for subsequent T, relaxation time measurement was set according to the time interval
from the first measurement. Generally, we choose the T, relaxation time measurement data of the
sample with the highest Fe concentration for each particle size, and plot the relationship between T,
relaxation time and waiting time t;,, as shown in Figure 3 below.
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Figure 3. Waiting time dependence of T, relaxation time. It can be seen that the T, relaxation time
of magnetic nanoparticle samples with different particle sizes hardly varies with the waiting time £,
under the current test conditions.

It can be clearly seen that the T) relaxation time of the magnetic nanoparticles used in our
experiment did not show dependence on #;, waiting time. The main reason may be that the sizes of
magnetic nanoparticle samples are relatively small, and surface-coated carboxylic acid groups produce
electrostatic repulsion, which makes it possible for them to disperse stably in water phase without
agglomeration under the effect of external magnetic field. Of course, it is also possible that the magnetic
field (0.47 T) of the LF-NMR instrument in this paper is too low to make the magnetic nanoparticles in
the magnetic field cluster into chains.
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Regardless of the reason, the extrapolation method in these references is not needed in this
paper [38—41], but the T} relaxation time and T, of relaxation time measured can be directly used to
obtain the relaxation rate information of corresponding samples.

3.3. Relaxation Rate

In MRI, longitudinal relaxation rate 7y and transverse relaxation rate , are the main indicators to
evaluate the enhancement effect of magnetic nanoparticles as contrast agent. Relaxation rate, in units
of mM~1s71 is the inverse of Ty or T relaxation time of protons when the concentration of Fe ion in
magnetic nanoparticle dispersion solutions is 1 mM [39,42,43]:

1/T1,sup = 1/T1,water + 71 Cpe 2

1/T2,sup = 1/T2,water + 12Cpe 3)

where Ty 5,y and T 5 are the Ty and T; relaxation time of magnetic nanoparticle suspension solution
respectively; T+ water and T yater are the intrinsic T7 and T relaxation time of water respectively; cpe, in
the unit of mM (mmol/L), is the concentration of Fe ion in magnetic nanoparticle suspension solution.

According to the above definition, we can simply prepare several magnetic nanoparticle water
solution samples with different Fe ion concentrations, and use NMR instrument to measure their
relaxation time respectively. Then taking T; yuter (i = 1 or 2) and ; (i = 1 or 2) as fitting parameters, by
fitting the curve between the inverse of relaxation time and the concentration of Fe ion, the slope is the
corresponding relaxation rate, as shown in Figure 4.
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Figure 4. Relaxation rate of SHP series magnetic nanoparticle sample. (a) Inverse of longitudinal

relaxation time 1/T; and (b) inverse of transverse relaxation time 1/T, with respect to Fe ion

concentration ce.

To make it more intuitive, we summarized the relaxation rate information of SHP series magnetic
nanoparticle samples, as shown in Figure 5.
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Figure 5. Relaxation rate of SHP series magnetic nanoparticle samples. (a) 7| relaxation rate; (b) rp
relaxation rate.

The addition of contrast agent will affect T1 and T relaxation time, but the degree of influence on
the two relaxation times may be different, that is to say, r; relaxation rate and r; relaxation rate may be
different, so we can simply classify the contrast agent using r, to ry ratio, i.e., rp /11 [25,44-48]. Tt is
generally believed that when the ratio 7, /71 < 2, the contrast agent works better as T} contrast agent;
when 2 < 1,/ < 10, the contrast agent can work as both Ty contrast agent and T, contrast agent, that
is to say, it is T1-T, dual mode contrast agent; when the ratio 2 /r; > 10, the contrast agent works
better as T, contrast agent.

After calculating the r, /1, ratio of the SHP series magnetic nanoparticles, and according to the
above classification method, we then attempted to classify them, as shown in Figure 6.
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Figure 6. The ratio 1 /71 of SHP series magnetic nanoparticles.
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It can be observed that the r, /7y ratios of SHP-05, SHP-10, SHP-15, SHP-20 and SHP-25 magnetic
nanoparticle samples are between 2 and 10, so they can be considered to be T1-T> dual mode contrast
agents. While the 7, /7y ratio of the SHP-30 magnetic nanoparticle sample is close to 20, it will work
more suitably as T, contrast agent.

3.4. Analysis of Relaxation Rate

In addition, it can be found that neither r; relaxation rate calculated nor r, relaxation rate calculated
changes monotonously with the particle size d [49,50]. When magnetic nanoparticles are added, the
induced magnetization thereof will be produced under the exciting of the static magnetic field, which
will change the ambient magnetic field, increase their inhomogeneity and shorten the relaxation time
of the surrounding water hydrogen proton. This is also the basic principle of magnetic nanoparticles
as contrast agents in MRI. It can be assumed that the magnetic field inhomogeneity is directly related
to the induced magnetization produced by magnetic nanoparticles in magnetic field, and the induced
magnetization can be described by the Langevin model [8,51-54]:

M= Nm(coth(?—f) - ::1—2) 4)

where N is the number of magnetic nanoparticles per unit volume (i.e., the concentration of magnetic
nanoparticles); 1 is the magnetic moment of a single magnetic nanoparticle; B is the static magnetic
field; k is the Boltzmann constant and T is the absolute temperature.

It can be seen that the induced magnetization of magnetic nanoparticles system in a static magnetic
field is related to the external excitation magnetic field, temperature, concentration of magnetic particles
and magnetic moment of magnetic particles. Generally, magnetic nanoparticles are simplified to sphere
shapes, so the magnetic moment 1 of magnetic nanoparticle can be expressed as the following equation:

nd

m = MsatV = Mgt 6

®)
where, Mg, is the saturation magnetization of magnetic nanoparticle. d is the diameter of
magnetic nanoparticles.

In the previous calculation of the relaxation rate, the concentration of Fe ion is taken as a reference.
Here we assume that the magnetic field inhomogeneity caused by the addition of magnetic particles
is proportional to the induced magnetization of magnetic nanoparticles, so we define the relaxation
rate by referring to the induced magnetization of each sample. that is to say, we define r/ (i =1 or 2)
relaxation rate. The method for calculating the 7] (i = 1 or 2) relaxation rate is similar to that shown in
Equations (2) and (3), except that the induced magnetization M (unit A.m) at different magnetic particle
concentrations can be used to replace the Fe concentration cpe. When the induced magnetization
intensity of MIONPs in water solution is 1 A.m, the inverse of T; relaxation time and T, relaxation
time of the hydrogen proton is ] relaxation rate and r, relaxation rate respectively. It can be concluded
that the unit of 7/ relaxation rate and / relaxation rate is A~'m™1s™".

Therefore, according to the Langevin model, combined with the actual relaxation time measurement
experiment, the induced magnetization of each magnetic nanoparticle sample in LF-NMR instrument
is simulated. The static magnetic field B = 0.47 T (the main magnetic field of LF-NMR instrument
MiniPQ001-20-15 mm), temperature T = 308.17 K (the temperature of the sample chamber of the
LE-NMR instrument MiniPQ001-20-15 mm). In much of the literature, the saturation magnetization
M;qt of SHP series magnetic nanoparticles was measured and involved, but the values measured (or
assumed) are different, but the difference is not significant [35,55-58]. From Equation (5), it can be
seen that magnetic moment m is proportional to the cube power of the particle size d, but is only
proportional to the first power of saturation magnetization M. In other words, the influence of
magnetic particle size d on magnetic moment m is much bigger than the influence of the saturation

72



Sensors 2019, 19, 3396

magnetization Ms;; on magnetic moment m. Therefore, we can say that the magnetic moment m is
mainly dominated by particle size d. Therefore, according to the above references, it is reasonable to
assume that the saturation magnetic moments of SHP series magnetic nanoparticles are all the same,
i.e., Mgy = 4.5 % 10° A/m.

In addition, the induced magnetization of magnetic particle system is also affected by the
concentration of magnetic nanoparticles. Because the Langevin model needs concentration information
from the magnetic nanoparticles, however the samples previously prepared are based on the
concentration of Fe ion, so we need a conversion process. According to the Ocean Nanotech
official website [59], the ratios of magnetic nanoparticle concentration to Fe ion concentration of
SHP series magnetic nanoparticles, with different particle sizes, are different. After these conversion
processes, finally, the induced magnetization M of different magnetic particle samples can be calculated
using the Langevin model as shown in Equation (4). Then, by fitting the curve between the inverse of
relaxation time and the induced magnetization M, the slope is the corresponding | relaxation rate and
15 relaxation rate, as shown in Figure 7. Moreover, the ratios of magnetic nanoparticle concentration
to Fe ion concentration of every SHP reagent can be seen in Table A1 in Appendix A. In addition,
parameters include magnetic nanoparticle concentration, induced magnetization, mean values and
standard deviations of the measured relaxation time of the all tested magnetic nanoparticle samples
are listed in Table A2 in Appendix A.
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Figure 7. Relaxation rate of SHP series magnetic nanoparticle sample. (a) Inverse of longitudinal
relaxation time 1/T; and (b) inverse of transverse relaxation time 1/T, with respect to the induced
magnetization M.

Similarly, in order to be more intuitive, we summarized the ri relaxation rate and r; relaxation
rate information of SHP series magnetic nanoparticle samples, as shown in Figure 8.
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Figure 8. Relaxation rate of SHP series magnetic nanoparticle samples. (a) 7| relaxation rate; (b) r;
relaxation rate.

It can be seen that the r] relaxation rate or r relaxation rate still have little relationship with the

particle size. Next, we analyze the correlation between the / (i = 1 or 2) relaxation rate and the r; (i =1
or 2) relaxation rate, and then linearly fit them, respectively, as shown in Figure 9. From the fitting
results, it can be concluded that the correlation relationship between r{ relaxation rate and r; relaxation
rate is slightly worse, the correlation coefficient R? = 0.8939, while the correlation relationship between
r} relaxation rate and r; relaxation rate is very obvious, the correlation coefficient R? =0.9983.
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Figure 9. Linear regression of (a) r1 relaxation rate with 7| relaxation rate and (b) r; relaxation rate
with 7} relaxation rate.
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The CPMG pulse sequence, designed for MRI and NMR, is designed to eliminate the influence
of magnetic field inhomogeneity on the measurement of T, relaxation time as much as possible.
Thus, we can obtain intrinsic T relaxation time induced by spin-spin interaction. However, when
magnetic nanoparticles are added to the aqueous solution sample, there are interactions between proton
dipoles, proton dipoles and lattices, and between proton dipoles and electron dipoles of magnetic
particles. These interactions will affect the relaxation mechanism of proton subsystems. In particular,
magnetic nanoparticles will produce induced magnetization with the exciting of the magnetic field,
which will change the magnetic field around them, aggravate the magnetic field inhomogeneity,
accelerate the dephasing of hydrogen proton spin, and then change the relaxation of protons in the
magnetic field. Moreover, the intensity of this impact will vary with the distance between hydrogen
protons and magnetic particles. MIONPs with superparamagnetism can produce strong induced
magnetization under the exciting magnetic field, which has a great influence on the inhomogeneity of
the environmental magnetic field. Therefore, the T, relaxation time measured at this time includes all
the above effects, and it can be said that it is mainly affected by the magnetic field inhomogeneity (the
magnetic field inhomogeneity caused by the addition of magnetic nanoparticles) [60,61].

1 1 1 1

TZ,observe B T, - Té B Ty YA ©)
where T gpserve i the transverse relaxation time measured; T is the intrinsic lateral relaxation time; T7
is the transverse relaxation time due to the inhomogeneity of the magnetic field and can be expressed
by yAB, where vy is the gyromagnetic ratio of the hydrogen proton, AB is the inhomogeneity of the
magnetic field in the sample system and can be given by the Langevin model. From Equation (6) we
can see that the relationship between T, ;psere relaxation time and induced magnetization of magnetic
nanoparticles system is obvious, so the correlation between 7, relaxation rate and ré relaxation rate
is good.

4. Discussion

As can be seen in Figure 5, basically, the smaller the particle size of magnetic nanoparticles,
the larger the 1 relaxation rate. The effect of magnetic nanoparticle contrast agent on T relaxation
mechanism is mainly due to the direct interaction of hydrogen nucleus in water molecules and the
metal ions in magnetic nanoparticles to shorten the T relaxation time, which can be explained using
the Solomon-Bloembergen-Morgan theory (SBM) [62,63], so it is not directly related to magnetic field
inhomogeneity. In short, it is related to the number of coordination water molecules, the exchange rate
of water molecules, the rotation time of complexes and so on. As far as the metal ions (Fe) in magnetic
nanoparticles are concerned, they have unpaired electrons, which interact with water electrons, such
as by coordinating. The smaller the particle size, the larger the specific surface area S/V, and the easier
the interaction between unpaired electrons and water electrons, so the larger the r; relaxation rate
is. As far as r; relaxation rate is concerned, it is directly related to the magnetic field inhomogeneity
caused by magnetic nanoparticles in this paper. The magnetization induced by magnetic nanoparticles
in the magnetic field can be considered to be directly affecting the magnetic field inhomogeneity.
The induced magnetization of magnetic nanoparticles is directly related to the magnetic moment
(m = Msat"Tds)A Therefore, if the saturation magnetization M, of magnetic particles is constant, the
larger the size of magnetic particles, the greater the induction magnetization and the larger the 1,
relaxation rate. Therefore, according to the respective influencing factors of r; relaxation rate and r
relaxation rate, it can be concluded that the larger the particle size, the larger the r, /71, as shown in
Figure 6. However, as far as the actual r, relaxation rate measured is concerned, it is basically shown
that the larger the particle size is, the larger the r; relaxation rate is, but the data of SHP-20 and SHP-25
seem to be somewhat abnormal, as shown in Figure 5. The possible reason for this is that the saturation
moments of SHP magnetic nanoparticles are not the same, and TEM imaging shows that the shape of
SHP magnetic nanoparticles is not perfect spherical. Therefore, the magnetic properties of magnetic
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nanoparticles are affected by many factors, including composition, preparation process, surface coating,
particle size, saturation magnetization and so on, while relaxation rate is only a simple characterization
parameter. Moreover, Dynamic light scattering (DLS), which is a physical characterization method, and
can be used to measure the particle size distribution of solutions or suspensions, and also to measure
the behavior of complex fluids such as concentrated polymer solutions. The irregular random diffusion
of magnetic particles in an aqueous solution will attract some water molecules to move together on
its surface, that is to say, a water film is formed on its surface. The results of DLS measurements of
magnetic nanoparticles used by us in different studies are not entirely consistent, which may be caused
by their own measurement errors, methods and so on.

5. Conclusions

Magnetic nanoparticles are widely used as contrast agents for MRI. In this paper, SHP series
magnetic nanoparticles (Ocean Nanotech) with different nominal sizes were selected for characterization
experiments, and their relaxation rates were measured using a 0.47 T LF-NMR instrument. It was
found that neither r; relaxation rate nor r, relaxation rate calculated changes monotonously with the
particle size d. Size can affect the magnetic properties of magnetic nanoparticles, but it is not the
only factor. There are other factors, such as morphology, agglomeration and so on. Furthermore, the
induced magnetization of magnetic particle system in a static magnetic field can be calculated using
the Langevin model, which serves as the source of magnetic field inhomogeneity in the measurement
of relaxation time. Then the relationship between relaxation time and induced magnetization of
magnetic nanoparticle samples in magnetic field is defined as r] relaxation rate and r;, relaxation rate.
The T, relaxation process is very sensitive to the magnetic field inhomogeneity, and the addition of
magnetic nanoparticles can directly affect the magnetic field inhomogeneity. Therefore, it is found
that the correlation between the ré relaxation rate and the r, relaxation rate is very good, and the
correlation coefficient reaches 0.9983. T, relaxation mechanism is not directly related to the magnetic
field inhomogeneity. The effect of the magnetic nanoparticle contrast agent on Ty relaxation mechanism
is mainly due to the direct interaction of the hydrogen nucleus in water molecules and the metal
ions in magnetic nanoparticles, so the correlation coefficient between the 7 relaxation rate and the r,
relaxation rate is only 0.8939.
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Appendix A

We have sorted out the following two tables. Table Al is the ratios of magnetic nanoparticle
concentration to Fe ion concentration of every SHP reagent. Table A2 shows the parameters include
magnetic nanoparticle concentration, induced magnetization, mean values and standard deviations of
the measured relaxation time of the all tested magnetic nanoparticle samples.
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Table Al. Fe concentrations and magnetic particle concentrations of the SHP series magnetic
nanoparticles reagent. Data from the website of Ocean NanoTech.

Sample Concentration of Fe (mg/mL) Particle Amount (nmole) of 1 mg Fe
SHP-05 5 6.9

SHP-10 5 0.86

SHP-15 5 0.27

SHP-20 5 0.11

SHP-25 5 0.058

SHP-30 5 0.034

Table A2. Summary of information of all the magnetic nanoparticle samples in this paper.

Induced Mean of Standard Mean of Standard
MNP No. cpe (mM) cpnp (m™3)  Magnetization 1T, (s-1) Deviation of 1T, (1) Deviation of
M (A.m) 2 1T, (s~1) 1 1Ty (s71)
1 1.79 4.154 x 102 8.51 51.80 0.10 15.68 0.03
2 1.12 2.596 x 102 5.32 30.75 0.07 9.44 0.02
SHP-05 3 0.89 2.077 x 1020 426 25.40 0.05 7.78 0.04
4 0.45 1.038 x 1020 213 13.65 0.03 4.20 0.01
5 0.22 5.192 x 107 1.06 6.50 0.01 211 0.03
6 1.79 5.177 x 1017 11.73 141.10 0.37 40.67 0.04
7 1.12 3.236 x 101° 7.33 83.95 0.17 23.96 0.03
SHP-10 8 0.89 2.589 x 1017 5.86 70.39 0.21 20.37 0.01
9 0.45 1.294 x 10" 2.93 36.86 0.09 10.83 0.00
10 0.22 6.472 x 1018 147 17.57 0.04 5.07 0.01
11 1.79 1.625 x 10" 12.78 307.03 0.85 39.73 0.03
12 1.12 1.016 x 101 7.99 24.15 0.02
SHP-15 13 0.89 8.127 x 108 6.39 189.62 0.53 20.42 0.01
14 0.45 4.064 x 10'8 3.19 82.40 0.19 10.78 0.05
15 0.22 2.032 x 10'8 1.60 39.27 0.14 5.10 0.03
16 1.79 6.622 x 1018 12.42 289.04 0.79 30.85 0.03
17 1.12 4139 x 10'8 7.76 157.09 0.22 16.70 0.01
SHP-20 18 0.89 3.311 x 108 6.21 159.89 0.42 16.71 0.02
19 0.45 1.656 x 10'8 3.11 86.34 0.22 9.16 0.07
20 0.22 8.278 x 1017 155 29.91 0.14 3.19 0.01
21 1.79 3.492 x 10'8 12.82 191.39 0.88 22.16 0.03
22 1.12 2,182 x 10'8 8.01 116.99 0.14 13.35 0.07
SHP-25 23 0.89 1.746 x 10'8 6.41 99.96 0.21 11.63 0.01
24 0.45 8.729 x 1017 3.21 51.62 0.23 6.09 0.01
25 0.22 4.365 x 1077 1.60 23.62 0.06 2.82 0.05
26 1.79 2.047 x 10'8 13.00 502.91 1.21 25.90 0.03
27 1.12 1.279 x 1018 8.13 311.00 0.85 15.69 0.02
SHP-30 28 0.89 1.023 x 108 6.50 261.14 0.68 13.54 0.02
29 0.45 5.117 x 1077 3.25 130.26 0.40 6.93 0.05
30 0.22 2.559 x 1017 1.63 62.21 0.09 3.35 0.01

References

1. Klokkenburg, M.; Vonk, C.; Claesson, E.M.; Meeldijk, ].D.; Erné, B.H.; Philipse, A.P. Direct imaging of
zero-field dipolar structures in colloidal dispersions of synthetic magnetite. J. Am. Chem. Soc. 2004, 126,
16706-16707. [CrossRef] [PubMed]

2. Kovalenko, M.V,; Bodnarchuk, M.L; Lechner, R.T.; Giinter, H.; Friedrich, S.E.; Wolfgang, H. Fatty acid salts as
stabilizers in size- and shape-controlled nanocrystal synthesis: The case of inverse spinel iron oxide. J. Am.
Chem. Soc. 2007, 129, 6352-6353. [CrossRef] [PubMed]

3. Jun, Y.-W,; Seo, J].-W.; Cheon, J. Nanoscaling laws of magnetic nanoparticles and their applicabilities in
biomedical sciences. Cheminform 2008, 39, 179-189. [CrossRef]

4. Lang, X.Y.; Zheng, W.T.; Jiang, Q. Size and interface effects on ferromagnetic and antiferromagnetic transition
temperatures. Phys. Rev. B 2006, 73, 224444. [CrossRef]

5.  He, L; Liu, W,; Xie, Q.; Pi, S.; Morais, P.C. A fast and remote magnetonanothermometry for a liquid
environment. Meas. Sci. Technol. 2016, 27, 025901. [CrossRef]

6.  Zhong, ].; Dieckhoff, J.; Schilling, M.; Ludwig, F. Influence of static magnetic field strength on the temperature

resolution of a magnetic nanoparticle thermometer. J. Appl. Phys. 2016, 120, 143902. [CrossRef]

77



Sensors 2019, 19, 3396

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Weaver, ].B.; Rauwerdink, A.M.; Hansen, E.W. Magnetic nanoparticle temperature estimation. Med. Phys.
2009, 36, 1822. [CrossRef] [PubMed]

Du, Z.Z.; Su, R].; Liu, W.Z.; Huang, Z.X. Magnetic nanoparticle thermometer: An investigation of minimum
error transmission path and AC bias error. Sensors 2015, 15, 8624-8641. [CrossRef] [PubMed]

Rauwerdink, A.M.; Hansen, E.W.; Weaver, ].B. Nanoparticle temperature estimation in combined ac and dc
magnetic fields. Phys. Med. Biol. 2009, 54, L51. [CrossRef]

Zhong, J.; Liu, W.; Jiang, L.; Yang, M.; Morais, P.C. Real-time magnetic nanothermometry: The use of
magnetization of magnetic nanoparticles assessed under low frequency triangle-wave magnetic fields. Rev.
Sci. Instrum. 2014, 85, 1783-2887. [CrossRef]

Ming, Z.; Jing, Z.; Liu, W.; Du, Z.; Huang, Z.; Ming, Y.; Morais, P.C. Study of Magnetic Nanoparticle Spectrum
for Magnetic Nanothermometry. IEEE Trans. Magn. 2015, 51, 1-6.

Bock, N.; Riminucci, A.; Dionigi, C.; Russo, A.; Tampieri, A.; Landi, E.; Goranov, V.A.; Marcacci, M.; Dediu, V.
A novel route in bone tissue engineering: Magnetic biomimetic scaffolds. Acta. Biomater. 2010, 6, 786-796.
[CrossRef] [PubMed]

Jiang, S.; Eltoukhy, A.A.; Love, K.T,; Langer, R.; Anderson, D.G. Lipidoid-Coated Iron Oxide Nanoparticles
for Efficient DNA and siRNA delivery. Nano. Lett. 2013, 13, 1059-1064. [CrossRef] [PubMed]

Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical application of functionalized magnetic nanoparticles.
J. Biosci. Bioeng. 2005, 100, 1-11. [CrossRef] [PubMed]

Sabale, S.; Kandesar, P.; Jadhav, V.; Komorek, R.; Motkuri, RK.; Yu, X.Y. Recent developments in the synthesis,
properties, and biomedical applications of core/shell superparamagnetic iron oxide nanoparticles with gold.
Biomater. Sci. 2017, 5, 2212. [CrossRef] [PubMed]

Bu, L; Xie, J.; Chen, K.; Huang, J.; Aguilar, Z.P.; Wang, A.; Sun, KW.; Chua, M.S.; So, S.; Cheng, Z. Assessment
and comparison of magnetic nanoparticles as MRI contrast agents in a rodent model of human hepatocellular
carcinoma. Contrast Media Mol. Imaging 2012, 7, 363-372. [CrossRef] [PubMed]

Huang, J.; Wang, L.; Lin, R.; Wang, A.Y.; Yang, L.; Kuang, M.; Qian, W.; Mao, H. Casein-coated iron oxide
nanoparticles for high MRI contrast enhancement and efficient cell targeting. Appl. Mater. Interfaces 2013, 5,
4632-4639. [CrossRef]

Dias, M.H.M.; Lauterbur, P.C. Ferromagnetic particles as contrast agents for magnetic resonance imaging of
liver and spleen. Magn. Reson. Med. 2010, 3, 328-330. [CrossRef]

Werner, E.J.; Datta, A.; Jocher, C.J.; Raymond, K.N. High-relaxivity MRI contrast agents: Where coordination
chemistry meets medical imaging. Angew. Chem. 2008, 47, 8568-8580. [CrossRef]

Xie, J.; Huang, J.; Li, X.; Sun, S.; Chen, X. Iron oxide nanoparticle platform for biomedical applications. Curr.
Med. Chem. 2009, 16, 1278-1294. [CrossRef]

Henson, R. Introduction to functional magnetic resonance imaging: Principles and techniques. Acta Radiol.
2002, 43, 2110. [CrossRef]

Brown, M.A.; Semelka, R.C. MRI: Basic Principles and Applications, 2rd ed.; John Wiley & Sons: Hoboken, NJ,
USA, 2015.

Mody, V.V.; Nounou, M.L; Bikram, M. Novel nanomedicine-based MRI contrast agents for gynecological
malignancies. Adv. Drug Deliv. Rev. 2009, 61, 795-807. [CrossRef] [PubMed]

Callaghan, P.T. Principles of Nuclear Magnetic Resonance Microscopy; Oxford University Press: New York, NY,
USA, 1991.

Caravan, P; Ellison, J.J.; Mcmurry, T.J.; Lauffer, R.B. Gadolinium(III) Chelates as MRI Contrast Agents:
Structure, Dynamics, and Applications. Cheminform 2010, 30, 2293-2352. [CrossRef]

Lauffer, R.B. Paramagnetic metal complexes as water proton relaxation agents for NMR imaging: Theory
and design. Chem.. Rev. 1987, 87,901-927. [CrossRef]

Lee, J.-H.; Huh, Y.-M; Jun, Y.-W.; Seo, ].-W.; Jang, ] -T.; Song, H.-T.; Kim, S.-J.; Cho, E.-].; Yoon, H.-G.; Suh, ].-S.;
etal. Artificially engineered magnetic nanoparticles for ultra-sensitive molecular imaging. Nat. Med. 2007,
13, 95-99. [CrossRef] [PubMed]

Jang, ].-T.; Nah, H.; Lee, ].-H.; Moon, S.H.; Kim, M.G.; Cheon, ]. Critical enhancements of MRI contrast and
hyperthermic effects by dopant-controlled magnetic nanoparticles. Angew. Chem. 2009, 121, 1260-1264.
[CrossRef]

Miclea, C.; Tanasoiu, C.; Miclea, C.E; Spanulescu, I.; Cioangher, M.; Miclea, C.T. Magnetic Temperature
Transducers Made from Copper Based Soft Ferrite. Adv. Sci. Technol. 2008, 54, 62-69. [CrossRef]

78



Sensors 2019, 19, 3396

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hankiewicz, ].H.; Alghamdi, N.; Hammelev, N.M.; Anderson, N.R.; Camley, R.E.; Stupic, K.; Przybylski, M.;
Zukrowski, J.; Celinski, Z.J. Zinc doped copper ferrite particles as temperature sensors for magnetic resonance
imaging. Aip. Adv. 2017, 7, 56703. [CrossRef]

Sherman, S.G.; Wereley, N.M. Effect of Particle Size Distribution on Chain Structures in Magnetorheological
Fluids. IEEE Trans. Magn. 2013, 49, 3430-3433. [CrossRef]

Liu, W.Z.; Zhou, M.; Li, K. Estimation of the size distribution of magnetic nanoparticles using modified
magnetization curves. Meas. Sci. Technol. 2009, 20, 125802. [CrossRef]

Ferguson, R M.; Minard, K.R.; Khandhar, A.P; Krishnan, K.M. Optimizing magnetite nanoparticles for mass
sensitivity in magnetic particle imaging. Med. Phys. 2011, 38, 1619-1626. [CrossRef] [PubMed]

Lak, A.; Ludwig, E; Scholtyssek, ].M.; Dieckhoff, ].; Fiege, K.; Schilling, M. Size Distribution and Magnetization
Optimization of Single-Core Iron Oxide Nanoparticles by Exploiting Design of Experiment Methodology.
IEEE Trans. Magn. 2013, 49, 201-207. [CrossRef]

Adolphi, N.L.; Huber, D.L.; Bryant, H.C.; Monson, T.C.; Fegan, D.L.; Jitkang, L.; Trujillo, J.E.; Tessier, T.E.;
Lovato, D.M.; Butler, K.S. Characterization of single-core magnetite nanoparticles for magnetic imaging by
SQUID relaxometry. Phys. Med. Biol. 2012, 55, 5985-6003. [CrossRef] [PubMed]

Osterberg, EW.; Rizzi, G.; Hansen, ML.E. On-chip measurements of Brownian relaxation of magnetic beads
with diameters from 10 nm to 250 nm. J. Appl. Phys. 2013, 113, 8130-8183. [CrossRef]

Tong, H.; Kang, W.; Shi, Y.; Zhou, G.; Lu, Y. Physiological function and inflamed-brain migration
of mouse monocyte-derived macrophages following cellular uptake of superparamagnetic iron oxide
nanoparticles—Implication of macrophage-based drug delivery into the central nervous system. Int. |.
Pharm. 2016, 505, 271-282. [CrossRef] [PubMed]

Chen, D.X,; Sun, N.; Huang, Z.].; Cheng, C.M.; Xu, H.; Gu, H.C. Experimental study on T2 relaxation time of
protons in water suspensions of iron-oxide nanoparticles: Effects of polymer coating thickness and over-low.
J. Magn. Magn. Mater. 2010, 322, 548-556. [CrossRef]

Sun, N.; Chen, D.X,; Gu, H.C.; Wang, X.L. Experimental study on T2 relaxation time of protons in water
suspensions of iron-oxide nanoparticles: Waiting time dependence. J. Magn. Magn. Mater. 2009, 321,
2971-2975. [CrossRef]

Xu, F; Gu, H. Experimental study on transverse relaxation rate of protons in aqueous suspensions of
magnetite nanocrystal clusters with a SiO; shell. |. Magn. Magn. Mater. 2013, 343, 60—64. [CrossRef]

Chen, D.X; Xu, EJ.; Gu, H.C. Experimental study on transverse relaxation rate of protons in water suspensions
of magnetite nanoclusters: Dependence of cluster sizes, volume fraction, inter-echo time, and waiting time.
J. Magn. Magn. Mater. 2012, 324, 2809-2820. [CrossRef]

Roch, A.; Bach-Gansmo, T.; Muller, RN. In vitro relaxometric characterization of superparamagnetic contrast
agents. Magma. Magn. Reson. Mater. Phys. Biol. Med. 1993, 1, 83-88. [CrossRef]

Stark, D.D.; Weissleder, R.; Elizondo, G.; Hahn, P.F; Saini, S.; Todd, L.E.; Wittenberg, J.; Ferrucci, J.T.
Superparamagnetic iron oxide: Clinical application as a contrast agent for MR imaging of the liver. Radiology
1988, 168, 297-301. [CrossRef]

Lee, N.; Hyeon, T. Designed synthesis of uniformly sized iron oxide nanoparticles for efficient magnetic
resonance imaging contrast agents. Cheminform 2012, 41, 2575-2589.

Hu, EQ.; Jia, QJ.; Li, Y.L.; Gao, M.Y. Facile synthesis of ultrasmall PEGylated iron oxide nanoparticles for
dual-contrast T1- and T2-weighted magnetic resonance imaging. Nanotechnology 2011, 22, 245604. [CrossRef]
Lee, N.; Yoo, D.; Ling, D.; Cho, M.H.; Hyeon, T.; Cheon, J. Iron Oxide Based Nanoparticles for Multimodal
Imaging and Magnetoresponsive Therapy. Chem. Rev. 2015, 115, 10637. [CrossRef]

Kim, B; Lee, N.; Kim, H.; An, K,; Park, Y.; Choi, Y.; Shin, K.; Lee, Y.; Kwon, S.G.; Na, H.B,; et al. Large-scale
synthesis of uniform and extremely small-sized iron oxide nanoparticles for high-resolution T1 magnetic
resonance imaging contrast agents. J. Am. Chem. Soc. 2011, 133, 12624-12631. [CrossRef]

Leal, M.P; Rivera-Fernandez, S.; Franco, J.M.; Pozo, D.; de la Fuente, ].M.; Garcia-Martin, M.L.
Long-circulating PEGylated manganese ferrite nanoparticles for MRI-based molecular imaging. Nanoscale
2014, 7,2050-2059. [CrossRef]

Roch, A.; Gossuin, Y.; Muller, RN.; Gillis, P. Superparamagnetic colloid suspensions: Water magnetic
relaxation and clustering. . Magn. Magn. Mater. 2005, 293, 532-539. [CrossRef]

79



Sensors 2019, 19, 3396

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Huang, G.M,; Li, H.; Chen, ].H.; Zhao, Z.H.; Yang, L].; Chi, X.Q.; Chen, Z.; Wang, X.M.; Gao, ].H. Tunable T1
and T2 contrast abilities of manganese-engineered iron oxide nanoparticles through size control. Nanoscale
2014, 6, 10404-10412. [CrossRef]

Pi, S.; Liu, W.; Wei, K.; Mosiniewicz-Szablewska, E. AC Magnetic Nanothermometry: An Investigation of the
Influence of Size Distribution of Magnetic Nanoparticles. IEEE Trans. Magn. 2017, 53, 1-7. [CrossRef]
Enpuku, K.; Tsujita, Y.; Nakamura, K.; Sasayama, T.; Yoshida, T. Biosensing utilizing magnetic markers and
superconducting quantum interference devices. Supercond. Sci. Technol. 2017, 30, 53002. [CrossRef]
Yoshida, T.; Ogawa, K.; Tsubaki, T.; Othman, N.B.; Enpuku, K. Detection of Magnetic Nanoparticles Using
the Second-Harmonic Signal. IEEE Trans. Magn. 2011, 47, 2863-2866. [CrossRef]

Stamps, R.L. Magnetism of Surfaces, Interfaces, and Nanoscale Materials; Elsevier Science: Amsterdam,
Holland, 2016.

Hathaway, H.J.; Butler, K.S.; Adolphi, N.L.; Lovato, D.M.; Belfon, R.; Fegan, D.; Monson, T.C.; Trujillo, J.E.;
Tessier, T.E.; Bryant, H.C. Detection of breast cancer cells using targeted magnetic nanoparticles and
ultra-sensitive magnetic field sensors. Breast Cancer Res. 2011, 13, R108. [CrossRef]

Draack, S.; Viereck, T.; Nording, F; Janssen, K.J.; Schilling, M.; Ludwig, F. Determination of dominating
relaxation mechanisms from temperature-dependent Magnetic Particle Spectroscopy measurements. J. Magrn.
Magn. Mater. 2019, 474, 570-573. [CrossRef]

Ahrentorp, E; Astalan, A.; Blomgren, ].; Jonasson, C.; Wetterskog, E.; Svedlindh, P.; Lak, A.; Ludwig, E;
Tjzendoorn, L.J.V.; Westphal, F. Effective particle magnetic moment of multi-core particles. . Magn. Magn.
Mater. 2015, 380, 221-226. [CrossRef]

Ludwig, F.; Kazakova, O.; Barquin, L.F.; Fornara, A.; Johansson, C. Magnetic, Structural, and Particle Size
Analysis of Single- and Multi-Core Magnetic Nanoparticles. IEEE Trans. Magn. 2014, 50, 1-4. [CrossRef]
Ocean NanoTech. Conjugation Protocol of Carboxylic Acid Functionalized Iron Oxide Nanoparticles (SHP).
Available online: https://www.oceannanotech.com/media/wysiwyg/protocol/SHP_5-30_PTC.pdf (accessed
on 24 June 2019).

Chavhan, G.B.; Babyn, P.S.; Thomas, B.; Shroff, M.M.; Haacke, E.M. Principles, techniques, and applications
of T2*-based MR imaging and its special applications. Radiographics 2009, 29, 1433-1449. [CrossRef]

Na, H.B.; Song, 1.C.; Hyeon, T. Inorganic Nanoparticles for MRI Contrast Agents. Adv. Mater. 2009, 21,
2133-2148. [CrossRef]

Zhou, Z.; Zhao, Z.; Zhang, H.; Wang, Z.; Chen, X.; Wang, R.; Chen, Z.; Gao, |. Interplay between Longitudinal
and Transverse Contrasts in Fe304 Nanoplates with (111) Exposed Surfaces. ACS Nano 2014, 8, 7976.
[CrossRef]

Manus, L.M.; Strauch, R.C.; Hung, A .H.; Eckermann, A.L.; Meade, T.]. Analytical Methods for Characterizing
Magnetic Resonance Probes. Anal. Chem. 2012, 84, 6278-6287. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

80



E SeNnsors ﬁw\n\py

Atrticle
Ferrogels Ultrasonography for
Biomedical Applications

Felix A. Blyakhman 12, Sergey Yu Sokolov 12, Alexander P. Safronov >3, Olga A. Dinislamova !,

Tatyana F. Shklyar 12, Andrey Yu Zubarev > and Galina V. Kurlyandskaya 2-5*

1 Ural State Medical University, 620028 Ekaterinburg, Russia; feliks.blyakhman@urfu.ru (F.A.B.);

sergey.sokolov@urfu.ru (S.Y.S.); o_dinislamova@rambler.ru (O.A.D.); t.f.shkliar@urfu.ru (T.ES.)

Institute of Natural Sciences and Mathematics Ural Federal University, 620002 Ekaterinburg, Russia;

safronov@iep.uran.ru (A.P.S.); A.J.Zubarev@urfu.ru (A.Y.Z.)

3 Institute of Electrophysics, Ural Division RAS, 620016 Ekaterinburg, Russia

4 M.N. Mikheev Institute of Metal Physics of the Ural Branch of the Russian Academy of Sciences,
620990 Ekaterinburg, Russia

5 Departamento de Electricidad y Electrénica and BCMaterials, Universidad del Pais Vasco UPV/EHU,
48080 Bilbao, Spain

*  Correspondence: galina@we.lc.ehu.es; Tel.: +34-9460-13237; Fax: +34-9460-13071

Received: 16 July 2019; Accepted: 10 September 2019; Published: 13 September 2019

Abstract: Ferrogels (FG) are magnetic composites that are widely used in the area of biomedical
engineering and biosensing. In this work, ferrogels with different concentrations of magnetic
nanoparticles (MNPs) were synthesized by the radical polymerization of acrylamide in stabilized
aqueous ferrofluid. FG samples were prepared in various shapes that are suitable for different
characterization techniques. Thin cylindrical samples were used to simulate the case of targeted
drug delivery test through blood vessels. Samples of larger size that were in the shape of cylindrical
plates were used for the evaluation of the FG applicability as substitutes for damaged structures,
such as bone or cartilage tissues. Regardless of the shape of the samples and the conditions of their
location, the boundaries of FG were confidently visualized over the entire range of concentrations
of MNPs while using medical ultrasound. The amplitude of the reflected echo signal was higher
for the higher concentration of MNPs in the gel. This result was not related to the influence of the
MNPs on the intensity of the reflected echo signal directly, since the wavelength of the ultrasonic
effect used is much larger than the particle size. Qualitative theoretical model for the understanding
of the experimental results was proposed while taking into account the concept that at the acoustic
oscillations of the hydrogel, the macromolecular net, and water in the gel porous structure experience
the viscous Stocks-like interaction.

Keywords: magnetic nanoparticles; ferrogels; medical ultrasound; sonography; biomedical applications

1. Introduction

Hydrogels are soft materials that are widely used in the area of biomedical applications [1].
Ferrogels (FG) are composites that contain a polymer swollen in a solvent and filled with nano- or
micro-sized magnetic particles [2—4]. In particular, FG based on polyacrylamide (PAA) hydrogel with
magnetic nanoparticles (MNPs) of iron oxides are the most studied and sought-after material for a
wide range of biomedical applications, including magnetic biosensors, drug delivery, and regenerative
medicine [5,6]. Different studies had established the fact that the elastic properties of PAA ferrogels can
significantly vary, depending on the details of synthesis conditions, as well as change their mechanical
characteristics in response to an external magnetic field [4,7,8]. It is also known that polyacrylamide
ferrogels have low toxicity and good compatibility to living cells [9,10]. Based on this advantage, PAA

Sensors 2019, 19, 3959; doi:10.3390/s19183959 81 www.mdpi.com/journal/sensors



Sensors 2019, 19, 3959

ferrogels have been used as substrates (scaffolds) for cell culturing for the needs of cellular technologies
and tissue engineering [11].

Ferrogel scaffolds offer different directions of the research and applications. For example, the
intensity of ultrasound that is reflected at a ferrogel/water interface is determined by the difference
between the acoustic impedances of the two materials. The effect of magnetic nanoparticles on the
ultrasonic parameters (also acoustic impedance) of gel phantoms has been previously shown [12].
The values of the impedance increased after the addition of nanoparticles, so the phantoms with
magnetic nanoparticles exhibited increased echogenicity, owing to the significant number of scatters [13].

In addition, the MNPs forming the part of the PAA gels have high magnetic responses, often
sufficient for the control of the movement of FG based micro-objects while using an external
magnetic field [14]. This feature opens up prospects for the use of ferrogels for magnetic biosensor
applications, regenerative medicine, or targeted drug delivery or controlled release of drugs [15-17].
The above-mentioned applications are associated with the solution of a number of problems, including
the task of reliable visualization of FG in a living organism.

In fact, the scientific community has already moved from the concept of biomedical applications
of magnetic nanoparticles toward the understanding of ferrogel models, which are much closer to
realistic applications in which MNPs are distributed in living tissue. Very often, such distribution
reflects the biological properties of the natural tissue. What is especially important, aggregation
features can be conditioned by irregularly structured tissue with the disease-affected morphology [18].
The development of a new technique for detecting of ferrogel scaffolds in blood vessels while using
medical ultrasound is highly desired. There is a strong request for FG use in vivo as a prototype of
magnetically controlled platforms for targeted delivery of cell implants and drug substrates through
arteries, as well as positioning indicators for low invasive surgery.

In the work, the features of ultrasonic location of samples of PAA based ferrogels with a variation
of the concentration of Fe;O3 MNPs of iron oxide in a wide range are considered for FG scaffold of
different shape. A theoretical interpretation of the experimental results is given.

2. Experimental

2.1. Gel and Ferrogel Synthesis and Characterization

Ferrogels with varying concentration of iron oxide magnetic nanoparticles were synthesized by
three-dimensional (3D) radical polymerization of acrylamide in stabilized aqueous ferrofluid. First,
electrostatically stabilized ferrofluid was prepared with stock concentration 5.1% of MNPs by weight.
Fe;O3 MNPs (Figure 1a) were synthesized by the laser target evaporation (LTE) method while using
commercial magnetite (Fe3O4) (Alfa Aesar, Ward Hill, MA, USA) as a precursor.

Technological details of the LTE method were previously described in earlier studies [19,20].

Stock ferrofluid for the synthesis of FGs was prepared by the ultrasound dispersion of maghemite
MNPs in 5 mM solution of sodium citrate, taken as electrostatic dispersant. Ferrofluid was centrifuged
for 5 min. at 10,000 rpm to eliminate large aggregates. The number averaged diameter of particles in
ferrofluid determined by dynamic light scattering (Brookhaven ZetaPlus, Brookhaven Instruments
Corp., Holtville, NY, USA) was found to be close to 33 nm. The resulted concentration of ferrofluid
(5.1%) was determined as the dry weight residue after evaporation at 90 °C in an oven.
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Figure 1. Transmission electron microscopy (TEM) image of laser target evaporation (LTE) iron oxide
magnetic nanoparticles (MNPs) used for ferrogel synthesis (a). General view of gel and ferrogel samples
from batch #1 (b) and batch #2 (c). See explanation in the text.

The stock ferrofluid was then diluted and used as a medium for the synthesis of FGs with
varying content of MNPs. Monomer—acrylamide (AppliChem)—was used in 1.6 M concentration, a
cross-linking agent—dimethylacrylamide (Merck)—was taken in 1/100 molar ratio to the monomer.
Ammonium persulfate (APS) was used as an initiator in 3 mM concentration and the polymerization
was performed at 70 °C for 2 h. N,N,N’,N’-tetramethylethylene diamine (TEMED) (SigmaAldrich
Inc. St. Louis MO, USA) in 6 mM concentration was used as a catalyst. After the synthesis, FGs were
extensively washed in distilled water with daily water renewal for two weeks. During this period, FGs
swelled to equilibrium. The equilibrium water uptake (Q) was determined by gravimetry while using

the equation:
m — my
Q= / @

mo

with m denoting the weight of a swollen gel and 1 denoting the weight of a residue after drying a gel
in an oven at 70 °C. The values of Q were used for the calculation of the actual content of iron oxide
MNPs in a swollen ferrogel (w), according to the equation:

)4

W= o+1 (2)

with y denoting the weight fraction of iron oxide MNPs in the dry residue of ferrogel. The value of y
was determined based on the composition of the reaction mixture in the synthesis.

Two batches of FG samples were synthesized differently in their shape. Ferrogels of batch #1
were synthesized in cylindrical polyethylene moulds 8.5 mm in diameter and 50 mm in height. These
gels were used for ultrasonography studies in water, and further on used for the mechanical testing
experiments. Therefore, they were cut into cylindrical plaques of the size of approximately 5 mm (in
height). The diameter of cylinders was approximately 13 mm conditioned by the equilibrium swelling
of a gel in water after the synthesis. FGs of batch #1 contained 0.00, 0.33, 0.64, and 1.34% of maghemite
iron oxide MNPs by weight. Further on, they are denoted as FG1-0, FG1-1, FG1-2, and FG1-3 samples.
A general view of FG samples of batch #1 is given in Figure 1b.

Ferrogels of batch #2 were synthesized in capillary polyethylene moulds 1.7 mm in diameter and
20 mm in height. These gels were used for ultrasonography studies in the configuration modelling the
blood vessel (tube). These samples were cut in small cylinders of approximately 6 mm in length. The
diameter of the cylinders was approximately 2 mm, provided by the equilibrium swelling of a gel in
water after the synthesis. Ferrogels of batch #2 contained 0.00, 0.55, 0.98, and 1.45% of iron oxide MNPs
by weight. Further on, they are denoted as FG2-0, FG2-1, FG2-2, and FG2-3 samples. Figure 2 provides
a general view of ferrogel samples of batch #2. The content of iron oxide MNPs in ferrogels of batch#1
and batch#2 slightly differed due to the variation in the composition of the reaction mixtures. In the
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context of proposed study, we did not set out to synthesize samples with exact the same concentration
of particles in two batches.

f = 6

JY

Figure 2. Scheme of the experimental setup to determine the echogenic properties of gels/ferrogels:
1—ultrasonic apparatus; 2—personal computer; 3—sensor of ultrasonic apparatus; 4—silicone tube
with water; 5—sample of the gel/ferrogel; 6—soft pad; and, 7—cuvette with water. See also explanation
in the text.

Synthesized ferrogels were uniformly colored and transparent (see Figure 1b,c). Visually, their
appearance was similar to that of the precursor ferrofluid that was taken for the synthesis. No signs of
turbidity were noticeable (including observations at the level of optical microscopy). Thus, it might be
considered that there was no substantial aggregation of iron oxide MNPs in the synthesis of ferrogels
and the distribution of MNPs in ferrogels was uniform, as in the precursor ferrofluid.

The elastic properties of the gels were evaluated by mechanical testing of the samples as described
elsewhere [6,8,10]. Briefly, stepped strains for compression of up to 20% of the initial length were set to
samples of gels while using a linear motor with a step of 1-2%. As a result, the “stress- strain” (o-¢)
dependencies were obtained, from the linear part of which the Young’s modulus was determined for
each one of the samples. For these series of experiments, samples of gels from the batch #1 (cylinders
with a diameter of 13 mm and a height of 5 mm) were used (Figure 1b).

The magnetic hysteresis loops M(H) of the MNPs of iron oxide, gels, and ferrogels were measured
by vibrating sample magnetometer (VSM, Faraday magnetometer of laboratory design). The maximum
value of the magnetization was obtained for the external field of 1.5 kOe. For simplicity, it was
denominated as saturation magnetization (Ms). The coercivity (Hc) was also estimated from the shape
of the M(H) hysteresis loop. Thermomagnetic zero field cool-field cool curve (ZFC-FC) was measured
for air dry MNPs following standard procedure for magnetic nanoparticles [19]. The external magnetic
field for the ZFC-FC curve was as high as H = 100 Oe (it was applied for cooling and heating in the
case of FC part of the curve and for heating only in the case of ZFC part of the curve).
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2.2. Experimental Setup for the Gels” Ultrasound Visualization

Figure 2 shows an experimental setup for the study of the echogenic properties of gels and
ferrogels. Samples of gels from the first batch (Figure 1b) were placed at the bottom of a cuvette with
distilled water.

Samples from the second batch (Figure 1c) were located inside the silicone tube with an inner
diameter of 6 mm and a wall thickness of 3 mm. The tube served for modelling the blood vessel
configuration. It was filled with distilled water.

Fluid flow was not considered at this moment. Samples of the gels were visualized while using a
Sonoline Adara (Siemens, Munich, Germany) medical device with a SIEMENS 7.5L.45s Prima/Adara
linear sensor. Ultrasonic sensor was immersed into a 500 mL cuvette that was filled with water for
providing an acoustic contact. A gasket of soft viscose absorbent fibers was placed at the bottom of
the cuvette in order to avoid the contribution of reflecting ultrasonic signal from the bottom of the
cuvette. The video output of the ultrasound unit was connected to a computer equipped with an
AverTV Hybrid VolarHX video capture device.

The dynamic range of the ultrasonic device in the mode of reception of the reflected oscillations
was 66 dB, working frequency of 10 MHz, and the wavelength of 0.15 mm. In the experiments that
were carried out within the framework of the corresponding batch of samples, the settings of the
ultrasonic apparatus (radiation power, amplification, dynamic range, depth of visualization, etc.) were
kept constant. The image of samples in two-dimensional (2D) mode in gray scale was recorded in a
video file with a duration of several seconds with a frame rate of 25 frames per second, and the frame
size is 720 pixels x 576 pixels.

Special software was developed to quantify the brightness of the image in various areas. It allowed
to measure the brightness in the vicinity of a point specified by the user. In the experiment, the
brightness of the image at the gel-water interface was measured and estimated. As a rule, the border
thickness important for imaging was as high as 4-5 pixels. On this basis, the size of the area for
assessing the brightness was limited to a square of 3 pixels x 3 pixels, which corresponds to linear
dimensions of about 0.2 mm x 0.2 mm. For each sample, the measurements were carried out along the
entire boundary of the gel. The number of measurements was at least 15 along the entire length of the
sample. In each studied area, the minimum, maximum, and average image brightness were evaluated.
The brightness was characterized in arbitrary units and it ranged from 0 (black) to 255 (white). For each
type of FG, the average value of the maximum and average brightness, as well as the limits of the
confidence interval at a significance level of p = 0.05, were calculated. In addition, in all experiments,
20 pixels X 20 pixels square image was used to estimate the background, i.e., the brightness of the image
area where the water was located. The maximum, minimum and average background brightness in all
cases varied insignificantly. Therefore, finally, the adjustment that was associated with changes in the
brightness of the background was not carried out.

3. Results and Discussion

3.1. Structural and Magnetic Characterization of Nanoparticles and Ferrogels

Figure 1a shows an example of transmission electron microscopy (TEM) image of iron oxide
MNPs (JEOL JEM2100, Tokyo, Japan). The majority of MNPs have spherical shape. Very few of
them contain hexagonal corners. Particle size distribution (PSD) of MNPs was lognormal with the
median dy = 11.7 nm and the logarithmic dispersion o = 0.423, as determined by the graphical analysis
of 2150 TEM images. According to PSD, the average diameter of 93% of MNPs (by weight) fits a
5-40 nm range. According to X-ray diffraction (Bruker D8 Discover, Billerica, MA, USA), the crystalline
structure of MNPs was an inverse spinel with space group Fd3m. The lattice parameters corresponded
to maghemite (Fe;O3). The oxidation number +3 of Fe ions in the chemical composition of MNPs was
confirmed by Ox/Red titration (TitroLine, Schott Instruments).
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Measurements of the saturation magnetization of as-prepared air dried MNPs showed that their
average size and defined composition (y-Fe;O3) are quite consistent with each other: Mg ~ 40 emu/g.
Detailed discussion on the magnetic structure of “core-shell” LTE MNPs can be found elsewhere [19,20].

As before, pure gel without nanoparticles showed linear non-hysteretic diamagnetic response
on the application of external magnetic field (Figure 3a). At the same time, the ferrogel’s M(H) loops
had a typical S-shape with negligible coercivity for the small concentrations of MNPs (Figure 3b).
The evolution of the Ms value as a function of the concentration of nanoparticles in the ferrogel shows
linear dependence: the higher concentration, the higher the Ms (Figure 3b). The magnetization value
for the FG scaffold in the applied magnetic field of certain strength is a very important parameter in a
view of FGs applications for drug delivery and the controlled movement of micro-objects by magnetic
field. For the highest concentration of 1.45 wt. % in the external field of 0.5 kOe (reasonably low an
accessible for generation), the magnetic moment of the FG was as high as 0.5 emu/g. Taking into
account the scaffold FG2-3 volume, one can obtain the magnetic moment of the sample in the 0.5 kOe
external magnetic field: m = 0.9 x 1073 emu.
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Figure 3. Magnetic hysteresis loop of air-dry nanoparticles measured at room temperature; inset shows
thermomagnetic zero field cool-field cool curve (ZFC-FC) curve (a). Hysteresis loops for FG1-0, FG1-1,
FG1-2, and FG1-3 samples measured at room temperature (b); inset shows diamagnetic response of the
blank gel.

3.2. Gels Elasticity

Figure 4a shows a plot of ‘stress-strain’ relationship for one of the samples of the first batch of gels
(0.00, 0.33, 0.64 and 1.34 wt.% of MNPs). It is seen that, at any fixed strain, the stress in the gel is the
greater, the higher the concentration of MNPs. The caption contains the linear regression equations for
each sample, where the value of ¢ corresponds to the value of Young’s modulus in kPa.

Figure 4b shows the dependence of the Young’s modulus on the concentration of MNPs in the
gel/ferrogel for all the tested samples (six samples for each type of gel/ferrogel). First of all, it can
be seen that the addition of MNPs to the PAA gel in the minimum concentration (0.33%) leads to a
significant increase in the Young’s modulus of the composite material. Secondly, a gradual increase in
the concentration of MNPs in ferrogel is accompanied by a further increase in its elasticity. The results
that were obtained are in good agreement with the data of our earlier studies [6,8,11] and the findings
of other authors [7,21].
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Figure 4. Example of the ‘stress-strain’ relationship for gels of batch #1 (a) and the dependence of
Young’s modulus on the MNPs concentration in gels of batch #1 (b). Vertical bars reflect the confidence
interval with p = 0.05. Following fit parameters were obtained for stress (). For concentration 0.00%:
0 =20.2¢ — 0.2, RZ = 0.995. For concentration 0.33%: o = 28.9¢ — 0.3, R2 = 0.994. For concentration 0.64:
0 =36.4¢ — 0.3, R? = 0.997. For concentration 1.34: ¢ = 39.2¢ — 0.1, R? = 0.998.

3.3. Gelfwater Boundary Echogenicity

Figure 5 shows an example of a single ultrasound image frame when scanning a gel sample
positioned at the bottom of a cuvette (a) and inside a model vessel (b) (Figure 2). The images very
clearly show the boundaries of the gel samples lining at the bottom of the cuvette and the walls of the
tube with water. It is also seen that the highest echogenicity of the gels (i.e., the largest amplitude of the
reflected ultrasonic vibrations, and, accordingly, the brightness of the image) corresponds not to the
sample body, but to the interface between the gel surface and the water. In experiments with the first
batch of gels, the visualization was performed with an ultrasound device amplification of 15 dB. Four
samples were tested for each concentration of MNPs in the gel. The average value of the maximum
brightness of the water in the cuvette in all tests of the gels was 34.1 £ 0.2 (n = 16).

Figure 6a shows the dependence of the maximum and the average brightness at the gel/water
interface on the concentration of MNPs in the gel. The graphs show the boundaries of confidence
intervals at p = 0.05. It can be seen that, by increasing the weight fraction of the MNPs in the samples,
both the maximum brightness (1) and the average brightness (2) of the echo reflected from the surface
of the gels were increased. The data are well approximated by the linear regressions: (1) y = 16.783x +
205.4, R? = 0.988; (2) y = 8.166x + 183.8, R? = 0.931.

Figure 6b shows the dependences of the maximum and average brightness of the gel/water
interface on the Young’s modulus of the samples. It can be seen that the echogenicity of the surface of
the gels is directly related to the elastic properties of the tested materials. Moreover, the higher the
stiffness of the samples, the more accurately the gels are visualized. Again, the data (Figure 6b) are
well approximated by the linear regressions: (1) y = 1.529x + 169.45, R? =0.989; and, (2) y = 0.7666x +
165.63, R? = 0.987.

In a series of experiments with the second batch of gels (samples were placed in a model “blood”
vessel (Figures 1c and 5b), the ultrasonic amplification of the apparatus was increased to 20 dB to
compensate for the signal loss through the tube wall. Totally, seven samples were tested for each
concentration of MNPs in the gel. The average brightness of the water inside the tube was 44.4 + 0.2
(n=28).
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Figure 5. Examples of ferrogels samples visualization at the bottom of water cuvette (a) and inside a
silicone tube filled with water (b). The distance from sensor to objects is about 20 mm. 1—soft pad (a)
and wall of silicone tube (b); 2—water in cuvette (a) and in tube (b); 3—upper boundary of gel/water;

4—gel body.
(b) 1
2
1 170 T T T

0 0,5 1 1,5 2 15 25 35 45
Weight fraction of MNPs (%) Young modulus (kPa)

n

o

(=]
|

(a) 1

N

[

(=]

L
[
[X]
(=]
L

N
]
=
(=]
L

=

o

o
1

—
0
o

L -

Brightness (arbitrary units)
N
(=]

Brightness {arbitrary units)

=
=N
=]

Figure 6. Dependences of maximal (1) and average brightness (2) at gel/water boundary on the MNPs
concentration for samples of batch #1 (a). Vertical bars reflect the confidence interval with p = 0.05.
Dependences of maximum (1) and average brightness (2) at gel/water boundary on Young’s modulus
for samples of batch #1 (b). Vertical and horizontal bars reflect the confidence interval of relevant
parameter with p = 0.05.

Figure 7 shows a graph of the maximum and average brightness of the reflected echo signal at the
gel/water interface in a tube versus the concentration of MNP in the sample. The graphs show the
boundaries of confidence intervals at p = 0.05. The data (Figure 7) are well approximated by the linear
regressions: (1) y = 61.652x + 130.07, R = 0.996; (2) y = 31.9x + 81.6, R = 0.984. It can be seen that
the echogenicity of the surface of the ferrogel significantly increases in comparison with the PAA gel,
even with the minimum concentration of MNPs. At the maximum concentration of MNPs in ferrogel
(1.45%), the brightness of the reflected echo signal from its boundary with water is approximately
two times higher than for the baseline PAA of the sample. This conclusion is valid for both the use of
maximum and average brightness as a measure of the echogenicity of the material. The result that was
obtained for the samples of gels (the first batch) inside the model vessel is in full compliance with the
test data of the echogenicity of the samples (second batch) in water (see Figure 6a).
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Figure 7. Dependences of maximum (1) and average brightness (2) at gel/water boundary on the MNPs
concentration for samples of batch #2. Vertical bars reflect the confidence interval with p = 0.05.

It should be noted that the dependence of brightness at the gel/water interface on the concentration
of MNPs is more pronounced for the samples in a model vessel than for gels that were placed in a
cuvette filled with water.

We have studied the ultrasound reflection from the non-deformed sample in condition, which
mimic the ferrogel in a blood vessel. It is important to mention that effect of the sample preliminary
tension on the sound reflection is out of scope of this work. Figures 4, 6 and 7 demonstrate that the
Young modulus and the brightness of the reflected signal both increase with the particle concentration.
It allows for making simple comment on the relation between the Young’s modulus and the impedance
and to conclude that the impedance increases with the modulus. Note that classical results of the
acoustic theory demonstrate the increasing relation on the basis of the general considerations of the
theory of continuous media.

4. Discussion

The experience of ultrasound imaging of such polymer soft materials as gels for medical purposes
is well known. In particular, the results of the location of gel phantoms of internal organs and tissues
were used for testing and calibration of ultrasound diagnostic equipment [22,23], as well as implants
that are based on gels [24,25]. Here, the visualization of FG sample geometrical features was for the
first time achieved by using the ultrasonic location method. While taking into account the fact that
FGs are considered to be promising materials for medical applications, the study was performed by a
standard ultrasound apparatus that is in use for medical purposes. Regardless the shape of the samples
and the conditions of their location, the boundaries of ferrogels are confidently visualized while using
medical ultrasound over the entire range of concentrations of MNPs.

An increase in the MNPs concentration in the PAA gel was accompanied not only by an increase
in the echogenicity of the gel/water interface, but also by the elasticity of the samples. Moreover, we
established a linear relationship between the brightness of the echo signal reflected from the boundary
and the Young’s modulus of the FG (Figure 6b). This result was obtained for the samples from the first
batch of gels, while visualizing them at the bottom of a container with water.

It should be mentioned that in a series of experiments with a model vessel, the elastic properties
of FGs from the second batch were not determined due to the design of the equipment for mechanical
properties evaluation. When the diameter of the samples was below 8 mm, the installation did not
allow for correct setting of deformations in compression. However, all of the materials and procedures
used for the synthesis of gels were the same. The only exception was the moulding of gels for relevant
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needs. This circumstance makes it possible to insure the possible connection between the echogenicity
of the surface of the gels and the Young’s modulus of samples from the second series with a high
degree of confidence. Below, we attempt to describe the relationship between the concentration of
MNPs in the gel and its echogenicity at the interface with water theoretically.

In this part, we suggest some physical interpretation of the experimental results. It is based on
the concept that, at the acoustic oscillations of the hydrogel, the macromolecular net and water in the
gel porous experience the viscous Stocks-like interaction. Thus, in the first approximation, one can
suppose that, in each small volume of the hydrogel, the net and water move with the same velocity
and the hydrogel can be considered as a unite continuum. In the frame of this physical approximation,
the coefficient R of the sound reflection on the border between hydrogel and water out of it, can be
estimated, as follows [26]

o (amzom 0
c2p2 +c1p1

Here, the Subscribes 1 and 2 correspond to the water out of the hydrogel and the hydrogel,
considered as a continuous medium, respectively, p is mass density of the corresponding media.

The sound speed can be presented as in Ref. [26]

c=4|— 4)

where K is the compression modulus of the media. Therefore, Equation (3) can be rewritten as form:

R — [ VKzp2 = \/Kip1 )2
VKzp2 + +Kip1

The hydrogel compression modulus Kj is determined by the modulus of the water, modulus of
the macromolecular net, and modulus of the embedded particles (see, for example, general discussion
in [27]. Since the volume concentration of the gel and particles in the hydrogel are low, in the first
approximation K, =~ Kj. The hydrogel mass density is more than the density of water, i.e., p, > p;.
Therefore, the inequality (K pz)l/ 2> (Klpl)l/2 is held and the coefficient R can have quite significant
value, which is enough to provide the visible reflection signal (see Figure 4). The addition of the rigid
particles increases both the modulus K; of the hydrogel and its density p,. Obviously, in the range
of small concentrations of the particles, coefficient R (defined for Equation (5)) should show linear
dependence on the concentration (Figures 6a and 7).

The suggested theoretical interpretation of the experimental results is rather qualitative. Since the
ultrasound wavelength is much more than the size of the particles and heterogeneities, provoked by
the particles, we have used classic considerations of the acoustics of continuous media. It appeared
enough for, at least, principal explanation of the experimental results. Detailed experimental study
of the particles distribution inside the hydrogel are required in order to achieve reliable quantitative
description of the reflection effects at higher level of understanding.

Let us make short remark on possible future directions of ultrasound location research. As it was
mentioned in the introduction, magnetically controlled platforms for targeted delivery of cell implants
and drug substrates through arteries, as well as positioning indicators for low invasive surgery, is a hot
topic of the research and applications. Recently, we proposed using giant magnetoimpedance based
multilayered sensitive element for the monitoring of FG scaffold position inside the blood vessel in
regenerative medicine case of application [8,28].

Generally speaking, the goal to define the FG scaffold position can be completed either by magnetic
or by ultrasound detection. What is most important is that both techniques can probably be used at
a time or just one after another in two simple non-invasive tests. The concept of usage of different
techniques for material characterization is well established in the nanomedicine for nanomaterials

®)
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characterization [16]. Ferrogels offer a new opportunity for extending this concept on the non-invasive
tests, keeping in mind not a material characterization, but rather complex diagnostic solution. Different
techniques have their advantages and disadvantages and the application of multiple techniques can be
viewed as additional advantage, especially keeping in mind than ultrasonic equipments are available
for routine diagnostics.

5. Conclusions and Outlook

Samples of ferrogels with different concentrations of MNPs were synthesized in various forms
to simulate different peculiarities of the visualization of sample location for future development in
the area of biomedical applications. In particular, thin cylindrical samples were used to simulate the
situation in which ferrogels can be used as platforms for targeted drug delivery or cell cultures through
blood vessels. Samples of larger size in the form of cylindrical plates were used in order to simulate
cell grafts that are based on ferrogel, intended for use as substitutes for damaged structures, such as
bone or cartilage tissues.

We found that, regardless of the shape of the samples and the conditions of their location while
using medical ultrasound, the boundaries of ferrogels are confidently visualized over the entire range
of concentrations of MNPs. Moreover, the intensity of the reflected echo was greater, the greater the
concentration of MNPs in the gel. Obviously, the result that was obtained is not related to the influence
of the MNPs directly on the intensity of the reflected echo signal, since the wavelength of the ultrasonic
effect used is much larger than the particle size. Therefore, we can point out the indirect effect of MNPs
on the echogenicity of ferrogels.

Qualitative theoretical interpretation of the experimental results was proposed while taking into
account the concept that, at the acoustic oscillations of the hydrogel, the macromolecular net and water
in the gel porous experience the viscous Stocks-like interaction.
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Abstract: Magnetosensitive polymersomes, which are amphiphilic polymer capsules whose
membranes are filled with magnetic nanoparticles, are prospective objects for drug delivery and
manipulations with single cells. A molecular dynamics simulation model that is able to render a
detailed account on the structure and shape response of a polymersome to an external magnetic field
is used to study a dimensional effect: the dependence of the field-induced deformation on the size
of this nanoscale object. It is shown that in the material parameter range that resembles realistic
conditions, the strain response of smaller polymersomes, against a priori expectations, exceeds that of
larger ones. A qualitative explanation for this behavior is proposed.

Keywords: magnetic polymersomes; magnetic vesicles; magnetic nanoparticles; magnetoactive
composites; nanocapsules; coarse-grained molecular dynamics; computer simulation

1. Introduction

Synthesis of microscale particles capable of drug transportation and/or active manipulations with
cells is one of the most actively developing trends in modern biomedicine [1]. A promising class of such
objects, well tunable and controllable, are polymersomes: vesicle-like submicron capsules whose walls
are formed by a bilayer membrane built of an amphiphilic block copolymer [2-7]. The polymersome
might be loaded with biomedical substances (cargo) whereas the membrane might be functionalized to
be stimuli-sensitive to a number of factors: pH, temperature, oxidation/reduction, electric/magnetic
fields, light, ultrasound, etc. Chemical versatility and stability of polymersomes ensure a variety of
their foreseen applications: biosensing systems, nanoreactors, drug carriers with externally activated
release, imaging, and even prototypes of artificial cell organelles.

The objects of current study are magnetosensitive polymersomes (magnetopolymersomes, MPSs)
whose membrane is modified by introducing inside it magnetic (e.g., maghemite) nanoparticles
(MNPs) [8-11]. Due to the hydrophilic/hydrophobic interplay, the MNPs are confined inside the
sandwich structure formed by the inner and outer amphiphilic polymer layers (shells); the width
of the intershell gap is adjusted in such a way that it just a bit exceeds the MNP size. With such a
construction, magnetodeformational susceptibility of MPSs comes out several orders of magnitude
higher than that of any other types of microcapsules.

Nowadays, chemical synthesis of various modifications of MPSs is rapidly developing,
and they are available in different shapes and morphologies [12,13]. In [14], membranes of
poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA) with incorporated maghemite
(7 — FepO3) nanoparticles are reported. The monolayer, double-layer and multilayer vesicles with
poly(styrene)-b-poly(acrylic acid) (PS-b-PAA) membranes of tuned thickness and stuffed with MNPs
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are obtained in [15]. The tests demonstrate that the polymersomes with thicker membrane and higher
MNP density display enhanced MRI contrast, higher magnetization and better release profile of their
drug cargo. In structure investigations, it is found that larger MNPs drift closer to the inner membrane
boundary that leads to larger curvature of the latter [16]. Besides dilute systems, preparation of
size-controlled assemblies of densely packed submicron PS-b-PAA polymersomes is also possible [16].

Now a commonly established fact is that under an applied external field, MPSs notably stretch
along the field direction. Moreover, as revealed by small-angle neutron scattering (SANS), the field
causes changes in the membrane structure making it anisotropic, and this anisotropy increases with
the applied field. The evaluated scattering anisotropy factor is also found to be dependent on the MNP
content, size and curvature of the membrane. According to the SANS observations, the field strength
at which the field-dependence of the anisotropy factor attains a plateau coincides with that saturating
the MNP magnetic moments [14].

The granted biocompatibility of MPSs and experimentally proven opportunity to magnetically
control their shape as well as the changes of MNP distribution inside the membrane, commend them
as really smart micro-objects for biomedical use. For further progress, one needs a valid concept of
complex magnetomechanical and magnetostructural properties of MPSs that, as for now, is virtually
nonexistent. A promising, if not the only, way to fill in this gap, i.e., to study and predict the
deformational and structure responses of MPSs, is an extensive use of computer simulations. In what
follows, we describe a flexible computational model of an MPS and use it to analyze the field-induced
shape and volume effects.

2. Model and Simulations

A coarse-grained molecular dynamics description of a magnetic polymersome was developed
in [17]. Here, we use it to investigate the dependence of magnetodeformational behavior of an MPS on
the overall size of the latter.

The model MPS is built of the particles of two types: non-magnetic polymer ones (beads) and
MNPs. The sandwiched amphiphilic membrane, within which the MNPs are confined, is presented
as two nested spherical shells, the inner and outer ones, see Figure 1. Each shell consists of an equal
number of beads arranged in a quasi-2D triangular mesh, so that the centers of beads are the mesh
nodes; the diameters of the beads are denoted as d;, and doyt, respectively, where the subscript indicates
the shell.

Inside each shell the bead centers are connected with stiff springs to ensure virtual constancy of
the inter-bead distances and, thus, the area of the triangle built of any three neighboring beads. At the
surface organized in such a way, any pair of side-abutting triangles is, however, free to fold along their
mutual border. In other words, the overall surface area of the shell is conserved but the shell bending
elasticity is negligible.

Inside this double-shell membrane, in a number of points uniformly distributed over its surface,
the subtending beads (nodes) of the shells are linked with identical linear elastic springs; the stress-free
length i of the spring defines the equilibrium thickness of the intershell layer. Given that the total
membrane thickness is 1 + % (din + dout), whereas the gap accessible for the MNPs is hgap = h —
% (din + dout). The connectivity parameter cp, of the membrane is defined as the ratio of the number of
spring-bonded pairs to the whole number of particles in the shell; evidently, diminution of c}, enhances
the extent of the layer thickness fluctuations.

Inside the MPS membrane, a certain number of monodisperse spherical magnetic nanoparticles
is confined, thus making a kind of quasi-2D magnetic fluid. The volume fraction ¢ of the MNPs is
defined with respect to the volume of the intershell space where they are allowed to move. From the
calculation viewpoint, each MNP is treated as a structureless bead of diameter d,, with a built-in
magnetic (dipole) moment fixed at its center. The intershell gap hgap but slightly exceeds dj,, so that
the intershell layer might accommodate only a monolayer of MNPs. In magnetic aspect, the MNPs are
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coupled with each other as point dipoles; in steric aspect, they interact as soft spheres. The diameters
din and doyt of the shell beads are chosen is such a way that the shells are impenetrable for the MNPs.

To commence simulation, first, under the above-presented conditions a multi-element object
(a model MPS) is constructed as a hollow sphere of outer diameter D with a double-shell wall, within
which a given number of MNPs is uniformly distributed; the number of the beads in the shells is
chosen accordingly. Then all the interparticle interactions are “switched on”, and the model MPS
is set in contact with Langevin thermostat that induces Brownian motion of all the elements of the
system. Therefore, the thermostat imitates the presence of isothermal solvent (consisting of light-weight
molecules) which uniformly fills in all the space outside and inside the MPS.

From this instant the coarse-grained molecular dynamics calculation starts and is carried out until
the system comes to equilibrium; the criterion for the latter is stabilization of the overall energy value.
This stage yields the basic (field-free) state of the MPS and enables one to obtain its characteristics.
Then a uniform magnetic field is imposed, i.e., the Zeeman energy is added to the energy of each
magnetic element, and the calculation process is run anew.

Technically, each calculation implies the numerical solution of the set of coupled equations of
motion for all the center-of-mass position vectors 7; (t) where subscript i enumerates all the elements
of the model MPS, beads or magnetic particles:

d%7; dr;
dr dt
here m; is the element mass, F; the force derived from the total potential energy. The second term in
the right-hand side of Equation (1) is the dissipative force with translational friction coefficient {, and
fi () is the random force generated by Langevin thermostat.

The force experienced by each bead of any shell is

=E-7=l4fi(); 1)

m;

Fi = Fs,i + Fa,i + Fbond,i + FMNP—membrane,ir

with 135,,- being the total stretching /compression force on the part of neighboring mesh nodes, ?a, ia
sum of forces depending on relative change of the areas of the mesh triangles which have the i-th
node as a common vertex, ﬁbmdli an elastic force entailed by the presence of the bonds connecting the
i-th node of one shell with the subtending node of another one, ﬁMNP-membrane,i a total force of soft
mutual repulsion between the i-th and all the other MNPs, this set of forces is defined by pairwise
Weeks-Chandler-Andersen (truncated Lennard-Jones) potential [18].
The force acting on each MNP is

F; = Fyipoar, i + FMNP-MINP, i + FMNP-membrane, i- 2
Here ﬁdipolar,i is the sum of pairwise forces derived from the dipolar magnetic interaction of the i-th
MNP that bears magnetic moment y directed along unit vector ¢; with all the others located at the
intercenter distances 7;;. This force has the form

_v [m[z ((E’fr'ff) 3 (Ei'?fj)s (% - 7i) )} ; ®

ij Tij

here pg is vacuum permeability. The second and third terms in the right-hand part of Equation (2) are
the soft repulsion forces between MNPs and between MNPs and the confining shells, respectively.

Note that for MNPs, besides translational degrees of freedom, the rotational ones matter as well,
since the magnetic moment orientations enter the interparticle forces, see Equation (3). The pertinent
equations of rotary dynamics with the corresponding torques induced both by the local fields and
external field Hy are included in the whole set of equation as well.
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membrane
particles

Figure 1. Schematic cross-section of the model MPS. The membrane consists of the internal (red) and
external (blue) shells made of equal number of polymer particles (beads) arranged in triangular mesh;
the intershell space is filled with MNPs(gray spheres with arrows).

All computer simulations were performed with the aid of ESPResSo code [19], the shells were
implemented following the scheme proposed in [20]. The computational experiments included
preliminary steps to obtain equilibrium distribution of MNPs inside the MPS membrane under zero
external field (basic state) and magnetization steps to obtain the changes induced by the applied
field. For every MPS size and for every value of the field strength, the calculations were carried out
on 10 copies of the model MPS which differed only in initial orientational distribution of the MNP
magnetic moments.

The nondimensional parameters which characterize the system under study are as follows. The
intensity of the magnetic dipolar interaction

A= pop? /dngT, (4)

is defined as the ratio of energy of magnetic dipolar interaction of two identical MNPs placed at
the closest possible distance, i.e., dp, to thermal energy with kp being the Boltzmann constant and T
temperature.

The second parameter is the reference Zeeman energy of an MNP in the field of strength Hy scaled
with thermal one:

¢ = popHo/kpT. ®)

Let us clarify the relations between the dimensional parameters of the problem and their
nondimensional counterparts used in the calculations. The nanoparticle diameter dp, is set to 15nm
that with the typical magnetization of a ferrite (magnetite or maghemite) M = 500 emu yields for the
MNP magnetic moment y = (7t/ 6)Md§, ~ 8 x 1071 emu. Then, assuming room temperature that is
the only choice for aqueous solutions, for the dipole interaction parameter (4) one gets A ~ 5.

The Langevin argument ¢ evaluated for the same conditions comes out is related to dimensional
field strength as ¢ ~ 200H), so that ¢ = 10 corresponds to Hy = 2kOe that is completely feasible value.

The intershell distance / is taken as the length unit; in this scale, d,,/h = 0.3 and hgap /1 = 0.35.
With the above-introduced value of the MNP diameter dj, = 15nm, for the MPS parameters one finds:
h ~ 50nm and hgap ~ 17nm. The size of simulated MPSs varies from g = D/h = 6 to q = 14 that
makes 2.3 time difference; the value of D refers to the initial geometry of the MPS, i.e., a sphere. Taking
the above-given value of /1, one finds that the dimensional size of the tested MPS spans from 300 to
700nm. In the membranes of all the samples, the volume content of MNPs is constant and equal
¢ ~ 11vol.%, and the connectivity of the MPS shells is set to ¢, = 0.2.
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Keeping the MNP size dp,, dipole parameter A, layer thickness figap, volume content ¢ and
connectivity c, constant, we ensure that the “quality” of the MPS membranes is the same (at least,
before the field is applied). The next section presents the results of simulating the field-induced
responses of such MPSs under variation of their overall sizes D.

3. Results

The tested MPSs are shown schematically in Figure 2 just for visual comparison.

(a) (b) (c) (d) (e)
Figure 2. Schematic sketches (drawn at the scale) of model MPSs with nondimensional sizes g: 6 (a); 8

(b); 10 (c); 12 (d); 14 (e); for all samples ¢ =~ 11% and ¢}, = 0.2.

A series of snapshots of equilibrium states for MPSs of different sizes under variation of applied
field is presented in Figure 3.

(b)

(d) (e)
Figure 3. Snapshots of model polymersomes with the size g = 6 (a)-(c) and g = 14 (d)—(f) under
applied field ¢ = 2 ((a) and (d)), ¢ = 6 ((b) and (e)), ¢ = 10 ((c) and (f)). The field is directed upward;
for all samples ¢ ~ 11% and ¢}, = 0.2.

Simulations of the model MPSs under the field point out the common tendency to stretch along
the field direction assuming axisymmetric ellipsoidal-like shape. Because of that, it suffices to describe
this deformation by a single elongation parameter ¢ that we define as the ratio of the major semi-axis
of the deformed sample to its minor one minus unity. These results are shown in Figure 4.

The presented plots reveal that the smaller polymersome is subjected to magnetization, the greater
is its field-induced deformation. Indeed, under field { = 10 the elongation parameter is ¢ ~ 0.25 for an
MPS of size g = 6 whereas for the largest one (g = 14) itis € ~ 0.17, i.e., about 30% lower.
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Figure 4. Elongation parameter ¢ = % — 1 as a function of external field strength parameter ¢ for

the MPSs of different initial sizes g; all the curves are obtained for ¢ ~ 11% and ¢, = 0.2.

Being soft hollow objects, MPSs do not conserve neither their overall nor inner volume under
deformation. In view of the drug delivery application, it is interesting to consider the field-induced
volume changes of the MPS. The estimation is obtained from simulations by taking any actual
configuration of the polymersome and building up a nested polyhedron whose vertexes are fixed at the
the centers of the beads of the inner shell. These results are shown in Figure 5, where V; corresponds
to the basic state of the MPS and is approximately equal to the volume of a sphere of diameter
D — 2h. As seen, small polymersomes demonstrate a non-monotonic dependence of the “volume
defect” (V (&) — Vo) /V on the field strength whereas larger ones show regular decreasing behavior.
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Figure 5. Dependence of the “volume defect” (V — V) /V} of the MPS cavity on applied magnetic
field ¢; for all samples ¢ ~ 11% and ¢}, = 0.2.

4. Discussion

The coarse-grained molecular dynamics model is applied to investigate the field-induced overall
deformation of an MPS and the internal restructuring accompanying it. This enables one to understand
the dimension effect: the influence of the size factor on the polymersomes with the same properties
of their membranes. The obtained results point out that in these objects the overall changes (shape
anisotropy, volume defect) are essentially determined by the structure rearrangements which take
place in the magnetically active membrane. As the snapshots of Figure 3 show, the MNPs, formerly
dwelling in randomly oriented loose aggregates, re-group and unite in well-formed chains fairly well
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aligned with the direction of the imposed field; the increase of the field enhances the straightness of the
chains. Therefore, one comes to a conclusion that the field-induced chaining of the particles is the main
mechanism of MPS elongation. Moreover, it is clear that the equilibrium shape of an MPS is established
as a result of interplay between the magnetostatic forces which group the particles and align the chains,
and the steric forces which maintain the MNPs confinement in the intra-membrane space.

At a first sight, in the membrane of a larger polymersome (lower curvature), the nanoparticles are
more free to align, and, thus, in such an object the conditions for the field-induced elongation are more
favorable. However, as the simulation results presented in Figure 4 show, our modelling points out the
opposite tendency. To explain this, in below we present qualitative considerations which, if not being
exhaustive, should be an important part of the effect.

In our view, the found dependence is a manifestation of the anisotropic character of the
dipole-dipole interaction in a confined geometry of a spherical layer. As known, the dipolar particles
with parallel orientation of their magnetic moments attract each other if positioned in a “head-to-tail”
pattern and experience mutual repulsion in “side-by-side” configuration. More broadly, the particles
repel each other if their center-to-center vector is inclined to the field under the angles Ay ~ (90 & 35)°
and are mutually attracted in all the other positions.

When such particles are enclosed in a spherical layer, which is the case of an MPS subjected to a
strong field, the situations in the “equatorial” and “polar” zones of the membrane are qualitatively
different. (For convenience, we liken an MPS to a globe whose poles are at the points where the
direction of external field is parallel to the surface normal.) Indeed, as long as the MPS is sufficiently
large D > d,,, those MNPs that inhabit the equatorial zone, are in quite favorable situation for building
meridional chains of the “head-to-tail” structure . Meanwhile, for those which at zero field occupied
the near-polar zone, the situation strongly depends on the curvature of the layer.

At high curvature (small MPS), virtually all feasible center-to-center vectors fall outside the Ay
interval. This implies that the formerly “polar” particles are attracted by the ends of the meridional
chains, drift in their directions, and, thus, deplete the polar zone. At low curvature (large MPS), for a
notable number of particles in the near-polar zone have their center-to-center vectors inside the Ay
interval and, thus, experience mutual repulsion. Instead of joining long meridional chains, those MNPs
would be repelled by their ends and would stably dwell in the polar zone as single entities or very
short weakly linked aggregates. An illustration for this conclusion is given by snapshots in Figure 6.

Evidently, those non-chained particles do not contribute to the stretching effect and by that reduce
to some extent the number and/or length of the formed chains. Moreover, the repulsion exerted by
those “polar” particles on the nearly-situated chains should extend the MPS in the direction transverse
to the field direction and, albeit weakly, but also contribute to diminution of the field-induced stretching
of larger MPSs. In Appendix A we propose a “toy” model that justifies the effect of this chain-length
reduction on the size-dependent magnetic deformation of MPSs.

(a) (b)
Figure 6. Top views of the MPSs with sizes g = 6 (a) and 14 (b) magnetized by field ¢ = 10; to improve
vision, the outer shell is not shown; these top views correspond to the side views given in Figure 3c,f.
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Another effect that is worth of discussion is the non-monotonic field dependence of the inner
volume of small polymersomes, see Figure 5. In general, as it is could be shown analytically, when a
sphere is deformed to spheroid under condition of constancy of its lateral area, the “volume defect” is
always negative. Therefore, the found negative volume change, see Figure 5, confirms the assumption
of high surface tension of the membrane shells. Looking to details, we surmise that the initial stretching
of the MPS in the low field range (§ = 0 to = 3), see Figure 3 (a), where the chains are very curvilinear,
is due to orientation of some chain fragments without breaking their overall structure arrangement.

In small polymersomes, on further growth of the field (¢ ~ 4 to ~ 8), the structure rearrangement
requires numerous breaks of the formerly existing chains. When the extensive chain rupture takes
place, the particle structure becomes more loose, and this transformation, although not completely
(see curve for g = 6 in Figure 5), but to some extent reduces the volume defect. As soon as the
chain fragments unite in a new conformations which are plausible for making quasi-meridional lines,
the diminution of V resumes. Finally, the field-induced restructuring results in building up inside
the membrane a barrel-like superstructure (we remind of the afore-mentioned effect of depleting
the polar zones) that makes a small MPS to efficiently stretch along the field direction, see Figure 3c.
In large polymersomes, the already existing chains have much more freedom for their conformational
changes and perform them with almost no breaks. Therefore the initially formed aggregates gradually
reorganize in long-chain patterns; because of that, in such an MPS compression of the inner cavity
goes in monotonic way, see plots for 4 = 12 and g = 14 in Figure 5 and Figure 3d-f.

5. Conclusions

The size effect, i.e., the dependence of structure and deformation of a magnetic polymersome
on the applied field strength is studied with the aid of a coarse-grained model. It is shown that in
the realistic size range, the field-induced strain—the polymersomes elongation along the applied
field—is the higher the smaller the objects. This tendency is related to the arrangement and size of the
nanoparticle chains which form and align in the polymersome membrane under magnetization.
The field-induced change of the polymersome inner cavity volume is negative, and for small
polymersomes its field dependence turns out to be non-monotonic.

The presented results infer that in terms of specific effects—the field-induced strain as well
as the volume defect—smaller polymersomes turn out to be more efficient than the larger ones.
From application view point, the volume defect is important, in the first place, for drug delivery.
The smallness of the obtained value indicates that polymersomes of the considered kind hardly
have wide prospects. On the other hand, the 20-25% strain effect might fit in a fairly good way
the requirements for cell membrane stimulations which are realized either via turning an already
stretched polymersome by a rotating field or by inducing its periodic elongation in the given direction
with the aid of alternating field. Certainly, the obtained results on deformational properties of
magnetic polymersomes, apart from static cases, might also provide reliable estimates for sufficiently
low-frequency magnetodynamic regimes.

Besides the above-presented particular points, it is worth noting that the calculation model that
we use, may be easily modified and/or extended in many ways that is an advantage if one would
need to describe a magnetic polymersome in more detail.
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The following abbreviations are used in this manuscript:

MNP magnetic nanoparticle

MPS magnetic polymersome

MRI magnetic resonance imaging

PS-b-PAA poly(styrene)-b-poly(acrylic acid)

PTMC-b-PGA  poly(trimethylene carbonate)-b-poly(L-glutamic acid)
SANS small angle neutron scattering

Appendix A

Consider an assembly of identical single-domain spherical particles coupled with each other via a
sufficiently strong dipolar potential. Under an imposed external field, the basic state (lowest energy)
configuration of such a system is a perfectly straight line parallel to the field direction. Evidently,
any distortion of this contour enhances the energy of the chain and generates the forces striving to
recover the basic state. If the chain is confined, these forces are exerted on the boundaries/walls which
restrict its conformational freedom. This is the case of a magnetized MPS: in a strong external field
the MNPs align their magnetic moments with the field and aggregate in chains but, being inside the
membrane, those chains come out arc-shaped with the curvature equal to that of the membrane in the
“meridional” plane, i.e., the plane that contains the field vector and passes through the MPS center. The
tendency of the confined chains to straighten, imparts to the membrane an excess of surface energy,
and this energy diminishes as the MPS stretches in the field direction.

In an MPS, the approximate volume of spherical layer accessible for MNPs is V = 71D?hgap,
whereas the total volume of all N particles is (77/ 6)d§’,N . Taking into account that the intershell gap
is close to the MNP diameter (hgap ~ dp), the volume fraction of MNPs comes out as ¢ = N d%, /6D2.
We remind that the above-presented modelling is performed under condition ¢ = const.

Let us assume that the chains stretch meridionally and they are symmetrical with respect to
equator of the membrane, so that the chain length is vd); the maximal value of the length is vy =
7D /2dy, i.e., the chain makes a pole-to-pole semi-circle. The expression for energy AU for a model
chain of constant curvature could be obtained from general expressions for long dipolar chains, see [21],
for example, and taken in the form

AU = 6{(3) (vyz/df,> [1 — cos? 19] . (A1)

As the chain is considered to be long enough (say, v > 10), it is described in continual limit; here
{(3) is Riemann’s function and ¢ the local angle between the tangent to the contour of the chain and
the field direction; note that we count AU from the lowest energy, where cos? ¢ = 1. Under assumption
of constant curvature of the arc (2/D), the cosine function in expression (A1) could be averaged over
the chain and yields

1 sin (7tv/vp)
29— — -
cos™ 8 = 3 {1 + 1o (A2)
so that substitution to (A1) gives
2 .
N Vi _sin (v/vp)
AU = 3@(3)7}34 {1 i | (A3)
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The part of the membrane surface per one chain is AS = 7D?v/N = m/dlz, /24¢. Then the surface
energy density in question is
_sm(m//vo)} . (A4)

oc=AU/AS = 72(,'(3)4’—”2 {1
3 v/ vy

As seen, in expression (A4) the coefficient before the bracket is independent of the MPS structure.
Had the ratio v /v been the same for any of the considered MPSs, then this independence would have
been inherent to the bracket as well. However, as pointed out in section 4, the larger the MPS diameter
D, the greater number of MNPs does not take part in stretching. This means that in larger MPSs the
ratio v/ vy is lower than in smaller ones. This entails diminution of the value of the factor in brackets
and, thus, the decrease of the excess of the magnetic surface energy ¢ that, in our view, is the driving
mechanism of the field-induced stretching of MPSs. To illustrate this, the v-dependent function of
Equation (A4) is presented in Figure A1.

141 — sin (/1)

iy

1 v 1
0

0 0.5 1 1.5 2 2.5 3

Figure Al. The factor depending on the relative chain length in Equation (A4).
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Abstract: The thermoelectric conversion technique has been explored in a broad range of heat-flow
sensors. In this context, the Spin Seebeck Effect emerges as an attractive candidate for biosensor
applications, not only for the sensibility improvement but also for the power-saving electronic
devices development. Here, we investigate the Longitudinal Spin Seebeck Effect in films with
a CopFeAl/W bilayer structure grown onto GaAs (100) substrate, systems having induced uniaxial
magnetic anisotropy combined with cubic magnetic anisotropy. From numerical calculations, we
address the magnetic behavior and thermoelectric response of the films. By comparing experiment
and theory, we explore the possibility of modulating a thermoelectric effect by magnetic anisotropy.
We show that the thermoelectric voltage curves may be modulated by the association of magnetic
anisotropy induction and experimental parameters employed in the LSSE experiment.

Keywords: spintronics; CFA; thermoelectric effect; spin seebeck effect

1. Introduction

Presently, the thermoelectric effects, such as the Seebeck effect, are widely explored in the direct
conversion of heat-flow in voltage signal [1-3]. However, usually, these systems present a high heat
resistance, leading to limitations in biosensor applications [4]. On the other hand, thermoelectric
effects based on spin dynamics have received increasing attention in recent past, not just to the great
technological potential in power-saving electronic devices [5-9], but also for photodetectors [10,11],
diode [12], and temperature sensor [13].

As aresult, numerous studies have been performed in a broad range of nanostructures, promoting
significant advances in the performance of such effects [4,14,15].

Within this field, Anomalous Nernst (ANE) and the Longitudinal Spin Seebeck (LSSE) effects
have distinguished positions, emerging as interesting phenomena for biosensors and spin caloritronics
devices [16-18]. Both effects generally consist in the application of a temperature gradient VT and
a magnetic field H, thus generating an electric field E that can be expressed as [19]

E=—-S(mxVT), 4

where S = Auoms, jio is the vacuum magnetic permeability, and 15 is the saturation magnetization
of the ferromagnetic alloy, which is oriented along to the unit vector 7. Here, A is a fundamental
coefficient that is straightly related to the nature of the involved effect. Specifically, it is common
to assume A = Ay, i.e., the well-known Anomalous Nernst coefficient, for a sample consisting of
a single ferromagnetic metallic layer in which ANE is the unique effect in the system. However, for
a bilayer structure composed by a ferromagnetic metallic layer capped by a non-magnetic metal in
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turn, an effective A, fF coefficient shall be taken into consideration. Remarkably, for this latter, both
ANE and LSSE contribute to the generation of the electric field E.

In a typical LSSE experiment, the electric field associated with the effect is measured through
the Inverse Spin Hall Effect (ISHE). Nevertheless, we may find in the literature several studies
uncovering distinct ways to overcome this experimental adversity, split the contributions of the
LSSE and ANE effects [5,20], or improve the thermoelectric conversion efficiency. For instance,
very recently, Holanda and colleagues [20] proposed a Si/NiFe/NiO/Pt heterostructure to detect
the ANE and LSSE thermoelectric voltages simultaneously, thus allowing the comparison of the
results with the values acquired for a single Si/NiFe film. Following a distinct approach, aiming
to obtain optimized responses, one may focus on bilayer structures and play with the choice of the
ferromagnetic material and the metallic capping layer, both having deep impacts on the thermoelectric
conversion efficiency. In this case, it is well known that capping-layer materials with high spin-orbit
coupling are the main elected for investigations of spintronics effects [21]. This fact is justified
given that they enable the interconversion between charge current and spin current [5]. Nonetheless,
the ferromagnetic material has a fundamental role in this interconversion, being responsible for the
spin current injection. Therefore, properties as magnetic permeability, magnetic anisotropy, damping
parameter, and capability to generate spin-polarized current are key features that must be tuned to
improve the thermoelectric effects in bilayer structures [22-24].

Within this spirit, Heusler alloys appear as attractive candidates for thermoelectric
applications [25-27], given that in theory, they can present energy gap around the Fermi level, making
possible the achievement of 100% spin-polarized currents [28]. Among the numerous Heusler alloys,
CoyFeAl (CFA) is a conspicuous material due to its high magnetic permeability and controllable
magnetic anisotropies [29,30], features often found in CFA films. Theoretically, this alloy has been
widely studied through first-principle calculations [31-34]. Experimentally, the magnetic properties
in CFA films are strongly dependent of parameters used during the production process, such as
temperature deposition and annealing after the deposition [35], as well as on the employed substrate.
Therefore, the control of the features of the CFA alloy as magnetic anisotropy [35-38], associated
with the integration between electrical and magnetic properties, may open new roads to explore this
material and to modulate its thermoelectric response.

In this work, we explore the possibility of modulating a thermoelectric effect by magnetic
anisotropy. Specifically, we investigate the Longitudinal Spin Seebeck Effect in films with a CFA/W
bilayer structure grown onto GaAs (100) substrate, systems with induced uniaxial magnetic anisotropy
combined with cubic magnetic anisotropy. From numerical calculations, we address the magnetic
behavior and thermoelectric response of the films. By comparing experiment and theory, we show
that the thermoelectric voltage curves may be controlled by the association of magnetic anisotropy
induction and experimental parameters employed in the LSSE experiment. These results enable us
to modulate the thermoelectric response as a function of the applied magnetic field, opening new
possibilities for sensor application.

2. Materials and Methods

Here, we perform experiments in a set of films with a CFA /W bilayer structure, in which the CFA
layer in each sample was grown at a given temperature. Specifically, CFA layers were prepared at the
selected temperatures of 300, 573, 673 and 773 K [35]. The thickness of the ferromagnetic and metallic
non-magnetic layers in the bilayer structure is 53 and 2 nm, respectively. The films were deposited by
magnetron sputtering onto GaAs (100) substrates with dimensions of 3 x 6 mm?, previously annealed
at 923 K, and covered by a 2-nm-thick W buffer layer. The deposition process was carried out with the
following parameters: base pressure of 7.8 x 108 Torr, Ar pressure during disposition of 3 x 1073 Torr
with flow of 14 sccm, current of 200 mA set in the DC source for the CFA layer deposition, and 140 mA
set in similar source for the grown of the W layer. Using these parameters, we reach deposition rates
were 0.6 nm/s and 0.53 nm/s for the CFA and W, respectively. During the whole production process
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for all samples, a constant 1.0 kOe magnetic field was applied perpendicularly to the main axis of
the substrate.

The structural characterization of the samples was obtained by x-ray diffraction. The experiments
were performed using CuK, radiation. While low-angle x-ray diffraction was employed to determine
the deposition rate and calibrate the film thickness, high-angle x-ray diffraction measurements were
used to verify the structural character of the samples.

Quasi-static magnetic characterization was obtained using a LakeShore Model 7404 Vibrating
Sample Magnetometer (VSM). Specifically, the in-plane magnetic properties were verified through
magnetization curves, acquired with a maximum magnetic field value of +500 Oe. The set up allowed
us the rotation of the sample. Thus, to verify the magnetic anisotropy induced in the films, we
measured magnetization curves for the different ¢ values, the angle between the magnetic field and
the shortest axis of the samples.

Ferromagnetic resonance (FMR) measurements were carried out with a Bruker EPR system
operating at 9.838 GHz (TE011 mode). In this case, the sample was placed in the center of a cylindrical
cavity, in which the microwave magnetic field is maximized, and the electrical field is minimized.
The set up also allowed us the rotation of the sample and experiments were performed at different ¢
values. The magnetic field, applied in the film plane, varied from 2.0 up to 3.5 kOe. It was modulated
in the amplitude of 0.1 Oe at 100 kHz. Due to the modulation, the FMR power absorption curve took
the shape of an absorption derivative, which was fitted by a Lorentzian-derivative function to extract
resonance field and linewidth.

At last, we used a home-made Longitudinal Spin Seebeck Effect system (LSSE) to perform
thermoelectric voltage measurements. Further information on the experimental system can be found
in Ref. [39]. The system consists of a heat source (Peltier modulus) and a heat sink composed by a Cu
block, in which the film is placed between them. The thermal conductivity was improved by the
thermal paste, while the electrical contacts were made using silver paint. The system (heat sources and
film) was connected to a step-motor, making possible the sample rotation and the measurement of the
thermoelectric voltage at different ¢ values. Here, following the previous definition considered for the
magnetic characterization, we kept the definition of ¢ as the angle between the magnetic field and the
shortest axis of the sample. Figure 1 depicts a schematic representation of our bilayer structure and the
LSSE experiment.

(a)

Figure 1. Schematic representation of our bilayer structure and the LSSE experiment. (a) Bilayer
structure and definition of the coordinate system used in the numerical calculations. Given that ¢ is
the angle between the magnetic field and the shortest axis of the sample, ¢ = 0° is found when H is
along the x axis. (b) LSSE experimental setup employed for the thermoelectric voltage measurements.

The system allowed us the rotation of the sample during the experiment. Notice that the configuration
represented in (b) corresponds to ¢ = 90°.

3. Results and Discussion

It is known that the structural features of films have a strong influence on their
magnetic properties.
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In ferromagnetic films produced onto amorphous substrates, a considerable out-of-plane
anisotropy contribution is observed as the thickness is increased [40]. This behavior is related to the
local stress storage in the film. On the other hand, by employing oriented substrates, we may promote
a significant reduction of the local stored stress, favoring the appearance of magnetic anisotropy of
magnetocrystalline nature.

This is precisely our intent in this work, in which we made use of an oriented substrate and
annealing during the deposition to produce films having induced uniaxial magnetic anisotropy
combined with cubic magnetic anisotropy.

3.1. Structural Results

Regarding the structural properties, Figure 2 shows the high-angle XRD results obtained for our
set of films with CFA /W bilayer structure grown onto GaAs (100) substrate. First, the diffractograms
disclose the (002) planes of the GaAs substrate [41-43] , assigned by the well-defined and high-intensity
peak located at 26 = 31.9°. Second, no evidence of the W layer is verified here, as expected, a fact that
is associated with the reduced thickness of this layer. Going beyond, with respect to the CFA layer,
the results clearly reveal a peak located at 20 ~ 44.73° that is a fingerprint of the (022) texture of the
CFA alloy, and peaks at 20 ~ 31.55° and 59.15°, which are signatures of the CFA (002) texture. All these
CFA peaks are identified from the pattern found in ICDD 01-0715670. Similar structural results have
been previously reported in the literature for CFA films grown onto distinct oriented substrates [35,37].
In particular, the peaks observed here enable us to infer the polycrystalline character of the CFA alloy,
with an A2 structure, suggesting disorder of the Co, Fe, and Al sites [38,44,45].

(a)

CFA (002)
Gas (002)
CFA (022)
CFA (004)
Gas (004)
Gas (002)

773K

673K

- |
=

L 300 K| AN

Intensity (a.u.)
Intensity (a.u.)

20 30 40 50 60 70 80 90 29 30 31 32 33 34
26 (deg.) 26 (deg.)
Figure 2. (a) High-angle x-ray diffraction results for the Co,FeAl/W bilayers grown onto GaAs (100)
substrate. (b) Detailed view of the curves, in which the CFA(002) peak can be visualized. The CFA
pattern is obtained from ICDD 01-0715670. Notice the polycrystalline character of the CFA alloy in all
samples of the set.

3.2. Magnetic Properties

With respect to the magnetic properties, Figure 3 presents the magnetization curves measured
for the CFA /W bilayer films at selected ¢ values. The angular dependence of the magnetization
curves confirms the induction of magnetic anisotropy in all films. Notice the remarkable differences
among the curves obtained at different ¢ values, especially for the samples produced with the
temperatures of 573 K and 673 K. For all studied bilayers, the curve acquired at ¢ = 0° suggests
the existence of an intermediate magnetic axis along this direction. Furthermore, the results reveal
an easy magnetization axis along the direction of ¢ = 90°, as well as a hard axis close to ¢ = 45°
(This latter is clearly observed through the FMR measurements, as we will see in the following). At
last, no evidence of an out-of-plane anisotropy contribution is verified in the curves. Our results
also corroborate previous studies reported in the literature, in which the CFA films were grown onto
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oriented substrates, such as Si, MgO, and GaAs [16,17,35]. All these features uncover the combination
of induced uniaxial magnetic anisotropy and cubic magnetic anisotropy in the bilayers [46].
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Figure 3. Normalized magnetization curves for the Co,FeAl/W bilayers grown onto GaAs (100)
substrate, in which the CFA layer was deposited at the temperatures of (a) 300 K, (b) 573 K, (c) 673 K,
and (d) 773 K. Here we present just the curves measured for ¢ = 0°,30°, 60° and 90°. All the samples
of the set present uniaxial magnetic anisotropy combined with cubic magnetic anisotropy, although
these features are more evident for the ones produced at the temperatures of 573 K and 673 K.

3.3. Modeling a System with Uniaxial Magnetic Anisotropy Combined with Cubic Magnetic Anisotropy

Given all the state above, we took into account a modified Stoner—Wohlfarth model [39,47] to
mimic our CopFeAl/W bilayers having induced uniaxial magnetic anisotropy combined with cubic
magnetic anisotropy. For the numerical calculations, we considered a system with 50 non-interacting
magnetic domains, in which the free energy density for each domain is described by

L o= A R 1
& = —it; - H + drom?2, (i - 70)® — ki (10 - ) — Z(Ccli +Ci)- @

Here, the first term is associated with the Zeeman interaction, the second one describes the shape
anisotropy, the third tells on the uniaxial magnetic anisotropy, and the last term is related with the
magnetocrystalline anisotropy. Furthermore, the considered quantities are defined as the following:
1; is the unit vector of the magnetization, m; is the saturation magnetization, H is the magnetic field,
71 the unit vector normal to the film plane (6, = 0°), and k,; = mséh’“' , where hy; is the anisotropy field
related to the uniaxial magnetic anisotropy oriented along il;; for each domain. At last, for the cubic

magnetic anisotropy energy density,

Ge1i = ke (“%i“%i + afa3; + “%i“%i) / ®)
and
C2 =ke (“%i“%iﬂé%i) 4

where &y, ap;, and as; are the components of the unit vector of the magnetization, a1; = cos @,,; sin 0,,;,
Kp; = sin ¢,; sin 0,,; and az; = cos 0,,;.

For the case in which the uniaxial anisotropy lies in the film plane and the magnetic field is also
applied plane, Equation (2) is drastically simplified and can be rewritten as

. 1 .
Gi = —ms; H cos(@ — @) — ki sin(ey; — (Pmi)z - chli(cos(q)mi)zSm((Pmi)z)~ ©)
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From the minimization of Equation (5) for a given magnetic field H, we are able to find the
equilibrium angle of the magnetization of the i — th domain. This angle is a result of the competition
between the contributions of the magnetic field and the magnetic anisotropies in the system. To account
the whole magnetic behavior, in turn, we also need to consider the magnetic anisotropy dispersion of
the system. Further information on the numerical calculations will be provided in the next sections,
combining theory and experiment.

3.4. Magnetic Response at Saturated State

Moving forward, evidence of the combination of anisotropies was also investigated through
ferromagnetic resonance experiments. In particular, angular FMR measurements enable us to confirm
the observed anisotropies, as well as to infer their relative contribution to the whole magnetic behavior.
From the FMR absorption derivative signal obtained in the experiments for our samples, not shown
here, we determined the linewidth AH and resonance field H,, this latter presented in Figure 4.

120075 Exp. — Fit. (@) (b)]1200
g 9 R A D L4 &+
© 800 W o 800 3
T ° K3

400| 400
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@ (deg.)

1200] @]1200
0 x
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Figure 4. Angular dependence of the resonance field H;, obtained from the FMR absorption derivative
signal measured for the Co,FeAl/W bilayers in which the CFA layer was grown at (a) 300 K, (b) 573 K,
(c) 673 K, and (d) 773 K. The red lines are fittings obtained with Equations (6) and (5).

From a general point of view, all bilayer films share the very same angular dependence of the
resonance field H,. In particular, the curves are characterized by four peaks with similar amplitude and
four valleys, which are split in two groups according to the amplitude values. This behavior is a clear
signature of the uniaxial magnetic anisotropy combined with cubic magnetic anisotropy. Furthermore,
as expected, we confirm here that the samples produced with the temperatures of 573 K and 673 K do
have more intense magnetic anisotropies, which are depicted by the larger amplitude variations of H;.

In order to obtain further information of our system and estimate anisotropy constants, we
considered the well-known angular resonance frequency w; and linewidth of the resonance absorption
Aw, which can be written as [24,48,49]

_ 4 2 =
Wwr = 11 Sin By, \/1 +u \/geegqup ‘:g(p ’ (6)
and c
ay 99
Aw = — + . 7
T (wr 222 )

Here, v = ||/ (1 + &2), in which ¢ is the gyromagnetic ratio and a the damping parameter;
and g, g, Cpo, and Gy, are the second derivatives of the magnetic free energy density, defined by
the magnetization vector oriented by the angles 6,, and ¢, at a given magnetic field.

Then, we performed fittings of the angular dependence of the resonance field H, using Equation (6)
and taking into account the free energy density for a system with uniaxial magnetic anisotropy
combined with cubic magnetic anisotropy, i.e., Equation (5). The magnetic parameters s, k,, and k.q
obtained from the fits of the FMR data are summarized in Table 1.
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Table 1. Parameters obtained from the fits of the experimental FMR data for our set of CoyFeAl/W
bilayers. For the fits, we assumed & =~ 2 x 10~% and ¢ = 2.8 MH/Oe.

CFA Grown Temperature (K) ;s (emu/cm®)  ky, (ergs/cm®) k. (ergs/cm®)

300 1340 1.00 x 10° 3.01 x 10°
573 1330 1.33 x 10° 3.72 x 10°
673 1330 1.66 x 10° 4.82 % 10°
773 1328 1.97 x 10° 5.53 x 10*

3.5. Experimental Results for Thermoelectric Effect

Based on the experimental results obtained in the structural and magnetic characterizations so
far, from now, we focus our attention on the thermoelectric voltage measurements performed in the
CoyFeAl/W bilayers in which the CFA layer was deposited at the temperatures of 573 K and 673 K.

Figure 5 shows the experimental results of the magnetic response and the thermoelectric voltage
for both samples. Specifically, Figure 5a,b presents the thermoelectric voltage as a function of the
magnetic field, at selected ¢ values and setting AT = 27 K. Notice the quite-interesting evolution in
the shape of the curves as the magnitude and orientation of the field are altered. The one measured at
@ = 0° leads to a field configuration in which the thermoelectric voltage has a shape similar to that
presented in the magnetization characterization, as we can clearly confirm from the plots shown in
Figure 5c,d. However, with the increase of the ¢, we verify a decrease of the thermoelectric voltage
at saturation, leading to the suppression of the signal at ¢ = 90°, as expected. It is worth remarking
that the overall thermoelectric voltage response is a result of the combination of effects associated
with magnetic anisotropies in the samples and the thermoelectric voltage measurement configuration
employed in the experiment [39].

Figure 5e,f shows V behavior as a function of ¢, at H = +500 Oe, for selected AT values.
At this field value, our system is magnetically saturated, in a sense that the magnetization follows
the orientation of the magnetic field. As expected, the curves draw a clear dependence of V with
@, shown by a well-defined cosine shape. Furthermore, although the angular dependence is kept
constant, the amplitude of the curves is altered with AT. All these features are in concordance with
our theoretical predictions, discussed in the next sections.

3.6. Theoretical Approach for Thermoelectric Effect

As aforementioned, for ANE and LSSE effects, the application of a temperature gradient VT and
a magnetic field H generates an electric field E given by Equation (1). Based on our experimental
findings, for our theoretical approach, we considered a typical experiment in a film, in which the
temperature gradient is normal to the film plane, while the magnetization lies in the plane, as depicted
in Figure la.

The corresponding thermoelectric voltage, detected by electrical contacts at the ends of the main
axis of the film, is thus given by

oL
V:—/O E.dl, ®)

where L is the distance between the electrical contacts and dI = d! in our case.
Then, using Equations (1) and (8), we obtain

V= AyOLATfmSCOS(pm. )
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Figure 5. Experimental thermoelectric effect results. Thermoelectric voltage as a function of the
magnetic field, at selected ¢ values and setting AT = 27 K, for the (a) CFA/W bilayers in which
the CFA layer was grown at (a) 573 K and (b) 673 K. (¢,d) Comparison of the shape of normalized
magnetization and thermoelectric voltage curves acquired at ¢ = 0°, with AT = 27K, for these samples.
(e,f) Angular dependence of the thermoelectric voltage at H = 4500 Oe for distinct AT values for the
very same samples.

In this case, ATy is the temperature variation across the bilayer, which is related with temperature
variation AT measured experimentally across the sample [19,39],

_ thsubAT

AT
f tsuhKf ’

(10)
where K, and ty;, are the thermal conductivity and thickness of the substrate, while K; and t7 are
the respective quantities for the CFA alloy. Here, we assumed Kj,;, = 55 W/Km and t,;, = 0.7 mm,
while K = 129 W/Km and ¢t = 55 nm for the CFA layer.

Notice that the V response given by Equation (9) is straightly dependent on the magnetic state of
the sample through ¢,,, which in turn is a result of the minimization process of free energy density of
the system. This latter brings information on the magnetic field and the magnetic anisotropies in the
system, given by Equation (5) in our case.

3.7. Numerical Calculations and Comparison between Theory and Experiment

We performed numerical calculations for two magnetic systems, distinct just with respect to the
magnetic anisotropy dispersion. Remember that our system has a combination of induced uniaxial
magnetic anisotropy and cubic magnetic anisotropy. Then, first, we calculated the magnetic and
thermoelectric properties for a system without magnetic anisotropy dispersion, with mg; = mg = ... =
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mgsg = ms = 1330 G, k,;; = kg = ... = kyso = ky, with by = 220 Oe and @ = @1 = ... = @50 = 0°
(x direction in Figure 1a), as well as k.; = ko1 = ... = kcsop = 2.8 ky. In a second moment, to
mimic a magnetic system with a given uniaxial anisotropy dispersion, we considered the very same
parameters, but with the fundamental difference of having ¢y, dispersed linearly around 0°, with
dispersion range of Ag, = 10°.

Figure 6 shows the numerical calculations of the magnetic response and the thermoelectric voltage
for systems having induced uniaxial magnetic anisotropy and cubic magnetic anisotropy, without and
with uniaxial anisotropy dispersion.
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Figure 6. Numerical calculations of magnetic properties and thermoelectric voltage. (a) Normalized
magnetization and (b) thermoelectric voltage curves, at selected ¢ values, for a system having
induced uniaxial magnetic anisotropy and cubic magnetic anisotropy, without anisotropy dispersion.
The calculations were performed with mg; = mg = ... = mgs50 = ms = 1330 G, k;;; = k1 = ... = kys0 =
k”, with hk = 220 Oe and Pri = Pr1 = o = Pi50 = 00, as well as kcli = kcu = ..= kL‘lSO =28 kl(.
Furthermore, we considered AT = 27 K. In (b), the inset illustrates a simple view of magnetic domains
in the system without anisotropy dispersion. (¢,d) Similar plots for the the same system having uniaxial
anisotropy dispersion, in which ¢y; dispersed linearly around 0°, with dispersion range of Ag; = 10°.
In (d), the inset also brings the simple view of the magnetic domains in the system without anisotropy
dispersion. (e) Schematic representation of our bilayer structure in the experiment, in which we depict
@m that is inserted in Equation (9) for the calculations. (f) Angular dependence of the thermoelectric
voltage at AT = 27 K for distinct field values for the system with anisotropy dispersion. The curves are
normalized in order to make easier the direct comparison between results.

For the system without anisotropy dispersion (Figure 6a,b), we verify that the magnetization
curve calculated for ¢ = 0° reflects the behavior of an intermediate magnetic axis, a result of the
competition between the uniaxial and cubic magnetic anisotropies. Furthermore, as expected, the easy
and hard magnetization axes are aligned to ¢ = 90° and 45°, respectively [46]. This behavior is in
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concordance with the experimental results previously discussed in Sections 3.2 and 3.4. Regarding the
thermoelectric calculations, the results obtained for the ¢ = 0° leads to a curve with a similar shape to
that one obtained in the magnetization calculation. With the increase of ¢, we confirm the decrease
in the thermoelectric voltage at saturation, reaching zero for ¢ = 90°. These features are in perfect
agreement with our discussion presented in Section 3.5.

When the magnetic anisotropy dispersion is inserted in the system (Figure 6¢,d), the overall
effective magnetic anisotropy is not strongly altered. As a consequence, the shapes of the curves
in the magnetization response and thermoelectric voltage are globally kept. However, remarkably,
the anisotropy dispersion refines the model, introducing details of the magnetic behavior that are
fundamental to the description of real systems. Specifically, the inclusion of the anisotropy dispersion
leads to smoother magnetization variations and is responsible for modifications in the magnetic
permeability, coercive field and remanent magnetization. All these changes yield deep impacts in the
thermoelectric voltage response.

As aforementioned, the thermoelectric voltage response is a combination of effects associated
with magnetic anisotropies in the samples and the thermoelectric voltage measurement configuration
employed in the experiment. In some sense, it is reasonable its dependence with ¢ (Figure 6e).
Therefore, we also perform numerical calculations of the V behavior as a function of ¢ for the system
with anisotropy dispersion, at distinct H values, shown in Figure 6f. As expected, the curves of the
thermoelectric voltage are strongly dependent on both the ¢ angle and the amplitude of the magnetic
field H. The equilibrium angle of magnetization, ¢, obtained from the minimization of Equation (5),
is the result of the competition between the energy density contributions of magnetic induced uniaxial
and cubic anisotropies with the Zeeman energy density. For field values high enough to saturate the
system magnetically, the angular dependence of V is in perfect concordance with Equation (9), given
by a cosine of ¢, given ¢,;, = ¢. However, for unsaturated states, the cosine behavior is lost, bringing
information on the magnetic anisotropy and anisotropy field.

It is interesting to notice that the previous calculations have qualitatively described the main
features of the magnetic behavior and thermoelectric voltage response in a system having induced
uniaxial magnetic anisotropy combined with cubic magnetic anisotropy.

However, the most striking findings here are shown in Figure 7. Here we directly compare theory
and experiment and uncover the evolution of the magnetic response and thermoelectric voltage with
the amplitude and direction of the magnetic field. Furthermore, we corroborate the major role of the
magnetic anisotropy dispersion to the description of the magnetic behavior and thermoelectric effect.

Notice the remarkable agreement between experiment and theory for the different conditions
of measurement. Specifically, we disclose experimental results for the CFA /W bilayer in which the
CFA layer was grown at 573 K. For the numerical calculations, we considered a system with uniaxial

anisotropy dispersion, with mg; = mg = ... = mgp = ms = 1330 G, k,; = ky1 = ... = kyso = ku,
where I = 220 Oe and ¢y; is dispersed linearly around 0°, with dispersion range of Ag; = 10°,
as well as ky; = ko1 = ... = kaso = 2.8 ky. Remember that these magnetic parameters are the

very same used for the previous calculations shown in Figure 6, all of them obtained from the
magnetic characterization discussed in Sections 3.2 and 3.4. Therefore, from the comparison, we
confirm the validity of our theoretical approach, including the description of our system given by
Equation (5), as well as we corroborate magnetic parameters as the anisotropy constants and the
saturation magnetization, presented in Table 1.

Hence, we were able to describe through the numerical calculations all the main features of the
magnetic behavior and thermoelectrical effect in a magnetic system having induced uniaxial magnetic
anisotropy combined with cubic magnetic anisotropy. From a general point of view, we highlight
that this theoretical approach may be modified to describe any magnetic system if considered the
appropriate free energy density. Furthermore, here, we showed the possibility of modulating the
LSSE thermoelectric effect by the magnetic anisotropy induction. Specifically, the thermoelectric
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Figure 7. Comparison between theory and experiment: Normalized magnetization curves, at (a) ¢ = 0°
and (b) 30°, for the CFA/W bilayer in which the CFA layer was grown at 573 K. (c,d) Corresponding
normalized thermoelectric voltage curves. (e) Schematic representation of our bilayer structure in the
experiment, in which we depict ¢, that is inserted in Equation (9) for the calculations. (f) Normalized
curves of the angular dependence of the thermoelectric voltage, at AT = 27 K, for H = £500 Oe. In
particular, the calculations here were performed system with uniaxial anisotropy dispersion, with

Mg = Mg) = ... = Mgs50 = ms = 1330 G, k; = kyn = ... = kyso = ku, where h = 220 Oe and ¢y, is
dispersed linearly around 0°, with dispersion range of Ay = 10°, as well as k.1; = kc11 = ... = kci50 =
2.8 ky.

effect, measured through LSSE, emerged as a powerful tool to investigate fundamental parameters of
a magnetic system, such as anisotropy configuration and anisotropy dispersion.

4. Conclusions

In conclusion, we investigated the Longitudinal Spin Seebeck Effect in films with a CFA/W
bilayer structure grown onto GaAs (100) substrate. We verified that the magnetic properties of the CFA
films are strongly dependent of parameters used during the production process, such as temperature
deposition and annealing after the deposition. By setting optimal conditions, we manufactured systems
having induced uniaxial magnetic anisotropy combined with cubic magnetic anisotropy. We observed
clear dependence of the thermoelectric voltage curves with the magnetic anisotropy and experimental
parameters employed in the LSSE experiment. By comparing experiment and theory, we confirmed
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the possibility of modulating a thermoelectric effect by magnetic anisotropy in Co,FeAl Heusler alloy.
Our results raise important features, contributing to the integration between electrical and magnetic
properties that may promote improvements of the thermoelectric response in such nanostructures.
These results enabled us to modulate the thermoelectric response as a function of the external magnetic
field, an essential feature for sensor applications.
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Abstract: The performance of magneto-impedance sensors to detect the presence and concentration
of magnetic nanoparticles is investigated, using finite element calculations to directly solve Maxwell’s
equations. In the case of superparamagnetic particles that are not sufficiently magnetized by an
external field, it is assumed that the sensitivity of the magneto-impedance sensor to the presence
of magnetic nanoparticles comes from the influence of their magnetic permeability on the sensor
impedance, and not from the stray magnetic field that the particles produce. The results obtained
not only justify this hypothesis, but also provide an explanation for the discrepancies found in the
literature about the response of magneto-impedance sensors to the presence of magnetic nanoparticles,
where some authors report an increasing magneto-impedance signal when the concentration of
magnetic nanoparticles is increased, while others report a decreasing tendency. Additionally, it is
demonstrated that sensors with lower magneto-impedance response display larger sensitivities to
the presence of magnetic nanoparticles, indicating that the use of plain, nonmagnetic conductors as
sensing materials can be beneficial, at least in the case of superparamagnetic particles insufficiently
magnetized in an external magnetic field.

Keywords: magneto-impedance; biosensor; finite-element method

1. Introduction

Magnetic nanoparticles (MNDPs) are used in numerous biomedical applications, both for diagnosis
and therapy [1]. In diagnosis, they are used for magnetic resonance imaging enhancement [2]
and, after adequate functionalization, for magnetic separation, concentration, and detection of
specific analytes [3]. In therapy, MNPs are used in drug delivery and for hyperthermia treatments,
among others [4]. The most relevant type of magnetic particles for these applications are
superparamagnetic iron oxide nanoparticles, SPIONs. In order to detect the presence of MNPs
and to quantify their concentration, different types of magnetic sensors have been proposed [5,6].
In particular, the magneto-impedance (MI) effect’s extraordinary sensitivity to small magnetic fields has
motivated the active development of MI-based biosensors which, fundamentally, detect the presence
and concentration of magnetic particles [7-13].

The MI effect consists in the large variation of the electrical impedance Z of a soft magnetic
conductor when subjected to an external magnetic field [14]. The phenomenon can be understood
from the classical electromagnetic theory as a consequence of the skin effect’s dependence on the
permeability u of the material. The skin effect—that is, the limited penetration of the alternating
electromagnetic field in a conductor, is characterized by the penetration depth 6 given by

6= (nfou)™"? (1)
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where f is the frequency of the field, and o the conductivity of the material. Depending on the magnetic
behavior of the sample, the external magnetic field modifies the permeability, which subsequently
changes the effective electromagnetic cross section of the conductor, and produces concomitant
variations in the impedance. Figure 1 shows a sketch of a typical MI curve in a planar sample with
transverse anisotropy. The maximum impedance Znay is obtained for an applied field similar in
magnitude to the anisotropy field H¥, when the transverse permeability reaches its maximum value
Umax- The minimum impedance Z,;, is obtained when the sample is magnetically saturated and the
permeability pimn is close to wy.

Z

max? :umax

AZ
V4

‘min> Mmin

N

H

Figure 1. Sketch of the dependence of the impedance on the applied magnetic field in a soft magnetic
sample with transverse anisotropy (in-plane easy axis, perpendicular to the current flow and the
applied field).

In this kind of sample, the largest sensitivity to the external magnetic field is reached in the region
between H = 0 and at the peak where H = H¥. For instance, the sensitivity of a multilayered planar
sample can reach a value of 27 k()/T, occurring at an applied field of ppH =200 uT (H = 180 A/m) and
measured at 23 MHz [15].

The Ml is usually quantified as the ratio of impedance change, and its maximum value (at each

frequency), given by [14]

Mipay(%) = Zmex=Zamin o 1 )

Zin

is usually used as a figure of merit for MI sensors. In the literature, when used for detecting the
presence and concentration of MNPs, it is usual to report the changes produced by the presence of
nanoparticles in the complete MI curve and in particular, in its maximum value Mlp.x. Wang and
collaborators [16] have compiled the results from quite a number of works that use the MI effect to
detect magnetic particles. Overall, the comparison of the results seems to be utterly inconsistent,
because some authors report an increase in the MI response when increasing the concentration of
particles (for example, Devkota and collaborators [17]), while others describe a decreasing tendency
(for example, Yang and collaborators [18]). As the MI materials and the nature of the particles differ
between studies, it becomes necessary to adopt a systematic approach to evaluate the sensitivity of
the MI effect to quantify the concentration of MNPs. The present work attempts to shed light on this
issue from a theoretical point of view, using a numerical procedure (finite element method) to solve
Maxwell’s equations and calculate the impedance in the conditions of the experiments described in
the literature.

An important point is that the authors of the mentioned works compiled in [16], in which
contradicting results are reported, usually do not provide a satisfactory explanation regarding the
physical origin of the MI effect’s sensitivity to the presence of magnetic nanoparticles. It is assumed
that it is a consequence of the MI effect’s extraordinary sensitivity to low magnetic fields. The fact,
however, is that superparamagnetic particles do not display remanence, and therefore do not produce
external magnetic fields unless magnetized by an appropriate biasing field. However, a large applied
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magnetic field saturates the MI sensor and drastically reduces its sensitivity. In these circumstances,
the sensitivity of the MI sensor to the presence and concentration of the particles cannot be caused
by the magnetic field that they produce. Of course, this is true only if the particle system shows
true superparamagnetic behavior. Agglomeration, or a large particle-size distribution, can produce a
finite remanence which affects the MI signal of the sensor. The analysis of experimental data becomes
difficult without a detailed particle characterization. There are some works in which the MI effect
has been properly used to quantify the concentration of superparamagnetic nanoparticles in a clever
configuration by measuring their stray field when magnetized by a strong external field [10], but in
most of the works that claim the detection of magnetic nanoparticles using the MI effect, there is no
satisfactory explanation of the involved mechanism.

In this work, we make the more realistic assumption that it is the permeability of the magnetic
nanoparticles that produces the change in the MI response of the sensor. The sensing mechanism is
therefore very simple: the presence of a high permeability medium in the proximity of the MI sensor
modifies the distribution of the electromagnetic field associated with the alternating current flowing in
the sensor. This produces a variation of the sensor’s impedance, but it is not related to the intrinsic
sensitivity of the MI to low magnetic fields.

As explained in the next section, this concept is implemented in this work in the calculation of
the MI response. The results from the numerical solution of Maxwell’s equations not only confirm
that our assumption qualitatively reproduces the experimental results, but also help to explain the
discrepancies reported in the literature compiled in [16], about the MI behavior when detecting
magnetic nanoparticles.

2. Numerical Calculation Procedure

We aim to evaluate the response of a magneto-impedance sensor in the presence of a sample
containing superparamagnetic particles. The electrical impedance of a conductor can in principle,
be analytically calculated using Maxwell equations. In practice, only in very simple cases with
highly symmetric geometries can a closed expression be derived, usually with the use of severe
approximations. For instance, in planar samples, infinite width and length is assumed to calculate the
impedance, producing an expression as [19]:

Z = Ryc+/jOcoth+[jO 3

for a sample of thickness 21, where Ry is the dc resistance, j = V-1, the imaginary
unit, and 0 = a+2nfou = V2a/6. Similar expressions are obtained for the case of cylindrical
samples (wires).

Using this type of expression, the magneto-impedance curve can be computed by incorporating
the field dependence of the permeability, using models for the magnetization process and the dynamical
behavior of magnetization [20,21]. Although useful, these models systematically overestimate the
magnitude of the MI effect [22,23] when compared with actual measurements, mainly because the real
conditions of the experimental setup are not usually considered. In particular, the contribution of the
measuring circuit to the total impedance is not usually considered in the models.

Numerical simulation using Finite Element Methods (FEM) can overcome these limitations as the
elements of the measuring circuit can be easily incorporated in the model. After specifying the material
properties and the adequate boundary conditions, the impedance can be calculated by numerically
solving Maxwell’s equations for an arbitrary geometry. If the dependence of the material properties,
especially the permeability, on the magnetic field H are known, the complete Z(H) can be calculated.
If only the performance (expressed as the MI ratio in Equation (2)) is of interest, FEM can be used to
calculate the impedance for two values of permeability: imax, corresponding to the maximum value of
transverse permeability (and the impedance Zmax) and pimin = o, corresponding to the saturated state
(and the impedance Z,;,) as depicted in Figure 1.
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The versatility of FEM makes it possible to calculate the impedance of the MI sample in a variety
of environments accurately resembling the experimental conditions. For the purpose of this work,
using FEM, we calculate the impedance of an MI material in the presence of a sample of magnetic
nanoparticles which is modeled as a homogeneous continuum material with a given permeability yp.
As explained before, the permeability of the particles is the only relevant magnetic property in this
approach. There is no attempt to model the individual magnetic behavior of the particles. To reproduce
the conditions of the experiments found in the literature, the MI response is evaluated as a function
of the concentration of the nanoparticles. If we assume that the nature of the particles is always the
same, the mean permeability of the sample of magnetic nanoparticles is simply proportional to its
concentration. That is, we can calculate the evolution of the MI sensor’s response in the presence of
a sample of magnetic nanoparticles with different concentrations by simply modifying the value of
up—the permeability of the MNPs system.

For the numerical calculations, the free 2D (two-dimensional) software package FEMM [24] is used.
Its implementation is restricted to low-frequency electromagnetic problems, ignoring the displacement
current. Therefore, it cannot simulate propagating effects or account for the dielectric properties of the
materials. However, it can accurately resolve MI problems in which the important effects are the skin
effect and the magneto-inductive effect [25].

As previously discussed, the contribution from the measuring circuit to the impedance must
be considered to obtain realistic results. For that reason, the simulation is performed with the MI
sample inserted in a microstrip transmission line, which is a popular text fixture for measuring MI in
planar strips. Figure 2a schematizes the setup of the simulated experiment. The sample of magnetic
nanoparticles is placed in the shape of a drop on the MI sensor in the microstrip transmission line.
The sketch Figure 2b illustrates the layout of the 2D finite element problem. The simulation domain
represents the middle plane of the real problem. Due to the symmetry, only half of it needs to be
simulated. The simulation domain (including the space surrounding the microstrip line) is kept small
to reduce computation time. Built-in FEM open boundary conditions are imposed on the boundary to
guarantee correctness of the solution.

b)

air

drop of MNPs

ML sample dielectric

ground plane

N

symmetry
plane

- open boundary

Figure 2. (a) [llustration of the experiment simulated by FEM: a drop containing a certain concentration
of magnetic nanoparticles (MNPs) is placed on the MI material, which is inserted in a microstrip line to
determine its impedance. (b) Layout (not at real-scale) of the two-dimensional problem solved by FEM,
which corresponds to the middle plane of the setup as indicated in (a). Only half of the plane needs to
be simulated due to symmetry.
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The drop of magnetic nanoparticles is modeled as a nonconducting, homogeneous continuum
material with a given permeability 1p. As previously discussed, increasing values of (ip correspond to
increasing concentrations of MNPs.

The MI sample is modeled as a homogeneous conductor (¢ = 6.6 X 10° S/m) with a constant
permeability . No definite magnetization process is assumed, and the Ml is calculated as the relative
ratio between the values of the impedance obtained with a high value of permeability ymax and with
a value of lmin = to. The geometry of the MI sample is kept constant through all the simulations:
1 mm wide and 20 um thick (the length is not relevant for the 2D problem, and the net value of the
impedance is calculated for a sample 1 m long).

In the microstrip line, the ground plane is modeled from pure cooper (0 = 5.8 x 107 S/m, u = )
with a thickness of 35 pm. The 0.8 mm thick dielectric presents no conductivity, and u = pip.

To calculate the impedance, an alternating current of a given frequency is imposed to flow through
the sample, perpendicular to the plane of simulation. The current returns in the opposite direction
through the ground conductor.

In this work, the Ml is calculated for a large number of configurations with different values of
tmax and up. For each configuration, the Ml is calculated as a function of the frequency, in a range
from 0 to 150 MHz or 0 to 1 GHz, depending on the case. To accommodate the intensive computational
resources needed, we have made use of the XFEMM implementation of the software [26], which is run
in a computer cluster.

3. Results and Discussion

Let us consider first the case of the MI sensor without any MNPs. Figure 3 presents the calculated
MI response as a function of the frequency for a sample 1 mm wide and 20 um thick. With the
value of pmax = 5000 g used in the simulation, the maximum value of MI ratio is MImax = 568%.
The inset in Figure 3 shows the experimentally measured MI ratio of an amorphous ribbon composed of
CogsFesNisSig5B14. We can observe that the shapes of both curves are essentially similar, although the
MI experimental values are significantly lower, indicating that the permeability {imax = 5000 pp used in
the simulation is largely overestimated. Nevertheless, this case, which corresponds to a very sensitive
MI sensor, is considered the starting point in our goal of studying the relevance of MI to detect
magnetic nanoparticles.

600 — M
500 F ]
400 | ]
S 300 ]
= r x1
200 [ S ]
[ =10 15 pm thick ribbon 10 x 3 mm ]
100 | 5 Co,Fe,Ni i, B, ] 1
0 . R
0 0 50 100 150
0 50 100 150
f(MHz)

Figure 3. Magneto-impedance ratio MI as defined in Equation (2), calculated using FEM for the case of
a planar sample 1 mm wide and 20 pum thick, with the permeability pimax = 5000 1. For comparison,
the inset shows the MI ratio experimentally measured in an amorphous ribbon.
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When a drop containing MNPs is placed on top of the MI sensor as described in Figure 2,
the complete MI curve as a function of the frequency is modified. Figure 4 shows the variation of
the region of the MI curves around the maximum when the concentration of MNPs is monotonically
increased (increasing values of uip). The simulation results are divided into two plots for better clarity.
Figure 4a determines that the MI response decreases when the permeability of the MNPs system
increases from 2 y to 15 yp. However, when pp is increased further, Figure 4b shows that the MI
response changes tendency and start to increase. In both plots, the large red and black dots indicate the
position of MImay for the different values of up. Figure 5 compiles these results, plotting the evolution
of MImax for the whole range of tested yp values.

— T T

600 [ 4) ]
560 |- =
[ B,
S *
S s20 |
= [ . .
i —Noparticles == u =5u
480 | Cemw, =2, e, =Ty i
AT 3#0 M= lO,u”
440 | ey = A, T, = 15u

15 20 25 30 35 40 45 50

600 [ b) T .0° ]

560 |

< L

< 520

e} F

= ’ ——No particles
480 I ’ °—,up:20‘u“ T yPZSOyO

T, =30, M, = Tou,

440 Tettu, =40u, e, = 100k,

15 20 25 30 35 40 45 50
f(MHz)

Figure 4. Variation of the MI curves calculated for a sensor with pmax = 5000 pip when a drop with
increasing MNPs concentration is placed on it. (a) for concentrations up to up = 15 p, the magnitude of
MI decreases. (b) For larger concentrations, from pp = 20 1, the magnitude of MI increases. Large red
and black dots indicate the position of MInax for each curve.
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Figure 5. Maximum MI ratio of a sensor with gimax = 5000 1o when a drop of MNPs is placed on it, as a
function of the concentration of nanoparticles (expressed as increasing permeability up values).

Figure 5 shows that depending on the value of the permeability of the system of MNDPs,
the sensitivity of a very sensitive MI sensor can have a negative or positive value. That is, the MI ratio
can display either a decreasing (for pp < 15) or an increasing (for up > 20) behavior. This can certainly
explain the discrepancies found in the compiled works [16] indicated in the introduction: the situation
in the works where a decrease in the Ml ratio is reported when increasing the concentration of MNPs,
according to the results shown in Figure 5, can correspond to situations in which the permeability
of the nanoparticle ensemble is low (due to a low intrinsic permeability of the nanoparticles or low
concentrations). In contrast, the situation in the works reporting an increasing MI response with
concentration can correspond to cases in which the permeability of the MNPs system is large.

As the maximum impedance ratio M,y is calculated as a quotient as displayed in Equation (2),
the negative slope of the curve in Figure 5 for up < 15 indicates that Z,;, increases more than
(Zmax — Zmin) in this range. This is easily explained considering that the increase in the impedance
is due to the presence of a magnetic medium (the particles) near the MI conductor. It is the same
phenomenon occurring when a soft ferrite increases the impedance of a wire in a RF choke. When the
permeability of the medium is very low compared with the permeability of the conductor itself,
as in Zmax, the influence of the magnetic medium is low. However, when the permeability of the
conductor is low, as in Zyn, even a surrounding medium with a low permeability produces a change
in the impedance.

It is expected that the intrinsic MI performance of the sensor must have an influence on its
sensitivity to the presence on MNPs. The same type of calculations that produced Figures 4 and 5 for
the case of an MI sensor with timax = 5000 19 have been performed for sensors with pimax/tio = 500,
100, and 10—that is, with a decreasing intrinsic MI response (intrinsic MInax values are 156%, 46%,
and 5.5%, respectively). We introduce a new parameter, 7, to compare the capacity of the different
sensors to detect MNPs with increasing concentrations, defined as

MI - MI
7](0/0) _ max(.UP) max,woP % 100, @)

MImax,woP

where M,y wop is the maximum value of the Ml ratio in the sensor without particles (the intrinsic
MImax value). The parameter 1) therefore quantifies the sensitivity of an MI sensor to the presence of
MNPs, expressed as the change in the MI ratio experienced by the sensor when a drop of MNPs is
placed on top of it. Figure 6 plots the results obtained for 17 in the sensors with different MI performance
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(represented by their values of [imax). Note that the curve for the sensor with pimax = 5000 pg is the
same as the one plotted in Figure 5.

140

120

100 ¢ Uy = 10 11y

Pmax i

1 10 100
Up /Mg

Figure 6. Relative change of the MIyax response, experienced by sensors with different MI performance
(different values of {imax) when a system of MNPs with increasing concentration is placed on top.

The data in Figure 6 is certainly conclusive: the sensors with worse MI performance are more
sensitive to the presence of MNPs. If extrapolated, the best sensor material for detecting NMPs should
be one with no MI effect at all. This is not completely surprising, as there is experimental evidence
of a larger response from a plain Cu sensor than from an MI amorphous ribbon in a measurement
performed in the same conditions [27]. In fact, this behavior could have been anticipated: if the change
in the impedance of the sensor in the presence of MNPs is a consequence of changes in the distribution
of the electromagnetic field due to the permeability of the particles, then this effect should be larger
when the permeability of the sensor itself is smaller than that of the system of MNPs. The approach of
using the impedance changes of nonmagnetic conductors to quantify the concentration of MNPs is
being used successfully in the development of magnetic biosensors [28].

In accepting these conclusions, one should be aware of the limitations of the present analysis.
The results from the FEM calculations do not include many relevant physical effects that occur in real
systems, such as the dependence of the permeability on the frequency, or the possible agglomeration
effects that takes place when the particle concentration is high, which completely change the magnetic
behavior of the ensemble. In particular, the latter effect is difficult to model, but probably will modify
the aspect of Figures 5 and 6 in which the MI sensitivity continuously increases with an increase in
particle concentration.

Finally, it should be reminded that the analysis presented here was made for the case of
superparamagnetic nanoparticles that do not produce stray magnetic fields unless magnetized.
Highly sensitive magnetic sensors can still be used to detect larger monodomain nanoparticles
presenting a net magnetic moment [29]. The modeling of the MI signal produced by ferromagnetically
behaving particles requires a different approach to the one used here [30].

4. Conclusions

The performance of MI sensors to detect the presence and concentration of magnetic nanoparticles
is investigated using finite element calculations to directly solve Maxwell’s equations. The assumption
is made that the sensitivity to MNPs comes from their magnetic permeability, and not from the stray
magnetic field that they produce. This should be the case for superparamagnetic particles if they are
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not magnetized by an external magnetic field of sufficient strength. In this hypothesis, the variation
of impedance experienced by the MI sensor is a consequence of the change in distribution of the
electromagnetic field due to the permeability of the MNPs system.

The results obtained not only confirm that the sensitivity of MI sensors can be justified considering
only the permeability of MNPs, but also help explain the origin of the discrepancies found in the
literature about the response of magneto-impedance sensors to the presence of magnetic nanoparticles,
where some authors report an increasing MI signal when the concentration of MNPs is increased,
while others report a decreasing tendency. The results show that the change of the MI response
when increasing the concentration of MNPs can be positive or negative, depending on the effective
permeability of the particle system.

Additionally, the study demonstrated that a good intrinsic MI performance of the sensor has a
detrimental effect on its capacity to detect MNDPs: sensors with a lower MI response display larger
sensitivities to the presence of magnetic nanoparticles. This seems to confirm that the correct strategy
for detecting MNPs is to use the impedance change of plain, nonmagnetic conductors as sensing
materials, at least in the case of superparamagnetic particles that are not magnetized in an external
magnetic field.
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Abstract: An important research effort on the design of the magnetic particles is increasingly required
to optimize the heat generation in biomedical applications, such as magnetic hyperthermia and
heat-assisted drug release, considering the severe restrictions for the human body’s exposure to an
alternating magnetic field. Magnetic nanoparticles, considered in a broad sense as passive sensors,
show the ability to detect an alternating magnetic field and to transduce it into a localized increase of
temperature. In this context, the high biocompatibility, easy synthesis procedure and easily tunable
magnetic properties of ferrite powders make them ideal candidates. In particular, the tailoring of
their chemical composition and cation distribution allows the control of their magnetic properties,
tuning them towards the strict demands of these heat-assisted biomedical applications. In this
work, Coq 76Zng24Fe;04, Lig 375Zn¢ 25Fe; 37504 and ZnFe,O4 mixed-structure ferrite powders were
synthesized in a ‘dry gel’ form by a sol-gel auto-combustion method. Their microstructural properties
and cation distribution were obtained by X-ray diffraction characterization. Static and dynamic
magnetic measurements were performed revealing the connection between the cation distribution
and magnetic behavior. Particular attention was focused on the effect of Co** and Li* ions on the
magnetic properties at a magnetic field amplitude and the frequency values according to the practical
demands of heat-assisted biomedical applications. In this context, the specific loss power (SLP) values
were evaluated by ac-hysteresis losses and thermometric measurements at selected values of the
dynamic magnetic fields.

Keywords: magnetic hyperthermia; specific loss power; magnetic mixed ferrites; hysteresis losses;
thermometric measurements

1. Introduction

Nanotechnology addressed to a nanoscale design of materials is one of the utmost researched
topics in the present century, involving disciplines like engineering, physics, chemistry and biology,
concerning different application areas such as electronics, telecommunications, energy harvesting,
sensors and biomedicine [1-7].

Although magnetic nanoparticles have been extensively studied in recent decades, they resulted
in exciting materials to be used in these application areas due to their considerably size-dependent
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chemical and physical properties [8-10]. In particular, in the biomedical area, the tuning of the structure,
size and composition of particles has led to the development of different applications such as magnetic
biosensors, magnetic resonance imaging (MRI), drug-delivery and magnetic hyperthermia [6,11-20].

When exposed to an alternating magnetic field, magnetic particles, considered in a broad sense as
passive sensors, are able to detect and transduce it in a controlled and localized release of heat; this
ability has promoted the use of these materials for advanced therapeutic applications such as magnetic
hyperthermia and heat-assisted drug release [13,21-23]. The physical mechanism at the base of heat
generation has been recently identified to be mainly the magnetic hysteresis losses [24]. The efficiency
of the heat generation, estimated by the specific loss power (SLP) value, depends on several parameters;
some of these can be identified as “external”, such as the intensity and the frequency of the applied
magnetic field and the liquid medium properties, whereas others, identified as “internal”, depend
on the intrinsic properties of the magnetic particles such as composition, size, shape and magnetic
state [25,26].

Because of the strict restrictions required on the applied alternating magnetic field parameters for
the human body’s exposure [27-29], a huge research effort should be primarily focused on the design
of the intrinsic properties of magnetic particles in order to optimize the efficiency of the heat release
according to practical demands [30,31].

In this context, spinel ferrite powders attract extraordinary attention because of their high
biocompatibility, easy synthesis procedure, physical and chemical stability and easily tunable magnetic
properties [32-37]. The general formula of ferrite is MeFe,O4 where Me represents a divalent metal ion
(e.g., Fe?t, Co%*, NiZ*, Zn?*, etc.) or a combination of ions with the average valence of two (e.g., Li*
and Fe?* in lithium ferrite, etc.) [33]. Moreover, combinations of these ions are also possible, obtaining
mixed-structure ferrites with different compositions [33,38].

Generally, in the biomedical area, ferrite particles based on magnetic Co?* ions are proposed
as promising heat generators due to their strong magnetocrystalline anisotropy and moderate
magnetization [39-41]. Instead, Li* ions, combined in magnetic (LitgsFe35) species in ferrite structures,
have attracted attention because of their low toxicity [42,43]. On the other hand, the non-magnetic Zn%*
ion is usually used as a partial substitutional of magnetic divalent ions or species in order to finely
tune the magnetic properties of the ferrite particles [38], especially the saturation magnetization [33].

Together with the chemical composition changes, the manipulation of the cation distribution on
octahedral and tetrahedral sites represents another suitable strategy to control the magnetic behavior
of ferrites due to the strong connection between the spinel structure and its magnetism [44-47].

The biocompatibility evaluation of ferrite particles represents a preliminary and fundamental step
towards their use in biomedical applications. The variety of ions in the ferrite composition represents
one of the several parameters that influence the viability of the cells [48,49]; e.g., Co-ferrite is less
biocompatible than Fe3O4 and Mn-ferrite [50]. However, different coating materials such as polymer
or surfactants can be used as protective layers minimizing the direct exposure of the less biocompatible
ions present on the ferrite surface to the biological environment [39,51].

In the present work, Cog76Zng24Fe;04, Lig375Zn0 25Fe; 375504 and ZnFe,O4 mixed-structure
ferrites were synthesized in a ‘dry gel’ form by a sol-gel auto-combustion method. Here, X-ray
diffraction (XRD) was exploited to calculate the cation distribution. Static and dynamic magnetic
characterizations were performed to study the connection between the cation distribution and magnetic
behavior. Particular attention was devoted to clarifying the role of Co?* and Li* ions on the magnetic
behavior of ferrites at a magnetic field amplitude and the frequency values appropriate to foresee
heat-assisted biomedical applications. Moreover, the hysteresis losses and thermometric measurements
at selected values of ac-magnetic fields were performed to evaluate the specific loss power (SLP) of
the samples.
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2. Materials and Methods

Lig 375Zng p5Fep 37504, Cop 76Zng 24Fe;04 and ZnFe, O, powder ferrite samples were synthesized
by sol-gel auto-combustion method [52]. In summary, the powders were synthesized via utilizing
AR grade citrate-nitrate/acetate precursors (Zn(NOs),.6H,O, Ferric nitrate—Fe(NO3)3.9H,O, Lithium
acetate—CHj3.COOLi.2H,0, cobalt nitrate—Co(NO3)2 6H,0 and citric acid—CgHgOy7), were mixed in
the stoichiometric ratio. Citric acid was used as the ‘fuel” and the ratio of metal salts to fuel was taken
as 1:1. In the beginning, the citric acid acted as a chelating agent for the metal ions of varying ionic
sizes, which helped in preventing their selective precipitation to maintain compositional homogeneity
among the constituents. Subsequently, it also served as a fuel in the combustion reaction. To start the
synthesis process, all the precursor materials for the desired composition were dissolved in deionized
water in a beaker under constant stirring, to get a homogeneous solution and the pH was maintained
at 7 by adding ammonia solution. Then, the solution was heated at ~110 °C for 1 h in air till a fluffy
powder was formed called ‘dry gel” or ‘as-burnt powder’, which was ground to get a fine powder.
After the synthesis, the Lij 375Zn¢ 25Fe; 37504 and ZnFe;O, samples were annealed at 450 °C for 3 h;
instead, no post-synthesis heat treatments were performed on the Cog 76Zng 24Fe;O4 sample.

The Zn concentration (x = 0.25) and the resulting composition of LiZn- and CoZn-ferrites were
chosen in order to induce an increase in the saturation magnetization compared to the corresponding
simple ferrites (CoFeO and LiFeO) [33,53], taking into account the practical requests to optimize the
heating efficiency. A higher concentration of Zn ions (x > 0.5) should be avoided as it lowers the
magnetization saturation. [33,53].

The structural properties of powder samples were analyzed by X-ray diffraction (XRD) using
Cu-K radiation (wavelength ‘A’ = 0.1541 nm) in 6-26 configuration (step size of 0.02°), equipped
with a fast counting Bruker LynxEye detector, with Silicon strip technology. Rietveld refinement was
performed by MAUD (material analysis using diffraction) software [54]. XRD data were analyzed to
obtain structural parameters: experimental (a.yp.) lattice parameters, X-ray density (py,4) and mean
grain diameter (<D,,;>). The distribution of cations on tetrahedral and octahedral sites in the studied
samples was determined by analyzing the XRD pattern, employing the Bertaut method [55], as was
also reported in earlier reports [56-58]. XRD intensity depends on the atomic position in the spinel unit
cell whereas the XRD peak position relies on the size and the shape of the unit cell. Bertaut’s method
utilizes the following pair of reflections: (400), (422) and (220), (400), according to the expression:

obs cal
I/lkl _ Ihkl (1)
Iabs B Icul
WK nwK'r

where ;%% and I;;* are respectively the observed and estimated intensities for the reflection (hkl).
These ratios were evaluated for the numerous groupings of cationic distribution at tetrahedral and
octahedral sites as described in [56]. The best distribution of cations was taken among the sites for
which theoretical and experimental lattice parameters agreed clearly.

Room-temperature-static-magnetization curves were measured by the means of a vibrating sample
magnetometer (VSM), operating in the magnetic field range —1200 < H < 1200 kA/m. The dc-hysteresis
loops were measured at selected vertex fields in the interval 0-1200 kA/m. From the major loops,
the coercive field (H,), the magnetic remanence (19M;) and the saturation magnetization (tpMs) were
evaluated; specifically, the latter was determined by fitting the high-field portion of dc-hysteresis
curves with the standard expression pgM = poM; —a/H, representing the first-order approximation of
the series expansion that describes the law of approach to saturation [59].

Room-temperature dynamic hysteresis loops were measured by the means of a custom-built B-H
loop tracer [60] operating with the ac-magnetic field amplitude in the range 8-42 kA/m at the fixed
frequency of ~69 kHz; the ac-hysteresis loops were measured at selected vertex fields in the allowable
range. The area enclosed by ac-hysteresis loops was calculated in order to estimate the specific loss
power by the means of the hysteresis losses (SLP).
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Thermometric measurements were performed by an ad hoc-developed hyperthermia setup described
in detail elsewhere [60]. In summary, the magnetic particle suspension at desired concentration was
placed in the center of a copper coil with a diameter of about 5 cm which generated an electromagnetic
field with a frequency of 100 kHz and an intensity up to 47.7 kA/m. The geometry of the set-up
guaranteed a homogenous field through the entire sample and the used field frequency and intensity
fell within the general safety [27,28]. The magnetic particle suspension was prepared by dispersing the
Lig375Zng 25Fes 37504 powder in a liquid medium, consisting of sodium citrate tribasic dispersed in
deionized water (0.2 g/L), obtaining a magnetic solution concentration of about 27 mg/mL. Sodium
citrate tribasic favors the stabilization of ferrite particles in deionized water due to the adsorption
of citrate anions onto their surface resulting in a stable and well dispersed magnetic solution [61].
These liquid suspensions were adequate to perform thermometric measurements but did not present
conditions for in vitro and in vivo biomedical applications. The thermodynamic conditions of the
experiment were fully modeled to obtain a direct measurement of the SLP of the magnetic powders by
taking into account the heat exchange with the surrounding environment in non-adiabatic conditions
and the parasitic heating of the water [60].

3. Results and Discussion

3.1. Structural Properties

Rietveld-refined X-ray diffraction (XRD) patterns of the studied samples validating the formation
of the nanocrystalline mixed cubic spinel structure are presented in Figure 1. For the sample of ZnFe;O,
(Figure 1c), small traces of Fe,O3 were also observed and can be ascribed to a partial decomposition of
the ferrite phase [62].
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Figure 1. Rietveld-refined XRD patterns of: (a) dry gel Co76Zng24Fe;Ou, (b) Lig 375Zn¢ 25Fe) 37504
annealed at 450 °C/3 h, (c¢) ZnFe,O,4 annealed at 450 °C/3 h.

The experimental lattice parameter (dexp) values of the ferrite phases obtained from the Rietveld
refinement of the XRD data are given in Table 1; the value of the Zn-ferrite sample results is higher
than the ones of the LiZn-ferrite and CoZn-ferrite samples. This observed increase was due to the
replacement of the Co?* and Li* ions characterized by an ionic radius of 0.78 and 0.70 A, respectively,
with the bigger Zn?* ions (0.83 A) [63-65], in agreement with Vegard’s law [66]. Moreover, the X-ray
density (pxrp) for each sample was calculated by using the lattice parameter (dexp) and the standard
formula [67]; the obtained values, ranging in the typical interval of this kind of ferrites [33,68], are
given in Table 1.

Table 1. Experimental lattice parameters (aexp); X-ray density (oxrp); grain mean diameter <Dxgrp>
and cation distribution.

Sample Aexp (nNm) PxXrD (g/cm®) <Dxgrp> (nm) Cation Distribution
Cog76Zng.24Fe204 0.8391 53 32 (Co0.00Zng 10Feq 90) [Cop.76Zng 14Fe1.10]04
Lig375Zng25Fe237504  0.8365 4.9 38 (Lio.05Zng 10Feq 85) [Lio.325Zn0.15Fe1.525]104

ZnFe,0, 0.8435 53 35 (ZnogeFenon) [ZnosiFer 0910s
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The mean diameter <Dyxgrp> values of the grains were obtained from the XRD data analysis by
Scherrer’s equation [69] for all the samples (Table 1) and they were in the interval 32-38 nm, indicating
the formation of nanocrystallites. However, the reactions used to synthesize the particles could induce
a non-negligible degree of agglomeration, which could result in polycrystalline aggregates forming
particles with diameters larger than <Dxgrp> [44].

These small values of <Dxgp> revealed a significant advantage of the auto-combustion synthesis
compared to the more conventional ceramic methods in order to produce ferrite particles: the lower
temperature and shorter time used in the auto-combustions synthesis resulted in the grains” smaller
diameter with a greater surface area [70,71], preventing the particles from coarsening and aggregating,
which is promoted by the very high temperature (T > 1000 °C) typically used in the ceramic methods.

In addition, the XRD spectra were also analyzed by the Bertaut method [55] in order to obtain the
cation distribution. In particular, the cation distributions of the studied samples are given in Table 1,
where the ions on the tetrahedral site (site A) are given in parentheses and the ions on the octahedral
sites (sites B) between square brackets. The Zn?* ions in Zn-ferrite were mainly located on the B site,
whereas the CoZn-ferrite and LiZn-ferrite samples showed only a slight preference of the Zn?* ions to
occupy the octahedral (B) sites with respect to the tetrahedral (A) one. These observed deviations,
with respect to the general preference of the Zn?* ions to occupy the tetrahedral (A) site, clearly
proved a non-equilibrium cation distribution in the samples. This effect was ascribed to the sol-gel
auto-combustion synthesis method at a low temperature (<110 °C) and to the low efficiency of the
post-synthesis heat treatment (for sample Zn-ferrite and LiZn-ferrite) which did not effectively induce
a diffusion of the Zn?* ions on the tetrahedral sites towards a distribution closer to the equilibrium.
Instead, in the CoZn-ferrite and LiZn-ferrite samples, the divalent Co?* metal ions and the divalent
combination of two the metal ions [Li*5Fe>*( 5] [68,72] were almost totally located, as their preference,
on B sites.

The cation distribution reported as the general formula (MegFellli 5)[Me¥_ 8Feﬁ“+ 5]04 revealed the
inversion degree of all the studied samples (6 = 0.10, 0.15, 0.09 for the CoZn, LiZn and Zn-ferrite samples,
respectively), indicating an intermediate configuration of their structure between the completely inverse
spinel structure (5 = 0) and the totally random distribution one (5 = 0.33).

The intermediate and tunable values of the inversion degree and its effect on the magnetic
properties (see the following sections) are advantages ascribed to the auto-combustion synthesis,
in which the low temperature and the fast cooling rate hinder the diffusion of the metal ions towards the
equilibrium that it is typically obtained with the more conventional high-temperature ceramic methods.

3.2. DC-Magnetic Properties

An enlargement of the room-temperature dc-hysteresis loops of all the samples taken at the
maximum magnetic field of 1200 kA/m is shown in Figure 2.

All curves display the typical magnetic hysteretic behavior resulting from the ferrimagnetic
ordering of spinel ferrite structure [73,74], confirming the blocked state of the ferrite particles as
expected by the <Dxrp> values of the grains obtained from the XRD data analysis. The observed
coercive field (H,), saturation magnetization (u9Ms) and the magnetic remanence (uyM;) are listed
in Table 2.
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Figure 2. (a) Room-temperature major dc-hysteresis loops of all the studied samples; (b) dc-hysteresis
loops areas as a function of the vertex field for all the studied ferrites.

Table 2. Saturation magnetization (u9M;), coercive field (H,), magnetic remanence (uyM;), theoretical
saturation magnetization (1gMs""") at 0 K and the area enclosed by the major dc-hysteresis loops for all
the samples.

poMs He poM¢ POMsth Area

Sample
(1) (KA/m) (T (T) (J/m3)
C00A7GZDO‘24FEZO4 0.255 31.90 0.071 0.52 21709
Lig 375210 25Fes 37504 0.415 7.37 0.078 0.54 7826
ZnFe;Oy 0.066 10.65 0.015 0.14 1467

The complete replacement of the magnetic Co>* ions with the non-magnetic Zn?* ions induced
a reduction of H, from 31.90 (CoZn-ferrite) to 10.65 (Zn-ferrite) kA/m. The higher value of H, of
CoZn-ferrite sample was connected to the high anisotropy of Co?* ions characterized by a remarkable
spin-orbit coupling [36,75]. On the other hand, the replacement of the magnetic [Li*o5Fe’ 5] species
with the non-magnetic Zn?* ions promoted a slight increase of H. from 7.37 (LiZn-ferrite) to 10.65 kA/m
(Zn-ferrite) and also a marked reduction of the pyM; values from 0.415 T (LiZn-ferrite) to 0.066 T
(Zn-ferrite). This ppM; reduction can be ascribed to the different distribution of the Fe3* ions in the
spinel structure (see cation distribution in Table 1). In particular, in the LiZn sample, the Fe3* ions
were preferentially located on the octahedral sites, leading to a higher net magnetic moment than the
one of the Zn sample in which a quasi-balanced distribution of Fe?* ions occurred.

The experimental yyM; values can be compared to the theoretical magnetization (ugM;™) values
(see Table 2) calculated in accordance to Néel’s two-sublattice model of ferrimagnets [76], where the
magnetic moments of the ions (Fe>* =5 up, Co?" = 3 up and Li* = Zn?* = 0 up) on the tetrahedral and
octahedral sites are considered perfectly anti-parallel, totally neglecting any temperature effect and spin
disorder. The ppMs th values for the LiZn-ferrite and CoZn-ferrite samples were very similar; therefore,
the experimental 11pM; values are also expected to be comparable. Instead, a marked difference was
measured (Table 2). This evidence clearly proves that the magnetic moments in these two ferrite
samples were not perfectly antiparallel, but rather were characterized by a spin canting resulting
in a non-collinear arrangement in the two-sublattices [77], especially in the CoZn-ferrite samples.
The three-lattice model, suggested by Yafet and Kittel [77], confirms this hypothesis by extrapolating
the canting angle values from the XRD data: 38°, 30° and 24° for the CoZn-ferrite, LiZn-ferrite,
and the Zn-ferrite, respectively. Of course, the observed reduction of 1pM; can also be accentuated
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by the probable presence of a spin disorder on the ferrite surface that induced a magnetically dead
layer [78,79].

The calculated values of the area (see Table 2) enclosed by the dc-hysteresis loops were proportional
to the energy lost as heat by the samples in one complete major loop (hysteresis losses). It can be noted
that the mixing of magnetic divalent ions (Co?*) or species [Li*o5Fe3* 5] with non-magnetic Zn?* ions
increased the area enclosed by the major loop with respect to the Zn-ferrite structure. This effect was
particularly efficient in the CoZn-ferrite sample due to the high anisotropy of Co?* ions.

Minor dc-hysteresis loops were measured for all the samples by applying selected vertex fields
lower than the saturation field of the CoZn sample. The values of the area enclosed by these minor
dc-loops were calculated in order to evaluate the dc-hysteresis losses as a function of selected the
vertex fields (H,), see Figure 2b. All samples showed a non-linear dependence of the dc-hysteresis
losses on the vertex field amplitude, which can be well described by a third-order power law in the
limit of the small applied field [59]. Up to the field value of about 75 kA/m, the mutual relationship
of the dc-hysteresis losses intensity of the three samples was markedly changed with respect to the
dc-hysteresis losses evaluated from major dc-hysteresis loops (Table 2). In particular, in the vertex
field interval 0 < H, < 75 kA/m, the LiZn-ferrite sample showed the highest hysteresis losses values
whereas those of the CoZn-ferrite sample were very low because the high anisotropy of Co?* ions was
not completely overcome and the magnetization described narrow minor loops. When H, > 75 kA/m,
the area enclosed by CoZn samples becomes the highest among the studied samples restoring the
mutual relationship of the dc-hysteresis losses intensity evaluated from major dc-hysteresis loops.

3.3. Ac-Measurements and SLP Evaluation

Magnetic hyperthermia therapy has to comply with a variety of biological and technical constraints,
among which emerges the limit for the product of magnetic field amplitude and frequency (H X f) in
relation to the induced current loop diameter (D) to avoid non-specific heating in healthy areas due
to Eddy currents and to avoid the stimulation of cardiac muscles and nerves [80,81]. This limit was
initially proposed by Atkinson et al., as H X f < 4.85 x 108 Am~!s~! for a loop diameter of about 30
cm [27]; further experiments with a smaller diameter of the exposed body region have increased the
criterion up to H X f < 5.0 x 10° Am~1s~1 [28].

The range between these two criteria seems to be currently the most convenient and most used
in several in vivo trials [82], at least until new studies about the biological safety of the alternating
magnetic field are carried out.

In addition to this biological limitation, some engineering difficulties combined with increasing
costs arise with the aim of concurrently increasing the field frequency and amplitudes in the wide
space (several centimeters) required for hyperthermia treatment.

In this work, the ac-characterization was performed at the field frequency of 69 kHz and at the
maximum applied magnetic field intensity, limited to 42 kA/m in order to fall within both general
safety [27,28] and our technological limits. A selection of ac-hysteresis loops acquired at selected vertex
fields for all samples is shown in Figure S1 of the Supplementary Materials.

Dynamic ac-hysteresis loops (f = 69 kHz and H, = 37 kA/m) of all the studied powder ferrite
samples are shown in Figure 3a.
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Figure 3. (a) Room-temperature minor ac-hysteresis loops of all the studied samples (f = 69 kHz and
Hy =37 kA/m); (b) specific loss power (SLP) values for all the samples as a function of the vertex field
obtained by the ac-hysteresis loops areas.

In all the samples, the magnetization did not reach complete saturation, leading to minor
loops. The area enclosed by the hysteresis loops represented the irreversible work dissipated in the
surrounding as thermal energy profitably usable for magnetic hyperthermia [60,83-85].

The specific loss power is defined as the power released in the form of heat by powders submitted
to electromagnetic field radiation, normalized to the mass of the solid component of the sample. In our
case, the SLP was calculated from the area enclosed by the ac-hysteresis loops by the means of the
following integral of the dynamic magnetization versus the applied field strength:

SLP = f; 56 HoM(H)dH(?) @
where f is the field frequency and c the weight concentration of ferrite powder. The integration was
done over one period of the oscillating magnetic field.

The SLP dependence on the vertex field intensity H, of all the studied samples is shown in
Figure 3b. The evaluation of this parameter represented one of the primary criteria to determine the
suitability of the ferrite sample for hyperthermia applications.

In the entire investigated field range, the LiZn-ferrite sample displayed the highest SLP values
indicating how the low-magnetic anisotropy divalent species [Li*g5Fe3*( 5] favor the heat released
by hysteresis losses with respect to the high-magnetic anisotropic divalent Co?* ions; in particular,
the SLP value of the LiZn-ferrite sample at H, = 42 kA/m is 3.6 times bigger than the one of CoZn-ferrite
sample at the same vertex field. As observed from the dc-characterization reported in Figure 2b, only a
further increase of H, (exceeding our technological limit) can reduce the gap between the SLP values
produced by two samples leading to the promotion of the CoZn-ferrite sample. Moreover, the total
replacement of the magnetic divalent ions Co?* or species [Li*o5Fe* 5] with non-magnetic Zn?* ions
hinders the heat production by hysteresis losses, resulting in low SLP values in the investigated field
range with a tendency to reach a saturation value of about 15 W/g.

3.4. Thermometric Measurements and SLP Evaluation

Thermometric measurements were conducted in order to evaluate the ability of ferrite powders
to heat the magnetic solution, in which they were dispersed, under different applied field intensities.
Only the LiZn-ferrite composition was examined by thermometric measurements because it resulted
in, by the ac-loops characterization, the most promising sample among those studied for hyperthermia
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therapy. In particular, the time dependence of the temperature of the magnetic solution containing the
LiZn-ferrite powder (concentration of about 27 mg/mL) under an applied field for 40 kA/m at 100 kHz
is shown in Figure 4.
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Figure 4. Time dependence of the temperature of the magnetic solution containing LiZn-ferrite powder
under an applied field of 40 kA/m at 100 kHz. Black symbols: experimental data. Green line: best fit
the by theoretical model.

The reported curve is taken as representative of all the measurements done at different applied
field values from 23.9 to 47.7 kA/m. Att = 0 s, the radiofrequency field was switched on and the
temperature of the magnetic solution increased towards the equilibrium temperature. After one hour,
the radiofrequency field was switched off and the magnetic solution cooled down to room temperature.
As a result, the thermometric SLP values were extrapolated by fitting the whole time evolution of the
temperature of the magnetic solution by a mathematical model that takes into account the non-adiabatic
condition of the exploited hyperthermia setup [60]. In Figure 4, the black symbols are the experimental
data, whereas the green line is the theoretical best fit. The model based on Newton’s cooling law [86]
evaluates the exchange of heat among the various components of the setup and/or the surrounding
environment induced by their temperature difference. In particular, the heat released by the magnetic
particles excited by an r.f electromagnetic field is all transferred to the liquid medium in which they are
dispersed. Subsequently, the heat is transferred to all the experimental components and eventually
to the surrounding environment. An accurate calibration procedure allows to determine the time
constant of the heat exchange mechanism among the various experimental components and the other
physical quantities appearing in the mathematical model. The only free parameter of the fit procedure
is the power (P) released by the ferrite powders that it is adjusted to reproduce the whole experimental
curve providing a direct estimation of the thermometric SLP of the samples:

P
SLP = — 3)

where m is the mass of ferrite powders in the liquid solution.

A summary of the SLP values determined with the two techniques for LiZn-ferrite samples is
plotted in Figure 5. The SLP values calculated from thermometric measurements (empty red dots in
Figure 5) turned out to be larger than the ones obtained by dynamic hysteresis loops (full red dots
in Figure 5).
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Figure 5. SLP values for the LiZn sample as a function of the vertex field obtained by: ac-hysteresis
loops areas (full red dots) at the operation frequency of 69 kHz and the thermometric measurements
(empty red dots) at the operation frequency of 100 kHz.

This effect was mainly due to the higher operating frequency of the thermometric setup (100 kHz)
with respect to the B-H loop tracer (69 kHz) and it also included the contribution to the SLP of the Brown
relaxation process that took place only in the magnetic liquid solution and not in the dried sample
used for dynamic hysteresis loops measurements [24,87]. In fact, the Brown relaxation mechanism is
associated with the physical rotation of the whole particle in the fluid generating heat due to the viscous
friction between the rotating particles and the surrounding liquid medium [24,87,88]. However, recent
studies, both in vivo and ex vivo, have demonstrated that the particles are generally immobilized
when directly injected into the tumor tissues highlighting that the Brown process is largely suppressed
during hyperthermia treatments [89-91]. Another significant aspect to be taken into consideration is
the effect of the strong magnetic interaction that is generated by the agglomerations of particles in
dried samples. In particular, the formation of agglomerates can entail an alteration of the hysteresis
loop area and consequently influence the SLP value [92-94].

SLP values obtained for the LiZn-ferrite sample (SLP = 85-180 W/g) as reported in Figure 5
are in the same order of magnitude as the ones already reported in the literature. As examples,
Mallik et al. [42] report SLP = 334 W/g (H = 33.5 mT, f = 290 kHz) for Lij 31Zng 33Fe; 3104 particles;
Dalal et al. [95] report SLP = 143-166 W/g (H =33.5mT, f=290 kHZ) for Li0'352no'3C00.05F62'304
particles embedded in carbon nanotubes. It should be noted that the experimental results are hardly
comparable as they refer to different applied fields and frequencies and strongly depend on the intrinsic
properties of particles such as size, shape and composition. This comparison shows that Li-based ferrites
can be considered an efficient alternative to more conventional iron-oxides such as maghemite (SLP =
106 W/g [96]) and magnetite [60] and some other ferrite compositions (SLP = 300 W/g for Gd-ferrite [97],
SLP =73 W/g for Ba-ferrite [98] and SLP = 58 W/g for Sr-ferrite [99]); however, the heat efficiency of
Li-based ferrites remains much lower than Mn- and MnCo-based ferrites (SLP = 3024 W/g [100]) and
magnetosomes (SLP = 960 W/g [101]).

4. Conclusions

Cog.76Zng 24Fey0y, Lig375Zn025Fep 37504 and ZnFe,O4 mixed-structure ferrite powders were
synthesized by a sol-gel auto-combustion method. XRD spectra analysis revealed an out-of-equilibrium
cations distribution ascribed to the low efficiency of the synthesis method which did not induce an
effective diffusion of the Zn?* jons towards the equilibrium positions. This out-of-equilibrium cation
distribution strongly influenced the static and dynamic magnetic properties of the ferrites.
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Dc-major loops clearly indicated that the suitable mixing of non-magnetic Zn?* ions with magnetic
divalent ions (Co?*) or species [Li*g5Fe3*5] is a tool to tune the magnetic properties of the ferrite
particles. In particular, the high anisotropy of Co?* ions enhanced the coercive field, whereas the
divalent species [Li*g5Fe3*(5] increased the saturation magnetization.

The magnetic energy dissipated as thermal energy profitably usable in hyperthermia was evaluated
by the means of ac-hysteresis loops and thermometric measurements. Among the studied samples,
the mixed LiZn-ferrite structure matches in a better way the practical requirements of heat-assisted
applications than those of the mixed ferrite structure constituted by the highly anisotropic Co?*
ions. In the entire investigated field range, the LiZn-ferrite sample displayed the highest SLP values
indicating how the low anisotropic divalent species [Li*o5Fe3*(5] favor the heat release by hysteresis
losses with respect to the high anisotropic divalent Co?* ions.

In conclusion, the SLP evaluation and the structural and magnetic characterizations of ferrite
samples in dry form or dispersed in the liquid solution were calculated. This represents a preliminary
and important step towards the understanding of the physical properties for their perspective use in
magnetic hyperthermia and heat-assisted biomedical applications. Obviously, for prospective in vitro
and in vivo studies, several other aspects should be carefully taken into account such as the size and
charge of the NPs and their degree of aggregation in the magnetic solution.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/7/2151/s1,
Figure S1: A selection of the ac-hysteresis loops acquired at the selected vertex fields for all samples.
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Abstract: The magnetoelastic resonance is used to monitor the precipitation reaction of calcium
oxalate (CaC0Oy) crystals in real-time, by measuring the shift of the resonance frequency caused by
the mass increase on the resonator. With respect to previous work on the same matter, the novelty lies
in the adoption of an amorphous ferromagnetic alloy, of composition Fey3Cr5Si19B12, as resonator,
that replaces the commercial Metglas® 2826 alloy (composition FeyyNizgMoyB1g). The enhanced
corrosion resistance of this material allows it to be used in biological environments without any
pre-treatment of its surface. Additionally, the measurement method, which has been specifically
adapted to this application, allows quick registration of the whole resonance curve as a function of the
excitation frequency, and thus enhances the resolution and decreases the detection noise. The frequency
shift is calibrated by the static deposition of well-known masses of CaC,0Oy. The resonator dimensions
have been selected to improve sensitivity. A 20 mm long, 2 mm wide and 25 pm thick magnetoelastic
resonator has been used to monitor the precipitation reaction of calcium oxalate in a 500 s time interval.
The results of the detected precipitated mass when oxalic acid and calcium chloride are mixed in
different concentrations (30 mM, 50 mM and 100 mM) are presented as a function of time. The results
show that the sensor is capable of monitoring the precipitation reaction. The mass sensitivity obtained,
and the corrosion resistance of the material, suggest that this material can perform excellently in
monitoring this type of reaction.

Keywords: magnetoelasticity; precipitation; mass measurement; chemical sensor

1. Introduction

Magnetoelastic resonance sensors are typically made of amorphous ferromagnetic ribbons,
with good values of spontaneous magnetization and saturation magnetostriction, and low
magnetocrystalline anisotropy [1-3]. In this type of material the mechanical and magnetic properties
are intimately coupled by magnetostriction, and so an acoustic wave can be excited within the material
by the application of an alternating magnetic field. Reciprocally, mechanical disturbances, such as
oscillations, can be magnetically detected by the voltage induced in a coil in the proximity of the
sample. The magnetoelastic material, which is usually fabricated in the form of a thin ribbon, can enter
in resonance at certain frequencies of excitation, compatible with the dimensions and elastic properties
of the material. The resonance is extremely sensitive to different external parameters, which can be
used to design different types of sensors [4,5]. In particular, differences in mass loading (Am) cause
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a variation of the resonance frequency (Af = f; — fy) of a bare magnetoelastic ribbon of mass m,
determined by the expression [5]:

Af = —%fo(i—':) 1)

The sensitivity to these external parameters, together with the ability to query and detect remotely,
make these devices especially interesting for sensing biological and chemical agents.

Previous works by Boropoulos and co-workers [6] have used magnetoelastic sensors, based on
the commercial material Metglas® 2826, for monitoring the kinetics of different precipitation reactions,
such as the precipitation of calcium oxalate (CaC,0y) crystals, one of the most common minerals that
form calcifications in the urinary tract (so-called kidney or bladder stones). In humans, there are essential
inorganic salts for diverse metabolic activities, like sodium chloride (NaCl), calcium chloride (CaCl,),
magnesium chloride (MgCl,), sodium bicarbonate (NaHCO3), potassium chloride (KCI), sodium sulfate
(NayS0Oy), calcium carbonate (CaCO3), and calcium phosphate (Caz(POy),). These inorganic salts
dissociate in solution into ions (or electrolytes). If some of these ions are not properly absorbed within
the body, they will tend to crystallize in small grains or stones.

Concerning kidney stones, their formation is the result of a complex physicochemical process that
leads to crystallization. The stones, also known as renal calculi, are mostly calcium based [7]: calcium
oxalate accounts for approximately 60% to 70%, struvite (magnesium ammonium phosphate) for 10%
to 20%, uric acid for 5% to 10%, and in low quantities also cystine (<1%) and calcium phosphate (<5%).
Some conditions, such as hypercalciuria or hyperoxaluria, can contribute to increasing the risk of
suffering this pathology. Hypercalciuria is the result of an increase in the quantity of filtered calcium
and a decrease of its re-absorption in the kidney. It is thought to contribute to kidney stone-formation
by creating a urine supersaturated with respect to calcium. Supersaturation arises from a concentration
above a material’s solubility in water, and leads to the formation of crystals. In a urine sample collected
over 24 h from an average adult, a quantity of 100-250 mg of calcium is expected. In conditions of
hypercalciuria the urine calcium excretion is greater than 275-300 mg/day in men, or 250 mg/day in
women. Hypercalciuria can also be defined as a daily urinary excretion of more than 4 mg calcium/kg
body weight [8,9]. In the adult population, 5% of men have hypercalciuria and, of them, about 10%
will form a kidney stone. Urine has a remarkable ability to inhibit calcium crystallization, which thus
prevents most of the population from continuously forming such stones. Hyperoxaluria, on the other
hand, is a metabolic disorder of increased excretion of oxalate in urine, and it is also related to the
formation of stones in the urinary tract [10]. The normal values of oxalate excretion in urine are under
40 mg/day [11]. Urine calcium oxalate concentration values up to 100 umol/L are reported in patients
suffering from primary hyperoxaluria [12].

The use of magnetoelastic sensors to remotely monitor these types of reactions (deposition of
crystallites) can provide fundamental information about the precipitation process in biological fluids.
It can increase our understanding of these complex processes of bio-mineralization since this technique
allows, for example, to study precipitation systems under the influence of different factors (such
as pH, or concentration and chemical composition of the urine), to enhance our knowledge about
which factors or substances favour or inhibit the formation of crystals in the urinary tract [13,14].
Information about the precipitate mass in real-time can complement the information (usually obtained
by monitoring changes in pH or concentration) of studies in artificial systems that mimic the human
physiological conditions, like human urine [14].

In the mentioned work [6], the formation of the insoluble salt crystals was tracked by the changes
in the resonant frequency of the magnetoelastic sensor, which decreases as the precipitate is deposited
on its surface, as a direct consequence of the increase of the total mass of the resonant strip. In spite of
the excellent results published in that work, there are two main aspects that, in our opinion, can be
improved. First, the Metglas® 2826 alloy used as magnetoelastic resonator had to be submitted to a
previous conditioning process to protect it from corrosion occurring in the biological medium. Second,
the resonance changes due to precipitation were followed by measuring the voltage induced at a
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fixed frequency (117 kHz, above the resonant frequency), in order to be able to follow the process in
real-time, a procedure that reduces the accuracy and resolution of the measurement.

In the present work, we have reproduced the process of monitoring the precipitation reaction
of calcium oxalate crystals, but in this case, we have used an amorphous ferromagnetic alloy of
composition Fey3Cr5SijgB1 as resonator. This alloy does not need any special pre-treatment, since-it
has been already demonstrated to exhibit excellent resistance to corrosion [15,16]. Additionally,
the measurement process has been optimized, so we can measure the complete resonance curve fast
enough to directly track the evolution of the resonance frequency along the precipitation process.
The change in the resonance frequency during the precipitation process has been directly correlated
to the amount of precipitated material on the resonator through a calibration with known deposited
masses. We have analyzed carefully the validity of this calibration, and concluded that, even though
the calibration is performed with the resonator vibrating in air, it provides a valid estimation of the
mass of precipitated materials in the liquid phase.

2. Materials and Methods

2.1. Magnetic and Magnetoelastic Materials Characterization

The magnetoelastic ribbon of composition Fe73Cr5Si19B12 used in this work was kindly provided
by Vacuumschmelze GmbH & Co., KG, Germany. This composition contains a small amount of
chromium (5% atomic) that allows the formation of a passivation layer on the material, thus favoring
its corrosion-resistant behavior. We selected the geometry of the strips, cut from a larger ribbon, to be
20 mm X 2 mm X 25 um, with a length to width ratio (R = L/w = 10), high enough to ensure a good
magnetoelastic coupling [17] and enough surface for the deposition of precipitate.

Magnetic and corrosion resistance characterization appear extensively explained in [16].
Magnetoelastic measurements, for the real-time monitoring of the resonance frequency, were carried
out by using a homemade experimental set-up [18]. Briefly, the system used to register the
resonance—antiresonance curve consists of three coaxial solenoids: one to apply the constant bias
field (H); a second one to produce the alternating field to magnetostrictively excite the sample;
and the third one, consisting of a compensated pick-up coil, to detect the induced magnetization
oscillations, from which the frequencies of the corresponding magnetoelastic resonance (f;) and
anti-resonance (f;) are determined. We optimized the data acquisition procedure to be able to register
the whole resonance-antiresonance curve quick enough to follow the precipitation process. A spectrum
analyzer (HP 3589A) working in swept mode was used to produce the excitation and to receive the
signal induced in the pick-up coil. The range of the frequency sweep was kept as small as possible.
It was determined prior to the experiment, based on the expected change of the resonance frequency.
The speed of the sweep was set as fast as possible, while maintaining a compromise with the quality of
the registered curve. The goal was to allow discriminating differences in the resonance frequency of
100 Hz. After recording the resonance-antiresonance, the frequency of the maximum and its amplitude
were measured using the built-in analysis procedures of the analyzer, and transmitted to a control
computer. The typical time to record a whole magnetoelastic resonance curve was about 5 s.

The measured resonant frequency (f;) varies with the bias field H, since it is directly related to
Young’s modulus as f, = (\/E (H)/ p) /2L [19], where L and p are the length and density of the
ribbon shaped material. The field-dependence of the elastic modulus is known as AE effect and
quantified as AE(%) = (1—E(H)/Eg) x 100, Eg being the Young’s modulus measured at magnetic
saturation. Other important information that can be determined from these measurements are the
magnetoelastic coupling coefficient (k> = (r2/8)(1~ (f,/ £)%) [20] and the quality factor of the
resonance (Q = f;/Af), all quantities being functions of the applied external magnetic field.

Table 1 shows the measured magnetic, magnetoelastic and corrosion resistance properties of the
Fe73Cr5Si19B1p ribbon used in our calcium oxalate detection experiments.
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Table 1. Magnetic and magnetoelastic parameters of the Fe;3Cr5Si19B1, sample. The ones for Metglas®
2826 alloy are also shown for comparison. Data taken from ref. [16].

E Corrosion Rate
iti () corr
Composition HoMs (T)  As(ppm) AE (%) k P (umfyean
Fer3CrsSitoBio 112 14 17 041 47 0.035
FeyoNizgMoyB1g -
Metglas® 2826 * 0.88 1 25 0.16 427 23.4

* Commercially available magnetoelastic ribbon [21,22].

2.2. Sensor Calibration

Prior to the calibration of the sensor, we studied the influence that the medium, in which the
magnetoelastic strip is immersed (air or distilled water), has on the observed magnetoelastic resonance.
Figure 1 shows both the change in one single magnetoelastic resonance curve, and over the whole
measured f(H) dependence, from zero to saturation applied H magnetic fields.

—Air i
i~ o
g H.0
S i
0t S~ ————
108 110 112 114 116 118 120 122 0 0.5 1 15 2
f(kHz) H (kA/m)
(a (b)

Figure 1. (a) Magnetoelastic resonance curves measured at H = 517 A/m, and (b) dependence of the
resonant frequency (f;) with the applied magnetic field, for the Fe73Cr5Sij9By, strip measured in air
and when it is immersed in distilled water.

As expected, and due to the differences in viscosity and density of air and distilled water, the effect
of the immersion in water is to increase the damping in a uniform way over the whole strip. This means
that, at the same applied bias field H, the magnetoelastic resonance curve widens (the quality factor Q
value decreases) and the resonance frequency decreases (see Figure 1a). The f,(H) curves displayed
in Figure 1b show that the decrease of the resonance frequency is almost the same at any applied H
magnetic field, at least in the vicinity of the minimum, which is where the measurements are made
during the precipitation experiment.

The calibration of the sensor sensitivity to added mass was performed by depositing in successive
steps a known precipitated mass on the sensor and measuring the corresponding change in its
magnetoelastic resonance frequency. The deposition process for the calibration is the same used for
the calcium oxalate detection measurement conditions: the sensor is immersed in a small vial with a
mixture of the precipitation solution with different concentrations, and once the precipitated crystallites
are deposited onto it, it is taken out of the vial carefully and dried. Afterwards, the sensor is weighed
on a precision balance (0.1 ug resolution), and its magnetoelastic resonant frequency is measured at a
bias field corresponding to the minimum of the f,(H) curve. This minimum corresponds to a bias field
equal to the anisotropy field (Hy) of the resonator, which in our case is Hy = 517 A/m. At this anisotropy
field value, the sensitivity of the magnetoelastic resonance frequency to the amount of added mass is
maximum [23].
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For this calibration, Equation (1) is just an approximation of the more general expression [5]:

—1/2
ko (1+ Am) @

fo 1Mo

The mass and resonance frequency of the bare magnetoelastic sensor strip are 11y = 7.6063 mg and
fo = 115.38 kHz, respectively. The mass changes suffered by the sensor during the calcium oxalate
precipitation process are greater than 5% of that initial bare weight. Therefore, a second order expansion
of Equation (2) has been used to obtain an appropriate fit for the calibration curve [24]:

A = fi—fo = —%Am-ﬁ-%@m)z = mAm + ay(Am)? (3)

Following this procedure, the mass calibration allows a quantitative knowledge of the mass
of precipitate deposited on the sensor during the precipitation process, and therefore, a real-time
monitoring of the reaction kinetics.

The obtained calibration curve can be seen in Figure 2, and the experimentally obtained calibration
constants area; = -9.8 +0.4kHz/mganda, = 1.1 +0.3 kHz/ng, It is to be noted that, for the
calibration, the measurement of the frequency shift caused by the precipitated mass on the resonator
is made in air, whereas in the real-time experiments described in Section 2.3, the resonance takes
place inside the water-filled vial. As evidenced in Figure 1b, the resonance frequency in water is
systematically lower than the one in air. Grimes et al. [4] gave already an expression for the observed
decrease in the magnetoelastic resonance frequency when the vibrating sensor is immersed in a
viscous liquid:

~ NTPL, 1
Af = —pos(fo) 4)

Af=—9.8 (Am) + 1.1 (Am)*

Af (kHz)

-12 +

-14 L 1 L L
0 0.5 1 1.5

4m (mg)

Figure 2. Calibration curve obtained from the changes in the resonance frequency of the Fe73Cr5Sij9B1
resonator (measured in air), caused by different calcium oxalate mass depositions on its surface.
Black dots represent the measured calibration points. The solid red line represents a fit to the second
order expression of Equation (3), with coefficients a; = —9.8 kHz/mg and a, = 1.1 kHz/mg?.

In our case, 7 = 0.89 x 1073 Pas and p; = 1000 kg/m? are the viscosity and density of water,
and ps = 7200 kg/m> and d = 25 um are the density and thickness of the resonant strip, respectively.
If we apply the frequency decrease established by Equation (4) to the resonance frequency values in
the calibration curve, we obtain the same values, within the error, of the fitting parameters a; and a;.
Therefore, we conclude that the calibration curve measured in air is a good approximation to determine
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the amount of calcium oxalate mass deposited in the real-time experiments, when the resonant strip is
immersed inside the solutions.
Finally, the theoretical values of the mass calibration constants appearing in Equation (3) can

3

be calculated to be a; = _szOO = -7.6kHz/mgand a; = ﬁ = 0.8 kHz/mgz. It can be

observed that the experimental calibration constants are both 22%-27% higher than these expected
values. This kind of discrepancy is observed in other works [24,25]. The origin of the deviation is
not clear, but can be related to two aspects: first, an original oversimplification in the derivation of
Equation (2), that identifies the increase of mass as a change in the resonator density [5]. Second,
the fact that the apparent resonance frequency (maximum of the resonance curve) is shifted to lower
frequencies when the damping in the resonance is increased. Equation (2) does not consider this effect;
however, experimental evidence shows that mass loading increases the damping of the resonance (as
clearly shown in Figure 3). Comparing with the sensor sensitivity reported by Bouropoulos et al. [6],
—1.38 kHz/mg, the main mass calibration constant (a1) obtained for the Fe73Cr55i19B1, magnetoelastic
resonator in this work is about seven times more sensitive. The main reason that accounts for this fact
is the better magnetoelastic coupling coefficient (k) of the Fe73Cr5Si19B12 alloy than the Metglas 2826
one, as can be seen in the characteristics given in Table 1. This is directly related to the length-to-width
ratio (R = L/w) chosen for the resonator used in our experiments (R = 10, instead of R ~ 3 of the
previous work [6]). According to [17], the magnetoelastic coupling coefficient reaches its optimal value
at R > 12, so in our case the aspect ratio is high enough to ensure good magnetoelastic properties and
quality factor (Q) of the sensor.

2.3. Calcium Oxalate Precipitation

The monitoring of the precipitation reaction was carried out by placing the magnetoelastic strip
inside a vial and mixing equal parts of solutions (0.6 mL each) with the same concentration of oxalic
acid and calcium chloride, leading to the formation of the insoluble crystals:

CaCly(aq) + HyC204(ag) — CaCy04(s) + 2HCI(aq)

Solutions of different concentration (30 mM, 50 mM and 100 mM) were used in order to observe
its effect on the rate of reaction, and to assess the detection capability of the technique. Precipitation of
the calcium oxalate salt will occur immediately after the mixing of the solutions if, with respect to the
solid phases, the resulting solution concentration turns out to be supersaturated (SI > 0). SI denotes the
saturation index of a sparingly soluble salt in an aqueous medium [26,27]. On the contrary, precipitation
will not occur for undersaturated (SI < 0) concentrations.

Prior to the time monitoring of the calcium oxalate salt precipitation process, a control curve of
the sensing strip within the vial with only distilled water was also performed.

3. Results and Discussion

The effect of the different concentrations of the prepared precipitation solutions can be directly
inferred from Figures 3 and 4. Figure 3 shows, in the same time window from 10 to 500 s, how quickly
both the magnetoelastic resonance frequency (in kHz) and the amplitude of the detected signal (in mV)
decreased as the concentration of the constituents within the solutions increased. The rate at which
this decrease occurred was clearly higher for the 100 mM than for the 30 mM concentration solution.

Figure 4 shows the temporal evolution of the amplitude of the detected signal, as the precipitation
reaction occurs. The linear fit of the initial slope of each measured curve indicates how fast the
deposition process took place. In our study, and for the 30, 50 and 100 mM concentration cases, we got
a signal decrease ratio of —0.95 uV/s, =1.76 uV/s and —4.5 uV/s, respectively. These ratios reflect
how the precipitation process of the calcium oxalate took place, indicating that it was clearly different
between the 30 mM concentration solutions and the 50 and 100 mM concentration ones. For these
last two cases, there was a fast decrease in the measured signal, motivated by the high supersaturated
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character of both solutions, and subsequent spontaneous and quick formation of the salt. The higher
the slope of the initial part of the curve, the faster the precipitation process took place.

—t=6s
S —t=28s
—t=39s
—t=99s

t=154s
2+ —t=258s
t=368s
—t=478s
—t=500s

0 1 1 1 1 1 L 1 0 L L 1 L il il
92 96 100 104 108 112 116 120 92 96 100 104 108 112 116 120
f (kHz) f(kHz)
() (b)

Figure 3. Measured magnetoelastic resonance curves of the sensor at different times during the
precipitation process for solutions of oxalic acid and calcium chloride with concentrations of (a) 30 mM
and (b) 100 mM.
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Figure 4. Temporal evolution of the amplitude (mV) of the measured signal (resonance amplitude),
as the precipitation reaction progressed and precipitate crystals were deposited on the sensor surface.
Curves are shown for different reactant concentrations (30 mM, 50 mM and 100 mM), and a control test
(sensor in a vial with distilled water). Linear fits of the initial slope of each voltage curve are shown in
dashed lines.

As remarked previously by other authors, when the precipitation of the salt happens, crystal
growth is prevalent with receding nucleation [28]. In a final step, the decrease of the supersaturation
character of the solutions leads to a plateau-like regime, with ratios —17.1 nV/s and —29 nV/s for the 50
and 100 mM concentration cases (300 s < time window < 500 s), indicating that the calcium oxalate
precipitation process is practically finished.

On the contrary, for the 30 mM concentration case, the measured amplitude of the detected signal
of the sensor does not show the previously described behavior. This curve shows a monotonous and
smooth decrease with time, with the lowest initial slope or precipitation rate, and no plateau regime
is observed for the same time window (500 s) used for the other two concentration cases. In fact,
the signal decrease ratio is now —0.13 uV/s (300 s < time window < 500 s), just slightly lower than in
the initial step of the deposition process.
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Finally, the change in the detected magnetoelastic resonance frequency, and the subsequently
determined mass load, for the three solution concentrations presented in this study are shown in
Figure 5. The deposited mass values were calculated from the resonance frequencies by applying the
calibration expression given in Equation (3), using the fitting coefficients from Figure 2. The error bars
in the figure are calculated as:

_ JdAm 2+ dAm 2+ onm \? 5)
om = N\ 1) T\ Tom, 2] T\oar

where ¢, and ¢, are the errors obtained by the fitting procedure in Figure 2, and €, f is the experimental

uncertainty in the resonance frequency (¢, = 100 Hz).
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Figure 5. (a) Change of the magnetoelastic resonance frequency measured during the precipitation
process for different reactant concentrations (30, 50 and 100 mM) and for the control test curve (sensor
in a vial with distilled water). (b) Deposited mass of calcium oxalate crystals on the sensor during the
reaction of precipitation for different reactant concentrations (30 mM, 50 mM and 100 mM), with the
mass determination error. The actual measurements are plotted in light color. Intense solid curves
correspond to smoothed data.

Figure 5 shows curves that evolve in a monotonous way in all cases, showing that the increase of
the deposited mass of calcium oxalate onto the magnetoelastic strip leads to a decrease in its measured
resonance frequency. However, the evolution of the curves appearing in Figures 4 and 5 is different,
and hints at the complementarity of the information given by each one: while the decrease of the
amplitude of the magnetoelastic resonance in the detected signal gives information about how fast
this process occurs and eventually finishes, the decrease in the measured magnetoelastic resonance
frequency value gives information about the amount of mass deposited along this process, by using
the corresponding calibration equation.

Related to the practical application of our detection system, a targeted calcium oxalate concentration
of 100 umol/L = 12.8 mg/L (considering this value as a risk value for forming stones) translates to
0.015 mg = 15 ug of CaCy04 to be detected in our 1.2 mL solution vial. According to the sensor
calibration previously obtained (Section 2.2), a mass load of 0.015 mg of calcium oxalate on the
resonator produces a magnetoelastic resonance frequency change of 0.15 kHz, just in the theoretical
limit of the detectable change for our experimental set-up. Considering the minimum change in
resonance frequency that we can discern (100 Hz), and the calibration constants obtained, the minimum
theoretical deposited mass that our system is capable of detecting is 0.01 mg = 10 ng. However,
the noise of the measured resonant frequency curves, up to 1 kHz (Figure 5a), raises this detection
limit to 0.1 mg = 100 pg.
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The results presented in this study demonstrate the feasibility of using magnetoelastic sensors in
those cases where remote and non-destructive detection is required. This is the case for most biological
or chemical agent detections. It turns out to be also a fast detection technique, that can provide accurate
results in short time windows, of the order of several minutes. These rapid measurements are useful
for monitoring this type of precipitation reaction, which can be quite fast, with sufficient accuracy.

Future work has to address the increase of the sensitivity of our magnetoelastic sensor, by reducing
both the resonance frequency discrimination (below 100 Hz) and the noise in these measurements.
Following this line of action, we will be able to quickly quantify the deposition of such inorganic salts
with a resolution of, at least, below 10 ug.

4. Conclusions

The magnetoelastic resonance is an adequate phenomenon to be used in order to monitor, in
real-time, the precipitation reaction of physiological inorganic salts, such as calcium oxalate (CaC,0y).
The mass deposition of this salt onto the surface of the strip of the resonator gives rise to a shift of the
resonance frequency that, by using the corresponding calibration curve, allows one to determine the
mass amount deposited onto the resonator. Complementary information of the precipitation process
arises from the measurement of the signal given by the amplitude of the detected magnetoelastic
resonance, which is able to determine the time window in which the salt precipitation process occurs.

The corrosion resistant alloy used in this experiment (Fe73Cr55i19B12) has been demonstrated to
be as capable as the commercial Metglas® 2826 alloy in monitoring precipitation reactions, with the
advantage that no pre-treatment is required to prevent oxidation when used as a precipitation reaction
sensor. In addition, the aspect ratio has been shown to play an important role in the sensitivity of the
magnetoelastic sensor, leading to a more mass-sensitive sensor that allows the detection of smaller
amounts of precipitate, and therefore a more accurate understanding of this kind of processes.
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