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Abstract: Currently, one of the main causes of death in the world is cancer; therefore, it is urgent to
obtain a precocious diagnosis, as well as boost research and development of new potential treatments,
which should be more efficient and much less invasive for the patient. Magnetic hyperthermia
(MH) is an emerging cancer therapy using nanoparticles, which has proved to be effective when
combined with chemotherapy, radiotherapy and/or surgery, or even by itself, depending on the type
and location of the tumor’s cells. This article presents the results obtained by using a previously
developed economic homemade hyperthermia device with different types of magnetite nanoparticles,
with sizes ranging between 12 ± 5 and 36 ± 11 nm and presenting different shapes (spherical
and cubic particles). These magnetic nanoparticles (MNPs) were synthesized by three different
methods (co-precipitation, solvothermal and hydrothermal processes), with their final form being
naked, or possessing different kinds of covering layers (polyethylene glycol (PEG) or citric acid
(CA)). The parameters used to characterize the heating by magnetic hyperthermia, namely the
Specific Absorption Rate (SAR) and the intrinsic loss power (ILP), have been obtained by two
different methods. Among other results, these experiments allowed for the determination of which
synthesized MNPs showed the best performance concerning hyperthermia. From the results, it may
be concluded that, as expected, the shape of MNPs is an important factor, as well as the time that the
MNPs can remain suspended in solution (which is directly related to the concentration and covering
layer of the MNPs). The MNPs that gave the best results in terms of the SAR were the cubic particles
covered with PEG, while in terms of total heating the spherical particles covered with citric acid
proved to be better.

Keywords: magnetic hyperthermia; magnetic nanoparticles; SAR measurements

1. Introduction

The World Health Organization (WHO) estimates that in recent decades the total
number of people diagnosed with cancer has almost doubled, from about 10 million in 2000
to 19.3 million in 2020. According to the WHO, one in five people in the world will develop
cancer during their lifetime, and the recent COVID-19 pandemic has intensified problems
concerning a precocious diagnosis and lack of access to treatment [1]. Also, according to
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the WHO, the number of deaths from cancer has increased from 6.2 million in 2000 to
10 million in 2020. More than one in six deaths worldwide is due to cancer [2].

It is known that an elevated body temperature can damage, or even kill, cancerous cells
with minimal injury to normal cells [3]. In the second half of the XIX century, the practice
for infectious fever therapy involving hyperthermia was quite common [4]. Hyperthermia
is an approach for the treatment of different types of cancer, which involves heating the
tissues causing the death of the cancerous cells. Conventionally, these treatments were
performed by using ultrasound, microwave or infrared radiation, but these treatments
frequently induce heating of the surrounding healthy tissues provoking their damage.
Some other methods, like radiofrequency (RF) ablation, have been reported as successful
alternative treatments [5]. Nonetheless, some limitations still exist, like the fine control
needed to ablate all viable tumor tissue and the definition of an adequate tumor-free margin
(an important factor that affects the success of RF thermal ablation) [6]. Hyperthermia
has proved to be a selective process for heating tumors when associated with magnetic
nanoparticles, which are applied to the tumor site. In 1957, for the first time, Gilchrist
reported the use of magnetic nanoparticles (maghemite) to selectively induce temperature
elevation and destroy metastatic tumors that were exposed to a 1.2 MHz magnetic field,
which was an important discovery that boosted the research on magnetic hyperthermia
using magnetic nanoparticles [7]. Nonetheless, the struggle for the development of this
technique has been very demanding, and the probability of success by using a specific
magnetic material in a given application has proved to be highly dependent on three
main factors: (1) the proper synthesis/manufacturing of the magnetic nanosized materials;
(2) the correct characterization of the materials, their properties and their functionalities;
and, finally, (3) the adequate evaluation of its performance under the specific conditions
for the desired application. Consequentially, the exponential growth of research in this
area is not surprising, mainly due to its vast possible applications. Different sub-areas
have emerged from these studies, such as drug deliver, new synthesis methods [8–10],
encapsulation [11–13] and the functionalization of magnetic nanomaterials [14,15].

Clinical trials by the U.S. Food and Drug Administration (FDA) on the treatment
of prostate [16] and pancreatic cancer [17] have already begun. Various hyperthermia
techniques are presently under investigation, including local, regional and whole-body
hyperthermia [18,19]. But, it is still essential to understand the physical and chemical
phenomena that occur during the heating of the human body by magnetic hyperthermia
in order for it to be possible to improve both the equipment used for treatment and
the techniques used for the production of MNPs, leading to a more secure and efficient
treatment by this technique. According to international standards, the maximum values of
the field-frequency product (H × f) applied to live organisms should not exceed the upper
limit of the Atkinson–Brezovich criterion, that is, H × f ≤ 4.85 × 108 A·m−1·s−1. On the
other hand, regarding the clinical application of magnetic hyperthermia, a safety limit is
the Hergt and Dutz criterion that stipulates H × f ≤ 5 × 109 A·m−1·s−1 [20,21], which is
related to the values at which patients start feeling some discomfort.

In the past two decades, the field of research associating nanoscience and nanotech-
nology has arisen great interest in the scientific community, due to its large range of
applications. The exceptional scientific interest in nanomaterials is due to their differen-
tiated properties when compared to those of a bulk material and the discrete atomic or
molecular species from which they derive. This interest extends to a diversity of areas,
such as [22,23] catalysis, biology, biomedicine and optico-electronic devices, among others.
Regarding the area of biomedicine, research on possible applications of nanomaterials as
carriers for controlled drug delivery, the separation of proteins and cells, the detection of
bacteria and multimodal image processing probes stands out. The differentiated properties
of nanoparticles (NPs), such as optical properties in semiconductor and metal-oxide NPs,
and the phenomenon of superparamagnetism in ferromagnetic or ferrimagnetic nanomate-
rials are consequences of a reduced size and arise as a function of some factors, such as high
surface/volume ratio, high surface energy, spatial confinement and quantum size effects.
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Thus, these properties are a function of size (i.e., they are size-tunable). In the past decade,
research works devoted to the association of techniques (dual therapies) are increasingly be-
ing reported [24]. Some works concerning economic analysis of the production of particles
specially designed for biomedical applications have also started to appear [25].

The composition of the nanoparticles used in hyperthermia has been increasing in va-
riety and many NPs are magnetite-based (being bare-naked or functionalized and covered
with a specific layer of another material, e.g., citric acid, alginate, etc.); moreover, lately
there has been a focus on the use of ferrites (e.g., Mn-Ferrites [26,27].

The improvement of magnetic hyperthermia therapies relies on four major factors:
(i) the engineering of alternating magnetic field generating devices, (ii) the engineering of
nanostructured magnetic materials, (iii) the development of nanocarriers and other delivery
strategies and (iv) the establishment of treatment protocols. Success in each of these steps
depends deeply on the synergies of four areas of knowledge: the physical process of heat
generation, the heat transfer process, temperature monitoring and the biological effects of
temperature at this level.

This work focusses on the first three areas, and for that, different types of magnetic
nanoparticles were produced to determine the overall efficiency of a new developed
magnetic hyperthermia device, and the best synthesis route for the production of MNPs
that give the best performance when applied to magnetic hyperthermia.

1.1. Magnetism and Heat Generation

The capability of magnetic materials exposed to an alternating magnetic field of induc-
ing a local temperature increase results from magnetic energy dissipation. In addition, this
heating caused by energy loss under a high-frequency alternating current (AC) magnetic
field is majorly related to three types of physical mechanisms: currents induced in the
material, energy loss through hysteresis and magnetic relaxation of single-domain super-
paramagnetic nanoparticles (Néel and Brown, relaxation phenomena). Recently, another
source of heat (the magnetocaloric effect) is being studied for several applications, but
for magnetite particles and for the range of frequencies applied in magnetic hyperther-
mia, its contribution to the total heat is negligible [28–30]. The mechanisms of currents
induced in the material, and of the energy loss through hysteresis, have a small contri-
bution to total heating when considering single-domain nanoparticles or nanoparticles
with a superparamagnetic character. The third mechanism (magnetic relaxation of single-
domain superparamagnetic nanoparticles—Néel and Brown, relaxation phenomena) and
its main influence for local warming is related to the phenomenon of magnetic relaxation
of superparamagnetic nanoparticles that are immersed in a fluid medium. There are two
mechanisms related to this magnetic relaxation: the Brown rotational mode and the Néel
mode. In Néel mode, heating comes from changing the orientation of the moment of mag-
netization of the superparamagnetic nanoparticle from an easy axis of magnetization into
the direction of the external magnetic field. This type of mechanism can be compared to
the hysteresis energy loss of multi-domain nanoparticles. In Brownian mode, local heating is
due to friction between superparamagnetic nanoparticles and the fluid medium during
vibration in the same direction as that of the external magnetic field [31]. A final mention
should be carried out to the influence of temperature on the magnetocrystalline anisotropy
of the particles when the hyperthermia process is in progress: on the one hand, its effect
through hysteresis losses is usually reduced to negligible levels because they present a very
low ferromagnetism character or only a superparamagnetic character (due to the reduced
size of the particles); on the other hand, in what concerns the changes on the anisotropy
constant (Keff), it is important to notice that in the same type of particle, also bearing in mind
the reduced range of temperatures handled in magnetic hyperthermia (between 20 and
46 ◦C, at the most), the value of the anisotropy coefficient does not suffer considerable
changes [32,33].



Materials 2024, 17, 2279 4 of 27

The amount of heat generated per unit volume is given by the frequency multiplied
by the area of the hysteresis loop (adapted from [34]):

PMF = −µ0 × f
∮

HdM (1)

where PMF is the power absorption density of the magnetic fluid, µ0 = 4π × 10−7 N/A2 is
called the permeability of free space in a magnetic field of frequency f, M is the magnetiza-
tion, H the applied magnetic field and

∮
HdM the dynamic hysteresis loop determination.

Equation (1) already includes Brown and Néel mechanisms and ignores other possible
mechanisms for magnetically induced heating, such as eddy current heating and ferro-
magnetic resonance, but these are generally irrelevant in the present context. Indeed, the
applied AC field frequencies are usually too low for the generation of any substantial eddy
currents and the particles used for magnetic hyperthermia are very small. Also, for the
frequencies usually used in magnetic hyperthermia, ferromagnetic resonance effects are
irrelevant. Comparing the specific loss power of different types of magnetic iron oxide
particles (multi-domain or single-domain superparamagnetic nanoparticles), hysteresis
losses have been shown to vary according to the specific type of magnetite particles, and in
the case of field amplitudes below 10 kA.m−1, the difference can reach orders of magnitude
due to differences in particle microstructure, shape and size.

1.2. SAR Calculation [35,36]

Several methods have been proposed for the calculation of the Specific Absorption
Rate (SAR) [35–37]. The theoretical background for SAR calculation is an important feature
that will be detailed together with two of the most appropriate practical equations and
methods used for its calculation.

The background for SAR calculation is based on basic concepts of Magnetism and
Thermodynamics. In fact, the application of the General Principle of Conservation of
Energy in an adiabatic system allows for the determination of the change that occurs in the
internal energy of the suspension, which is associated with the irreversible work caused by
the interaction of the system with the applied magnetic field. For an isolated system, the
total energy is considered constant regardless of the changes that occur. The equation that
translates this phenomenon is as follows:

∆Ususp = W + Qsusp (2)

where W is the irreversible work carried out on the suspension, ∆Ususp the variation in the
internal energy of the suspension and Qsusp the heat that is lost by the suspension. The total
work is the result of two types of work: the mechanical work due to changes in volume
(Wmec), i.e., boundary work, and the work carried out on the suspension caused by the
interaction between the alternating magnetic field and the magnetic nanoparticles (Wmag).
By considering the process as adiabatic (Qsusp = 0) and isochoric (Wmec = 0), Equation (2)
turns into

∆Ususp = Wmag = Csusp × ∆T (3)

where ∆T is the temperature change observed in the suspension and Csusp the heat capacity
of the suspension, determined generically by

Csusp = ∑n
j mj × Cj (4)

where Cj and mj are the specific heat and mass of the jth constituent of the suspension,
respectively, and n the total number of constituents in the suspension (magnetic nanoparti-
cles and fluid). Therefore, the specific loss power (SLP) may be computed as the generated
power (Energy/∆t) per unit mass of magnetic material (magnetic nanoparticles), where
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∆t is a time interval. If the system operates isochoric and adiabatically, the SLP may be
determined by the following:

SLP =
1

mMNP
×

Wmag

∆t
=

∆Ususp
∆t

mMNP
∼=

1
mMNP

× Csusp ×
(

dT
dt

)
t→0

(5)

This equation is one of the most accepted and used ones by several authors [35,36]
for SLP calculation. However, it has the limitation of being valid only in quasi-adiabatic
processes (i.e., temperature of the system considered to vary linearly with time and the
system being thermally isolated), which is not true because the suspension is not completely
isolated in real applications.

There is still debate about the difference between the SAR and the SLP, with the
most accepted view being the consideration that the SAR corresponds to the heat actually
absorbed by the biological media per gram of nanoparticles, and the SLP the heat produced
per gram of nanoparticles, with the SLP thus being the most correct form to address the
direct measures using hyperthermia devices. In this article, the position of several authors
that consider both as equivalent will be followed, but it is important to understand the
possible difference.

Hence, in the case of adiabatic systems, the SAR may be computed by the following:

SAR =
d
dt

(
dWmag

dm

)
=

d
dt

(
dWmag

ρdV

)[
watts

g

]
or SAR = C ×

(
dT
dt

)
t→0

[
W
g

]
(6)

or
SARMNP = CMF ×

∆T
∆t

× 1
∅MNP

in which
1

∅MNP
=

mMF
mMNP

(7)

or

SAR =

(
mH2O × CpH2O + mMNP × CpMNP

)
mMNP

×dT
dt

(8)

where ρ is the density of the MNPs, V is the sample volume, C is the heat capacity,
dT/dt|t→0 is the initial slope of the heating curve, CMF is the heat capacity of the mag-
netic fluid, φMNP is the percentage of magnetic particles in the sample, mMF is the mass of
the magnetic fluid, mMNP is the mass of magnetic nanoparticles, mH2O is the mass of the
suspending fluid—water, CpH2O is the specific heat of the suspending fluid—water—and
CpMNP is the specific heat capacity of the magnetic nanoparticles.

1.2.1. Non-Adiabatic Conditions

If a model really wants to correctly translate what happens in a magnetic hyperthermia
system, the interactions between the suspension and the surroundings must be taken into
consideration. This means that heat interaction between the suspension and its neighbor-
hood should not be neglected, and thus, in Equation (2), Qsusp is not negligible, implying a
non-adiabatic process. This would be the best approach to describe this process.

Analyzing what happens in the system, the following stages are present and thus
should be considered in the model: (a) the suspension is inserted in the sample holder,
and the system is in thermal equilibrium with the surrounding environment; (b) when
the electrical power is switched on to create a magnetic field, the work resulting from
the interaction between the suspension and the alternating magnetic field starts to act
on the suspension (Wmag); (c) the temperature starts to increase in the system, due to
the conversion of Wmag into internal energy, and an adiabatic system may be assumed
to be established, without a considerable approaching error, during a short time interval
(i.e., the heat loss Qsusp can be neglected during a short period of time), meaning that
during this period the assumption of quasi-adiabatic regime is a good approximation and
the temperature varies linearly with time; (d) after this initial period, the quasi-adiabatic
approximation loses its validity, and thus heat loss cannot be neglected anymore, as an
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exchange of energy between suspension and surroundings is no longer negligible, and
therefore a non-adiabatic regime must be taken into consideration by the model while
nonetheless maintaining its isochoric characteristics.

In this case, the SLP may be obtained by

SLP =
1

mMNP
× Csusp ×

dT
dt

∣∣∣∣
adiabatic

+
1

mMNP
×

dQsusp

dt
(9)

SLP =
P

mMNP
(10)

where P is the total power acting on the suspension taking into account two contributions:
the power generated due to the influence of the acting AC magnetic field (which is equal
to the total power felt by the suspension in the case of an adiabatic system)—Pmag—and
the power lost due to heat transfer (PQ)—the rate of heat loss from the system to the
surroundings. Equation (9) represents the most adequate general representation of the
SLP (the actual rate of heat generated per mass of magnetic material in suspension). The
difference between Equations (5) and (9) relates to the presence of a second term in the
definition of the SLP that considers the non-adiabatic regime. The latter denotes the
dependence of the SLP on the rate of heat loss from the system to the surroundings, which
may be defined as

PQ =
dQsusp

dt
(11)

Box–Lucas Method

In an adiabatic system, heat transfer between the sample vessel suspension and
the surroundings is not allowed. Naturally, all the heat produced by the movement of
MNPs is converted into an increase in sample temperature. In this ideal case, the sample
temperature is only dependent on the power generated (P) because the contribution of PQ
is equal to zero.

One of the most frequently used approaches for non-adiabatic systems (especially
when the power generated by the MNPs is estimated using the heating curve) is consid-
ering that the heat loss linearly depends on the difference of temperatures between the
surroundings and the sample:

C × dT(t)
dt

∣∣∣∣
real

= Pmag − L × ∆T (12)

where L (W K−1) is a proportionality constant relating the heat loss and temperature differ-
ence, and ∆T is the temperature difference (T − T0), with T being the sample temperature
at a given time t and T0 the initial sample temperature. From Equation (12), it may be
observed that the slope of the heating curve will decrease with time as the temperature
of the sample increases until the steady state is reached (i.e., when temperature remains
constant, and the energy lost per unit time equals the input of energy). Integrating Equation
(12) is as follows:

T − T0 =
P
L

(
1 − e

(
t−t0

C
L

)
)
⇔ ∆T = A ×

(
1 − e(−B×∆t) ). Usually t0 = 0
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∆T = A × (1 − e(−B×∆t) ) (13)

In magnetic hyperthermia, this phenomenological equation is commonly referred to
as the Box–Lucas equation [36,38,39].

By representing T vs. t, according to Equation (13), the Box–Lucas parameters (A and
B) can be determined by curve fitting [36], and the SAR obtained by

SARBLM =
(
A × B × Csusp

)
/(mMNP) (14)

SARBLM means SAR obtained by the Box–Lucas method.
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The linear loss parameter L (W/K) for an individual sample is calculated by the
following equation:

L = B × Csusp (15)

Some authors [36] tried to specify the variables of the Box–Lucas equation by taking
into account the rate of heat loss by conduction and convection from the system to the
surroundings, obtaining the following formula:

T(t)− T(0) = ∆T(t) = mNMP × SLP
∈ ×

(
1 − e

− ∈
Csusp ×t

)
(16)

where ∈ is the effective thermal conductance.
It is important to notice that although the Box–Lucas equation sets a standard for SAR

measurement, the linear loss assumption is only valid for low temperature differences,
being relatively difficult to justify for real experiments.

Taking into account all possible losses, the relationship between temperature and heat
losses is found to be non-linear, especially for higher temperatures. A more comprehensive
description of the heating process would be as follows:

C × dT(t)
dt

= P − PL(T) (17)

This equation contemplates the situations where power loss is assumed as non-linear.
In fact, it is based on the fact that heat dissipation is linear in the case of conduction and
convection but at the fourth power in the case of radiation. Therefore, usually a fourth-
order polynomial approximation is applied to represent function PL(T), which describes
the power loss for each temperature. Nonetheless, this equation also has some limitations,
namely the fact that in practice the measured T or ∆T represents a point in the sample and
not the temperature experienced by the entire sample (because temperature distribution is
non-homogeneous).

The intrinsic loss power parameter (ILP, nH m2 kg−1) was proposed for the normal-
ization of SAR values measured at different magnetic field amplitudes/frequencies, and it
is calculated by the following:

ILP =
SAR

H2 × f
(18)

Corrected Initial Slope Method

Another approach for the calculation of the SAR is the initial slope method. This
method considers that in the initial part of the Box–Lucas temperature–time curve heat
losses are negligible, and thus the SAR may be easily calculated by (with β being the slope
of the curve)

β =
dT
dt

∣∣∣∣
t→0

=
d
dt

(
P
C

(
1 − e−

t
L/C
))∣∣∣∣

t→0
=

P
C

(19)

and thus
SARinitial−slope =

βC
mMNP

(20)

This equation may be confirmed as being similar to Equation (6) (obtained for adiabatic
systems), as should be expected for the periods when heat losses are considered negligible.

When experiments are carried out, the temperature–time curves are determined for
the suspension and for a reference sample composed only of the solvent. To ensure that
the heating curve starts at the same temperature as the reference sample—solvent—the
measurement of the heating of the suspension of MNPs should start a few seconds later
to ensure that steady state has been reached when the actual values start to be registered,
and thus the initial solution temperature that is considered is actually equal to the solvent
temperature. For actual measurements, a delay in the recording of the SAR/ILP of 5 to
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10 s is usually sufficient, although some authors used longer times (such as, for example,
30 s) [40].

A more convenient approach, called the corrected slope method, may be used, in
which the previous method is modified to include any linear losses that might be present
during the initial stage of the curve. For this correction, when the value of thermal loss, L,
of the system is known, the SAR can be calculated using the following:

SARcorrected slope = (C
dT
dt

+ L∆T)/(mMNP) (21)

The SAR and ILP can then be calculated using this corrected slope method.
Another approach to the method has been proposed by Wildeboer and co-workers [39],

who stated that for a more accurate calculation of the parameters the heating curve should
be divided into N intervals (intervals spanning between 30 and 60 s) which will allow for the
computation of both the SAR/ILP parameters for each interval and then the computation
of the overall average value as well as the linear loss parameter L. The following formula
describes the mathematical procedure for the corrected slope method:

SAR =
1
N ∑N

i

c
(

dT
dt

)
i
+ L(∆T)i

mMNP
(22)

in which C is the heat capacity of the sample (J K−1), and
(

dT
dt

)
i

is the slope obtained by a
linear fit of the data in the chosen interval.

2. Experimental Section
2.1. Equipment

Generally, an induction heating system consists of a resonant circuit and an AC power
supply (providing radiofrequency current). The electrical current is generated by either
a DC-AC inverter or an amplifier-connected function generator, with the resonant circuit
being in series or in parallel. Soft switching is the most efficient and typical technique
used for DC-AC inversion. Several topologies using the soft-switching technique have
been proposed, e.g., full-bridge and half-bridge. These topologies usually employ the
metal-oxide semi-conductor field-effect transistor (MOSFET) device for switching. The
circuit of the system proposed in the present work is an RLC (Resistor–Inductor–Capacitor)
system described in [41] and represented in Figure 1. In this setup, the resonant frequency
of the tank circuit (regardless of its components) is directly followed; therefore, it can be
used with different induction coil formats which allows for obtaining different frequencies.
In the present study, the application of a versatile, low-cost, homemade setup for magnetic
hyperthermia studies is reported, using magnetic nanoparticles with different shape and
composition, which were synthesized by different methods.
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2.2. Materials and Methods

Metal-oxide nanoparticles, especially magnetic ones, are the most used in biomedical
applications due to the possibility of their manipulation by using magnetic fields. The
intrinsic properties of these particles that are important for medical applications are their
non-toxicity and biocompatibility (toxicity refers to the potential harm that may be caused
by a material, whereas biocompatibility further extends to the detrimental or beneficial effect
of the physiological environment on the material performance [42]) and easiness in being
injected. Furthermore, nanoparticles also need to be biocompatible and stable in exter-
nal gravitational and electrostatic fields [43]; in fact, gravitational influence on magnetic
particle stability occurs by settling the particles, while electrostatic fields also influence
magnetic nanoparticles behavior in solution, usually by promoting their aggregation due to
electrostatic attraction. When relevant, both problems are usually solved by the addition of
a covering layer that reduces settling and electrostatic attraction (e.g., PEG). The magnetic
ground state of nanoparticles can be severely altered, when compared to the conventional
assumption that they are single magnetic domains, because it is strongly influenced by the
finite size and microstructural details of the core and surface.

The major type of magnetic nanoparticles used in research are iron oxides with a
special focus on magnetite (Fe3O4), which has excellent magnetic properties and is one
of the mostly used in the areas of medicine and environment, although metals such as
cobalt and nickel are used in other fields of application. The great advantage of these
nanoparticles are the chemical modifications that can be made (especially at the surface),
making them even more non-toxic, injectable, biocompatible and magnetic in nature, thus
turning them into excellent contrast agents. Despite the numerous iron oxides that are
known, the term “iron oxides” normally refers to Fe3O4 (magnetite), α-Fe2O3 (hematite)
and γ-Fe2O3 (maghemite) [44]. At present, most of the research focuses on magnetic iron
oxides such as magnetite (Fe3O4) or maghemite (γ-Fe2O3), because iron oxides are the only
magnetic nanomaterials approved for use in humans [45–48]. The general biocompatibility
and clinical utility of iron oxides are established by their continuous clinical use, though
a detailed understanding of their complex interactions with biological systems continues
to evolve [46,49–51]. Since the 1980s, various magnetic iron oxide nanoparticle (MIONP)
formulations have been used as clinical contrast agents for magnetic resonance imaging
(MRI) [52,53]. Indeed, interest has grown exponentially, as is shown by the fact that more
than 41,000 research paper with keyword “Fe3O4” have been published in the past 20 years,
according to the Web of Science ([54]).

2.2.1. Materials

This study used the following: iron (III) acetylacetonate (99%) from Sigma Aldrich
(St. Louis, MO, USA), oleic acid (90%) from Panreac (Barcelona, Spain), benzyl ether (99%)
from Sigma Aldrich (Madrid, Spain), 4-biphenylcarboxylic acid (99%) from Sigma Aldrich
(Madrid, Spain), toluene (99.8%) from Panreac (Barcelona, Spain), hexane (99%) from
Panreac (Barcelona, Spain), chloroform (99.9%) from Panreac (Barcelona, Spain), nitrogen
(99%) from Air Liquide (Paris, France), polyethylene glycol (PEG) from Sigma Aldrich
(Madrid, Spain), ferrous sulfate heptahydrate (FeSO4·7H2O) from Sigma Aldrich (Madrid,
Spain), ferric chloride hexahydrate (FeCl3·6H2O) from Sigma Aldrich (Madrid, Spain),
citric acid from Sigma Aldrich (Madrid, Spain) and ammonium hydroxide (25%) from
Sigma Aldrich (Madrid, Spain). All reagents were used without further purification.

2.2.2. Synthesis of Nanoparticles

The synthesis of superparamagnetic nanoparticles (SPNPs) is a complex process due
to their colloidal nature, and it is challenging to find experimental conditions that produce
monodisperse magnetic particles. There are several methods for synthesis, such as thermal
decomposition, hydrothermal reactions, microemulsion, and coprecipitation. In terms of
simplicity, coprecipitation is the route preferred by researchers, but in terms of controlling
the size and morphology of nanoparticles, thermal decomposition seems to be the best
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method developed so far [11]. Microemulsion can also be used as an alternative to syn-
thesize monodisperse nanoparticles with different morphologies; however, this method
requires a large amount of solvent. Hydrothermal synthesis is a relatively unexplored
method for the synthesis of MNPs, although it allows for the synthesis of high-quality
nanoparticles. Coprecipitation and thermal decomposition for the synthesis of nanoparti-
cles are some of the most studied methods, and although initially the obtained particles
differ significantly from method to method, nowadays, both can, within certain limits, be
used on a large scale, and the MNPs obtained by these methods have high crystallinity,
controlled size and uniform shape (even in the case of coprecipitation, as shown in this
work) [11].

Synthesis of Cubic-Shaped Magnetite Nanoparticles

In this work, a method for the synthesis of cubic magnetic nanoparticles was developed
and applied, which was adapted from Sánchez and coworkers [55]. Typically, 2 mmol of
tris(acetylacetonate) iron(III), 4.5 mmol of oleic acid, 52.5 mmol of benzyl ether and 2 mmol
of 4-biphenyl reacted in a 3-way flask with magnetic stirring at 200 rpm, in the presence of
nitrogen gas, until the temperature raised to 290 ◦C, and then they were left to react for
30 min. Afterwards, a mixture of toluene and hexane (4:1) was added and the obtained
solution was centrifuged at 2500 rpm for 10 min. At the end of the process, the sample was
cooled and a mixture of toluene and hexane, in a 4:1 volumetric ratio, was added, and the
sample centrifuged at 1700 rpm. Finally, chloroform was used to clean the particles [55].

Synthesis of Cubic-Shaped Magnetite Nanoparticles Coated with PEG

The method developed and applied to the synthesis of cubic magnetic nanoparticles
coated with PEG was the following: 2 mmol of tris(acetylacetonate)iron(III), 4.5 mmol of
oleic acid, 52.5 mmol of benzyl ether, 2 mmol of 4-biphenylcarboxylic acid and 900 mg of
PEG were reacted, with magnetic stirring at 220 rpm, in a nitrogen gas environment, and
the temperature raised till 290 ◦C (in 7 min). The temperature was then maintained for
30 min. A mixture of toluene and hexane (4:1) was then added, and the solution obtained
centrifuged at 2500 rpm for 10 min. Finally, chloroform was used for cleaning.

Synthesis of Magnetite Nanoparticles by Coprecipitation

The following method was developed and applied to produce nanoparticles by copre-
cipitation: a basic solution of 200 mL (1:1) NH4OH/H2O and another solution of 100 mL
of 6.37 mM of FeSO4·7H2O in H2O was prepared, dispersed by stirring and subjected to
ultrasounds. Then, 10 mL of the latter solution was added to the basic solution, at a rate of
1 mL/min, with stirring at 400 rpm. Afterwards, the solution was stirred at 450 rpm for
1 h [56]. Subsequently, the particles were separated with the help of a magnet and washed
with water.

Synthesis by Coprecipitation of Magnetite Nanoparticles Coated with PEG

In the case of the synthesis of PEG-coated magnetite nanoparticles prepared by co-
precipitation, the following procedure was developed and applied: a solution of 100 mL
of 0.01 M ferric chloride hexahydrate was added to 100 mL of 0.05 M ferrous sulfate hep-
tahydrate, mixed at 400 rpm, and heated to 50 ◦C for 5 min. Then, 100 mL of ammonium
hydroxide was added, at 10 mL/minute, with stirring at 400 rpm, and the obtained solution
heated to 80 ◦C. Afterwards, the obtained solution was dried at 50 ◦C for 24 h. Approx-
imately, 450 mg of nanoparticles were obtained, to which a solution of 450 mL of water
and 20 mL of Tween solution was added (this solution was sonicated for 20 min at 40 ◦C).
The previous solution, already with the nanoparticles, was subjected to ultrasounds for
10 min at 40 ◦C, and then 900 mg of PEG were added and sonicated for 10 min at 47 ◦C.
Subsequently, a basic solution of ammonium hydroxide was added, and the pH increased
from 7.2 to 10.4. Finally, the particles were washed until a pH of 7 was reached and then
dried at 50 ◦C for 24 h.
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Synthesis by Coprecipitation of Magnetite Nanoparticles Coated with Citric Acid

The process developed and applied consisted of the following: A solution of 3 mM of
FeCl2·7H2O and 14 mM of FeCl3·6H2O was prepared in 180 mL of distilled water, under
a nitrogen environment. After complete dissolution of the mixture at room temperature,
50 mL of NaOH was added dropwise to the reacting mixture, which was stirred at 650 rpm
and maintained for 10 min at 65 ◦C, under continuous vigorous stirring. To prevent
agglomeration of Fe3O4, 150 mL of 0.05 M citric acid was added to the reaction mixture,
which was then stirred for 10 min (at 65 ◦C). The nanoparticles were then separated with a
magnet and washed with water. Finally, the nanoparticles were redispersed in distilled
water after sonication for 5 min.

3. Results and Discussion
3.1. Nanoparticle Characterization

It is important to notice that in this article only the full characterization of the particles
that gave better values of the SAR is presented, as they will be the relevant ones for the
aimed application. Nonetheless, it was decided to present the process of synthesis used
(Section 2) and the results obtained (Section 3.2) for the remaining particles in order to
disclose this information to researchers interested in further pursuing their studies.

3.1.1. Phase Identification and Particle Morphology

An X-ray diffraction analysis was performed to determine the composition and the
chemical species contained in the sample and to characterize the crystals (crystallinity level
and, indirectly, size of crystals), knowing that high diffraction peaks indicate a high number
of crystal compounds in the sample, while the width of the diffraction peak indicates the
size of the crystalline compounds in the sample. The nanoparticles were analyzed by
powder X-ray diffraction (XRD) using a Rigaku SmartLab X-ray diffractometer (Rigaku,
Tokyo, Japan) with Cu K α radiation (1.5418 Å). For each nanomaterial, the data were
collected from 2θ = 3◦ to 90◦. Figure 2 shows the XRD patterns of the obtained magnetite
(Fe3O4) for three selected types of nanoparticles: the cubic-shaped particles—covered and
naked—and the spherical-shaped nanoparticles covered with citric acid. The identified
peaks are consistent with the results presented in the literature [47]. The XRD diffraction
peaks are characteristic of magnetite Fe3O4 (JCPDS file, No. 00-011-0614)—it may be
observed that there is one physical phase due to the presence of magnetite typically in (311);
moreover, 2θ of 24.2◦, 33.2◦, 35.6◦, 40.9◦ and 49.4◦ corresponding to Fe3O4 is shown in
the XRD patterns in Figure 2. An estimation of the magnetite nanoparticles’ size has been
performed using the Scherrer formula. According to the Scherrer equation, the average
particle size, D = λ/(β*cos θ), can be estimated from the CuKα(λ) X-ray wavelength, Bragg
angle (θ) and the total peak width at half height (β) in radian, with λ being the X-ray
wavelength (0.15406 nm) and K the shape parameter, which is 0.89 for magnetite. The size
ranges of the synthesized magnetite crystals, using the Scherrer equation, were 7.70 ± 0.05,
15.00 ± 0.08 and 20.40 ± 0.06 nm, which are consistent with the SEM image data. Taking the
highest intensity peak, namely the (311) plane, at 2θ = 35.70 ± 0.01, and the half maximum
intensity width of the peak after accounting for instrument broadening, the calculated
crystallite sizes for the relevant types of crystals are presented in Table 1.

Table 1. Obtained crystal sizes for the most relevant types of particles.

Type of Particles Size of Crystals (nm)

Cubic 7.70 ± 0.05

Cubic/PEG 20.40 ± 0.06

Spherical/CA 15.00 ± 0.08
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Figure 2. (a) X-ray diagrams obtained for the three relevant types of nanoparticles synthesized
(blue top line—spherical-shaped particles covered with citric acid; green middle line—naked cubic
particles; red bottom line—cubic particles covered with PEG). (b) Typical X-ray diffractogram of
magnetite/Fe3O4 [57].

3.1.2. SEM

Figures 3–5 illustrate the SEM or TEM micrographs for the best behaved magnetite
nanoparticles. These images show that the samples consist of particles with a nearly
spherical or cubic shape, depending on the synthesis process. They are approximately
35 nm in size for cubic-shaped naked particles [55], 26 nm for cubic-shaped particles
covered with PEG and 12 nm for spherical particles covered with citric acid. The results are
in good agreement with those of the previously published literature (e.g., the addition of
citrate ions in the co-precipitation solution [58,59] induces low sizes for the diameter of the
citrate-coated nanoparticles). The magnetite particles show some kind of agglomeration,
even when they are covered with citric acid, which may be justified in this latter case
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by the formation of a monolayer coverage of magnetite which is reached, for example,
in the presence of PEG by coordinating FeOH sites via one or two of their carboxylate
functionalities through a water bridge with an outer sphere chemisorption complexation).
Nonetheless, the image of coated nanoparticles demonstrates, as expected, that the covered
particles are smaller in size as compared to that of the uncoated nanoparticles, because PEG
and citric acid can control the particle size by minimizing their agglomeration due to their
non-magnetic nature.
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3.1.3. Magnetic Characterization

Table 2 presents a sum-up of the main magnetic characteristics of the selected particles,
as well as their average size.
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Table 2. Magnetic and size characteristics of the selected type of particles (Ms, MR and Hc obtained
from 5 K to 300 K).

Type of MNP Avg. Size (nm) MS emu/g
(5 K/300 K)

MR emu/g
(5 K/300 K) MR/MS

HC kOe
(5 K/300 K) χ0 (emu/g·Oe)

Cubic MNPs 35.39 3.00 8.00 0.27 −337.85 2.37 × 10−2

Cubic (100 K) 35.39 25.9 −1.47 −0.01 31.08 4.72 × 10−2

Cubic w/PEG 25.75 50.0 16.48 0.32 −667.01 2.75 × 10−2

MNPs w/CA 12.37 70.0 8.40 0.12 534.91 1.57 × 10−2

The observed zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves in
a field of 100 Oe from 5 K to 300 K are shown in Figure 6. From the observation of the
zero-field-cooling and field-cooling curves, it can be concluded that none of the particles are
precisely superparamagnetic, which requires that the MR

Ms
ratio ∼= 0 [60], with MR being the

Remanence and Ms the saturation magnetization. The MR
Ms

ratio (which signifies the extent
of ferro/ferrimagnetism) for the cubic MNPs coated with PEG and the MNPs coated with
CA was 0.32 and 0.12, respectively, indicating that they are ferromagnetic. For the cubic
naked particles, the results from the ZFC and FC curves (especially at 100 K—their blocking
temperature) indicate that they are apparently superparamagnetic. It is evident that the
specific magnetization rises gradually up to a maximum and then decreases with increasing
temperature. The temperature at which specific magnetization reaches a maximum, Tmax,
is known as the blocking temperature of the system. The blocking temperature (TB) of
the MNPs covered with CA (325 K) is much higher than that of naked cubic (100 K) and
cubic ones covered with PEG (125 K), indicating that MNPs covered with CA have a
larger core size. Larger particle size means higher magnetic anisotropy energy, and hence
higher thermal energy is required for the superparamagnetic transition. The irreversibility
temperatures (Tirr) obtained for spherical particles are much higher than for cubic samples
(the irreversibility temperature is an essential characteristic of the superparamagnetic
system [61], above which the ZFC and FC curves superimpose in both samples; generally,
in a system containing mono-size and non-interacting superparamagnetic nanoparticles,
Tirr coincides with Tmax and the ZFC magnetization curve shows a sharp peak; from the
broad maximum of the ZFC curve and from the separation between Tirr and Tmax, the
particle distribution and interaction between the nanoparticles may be inferred [62,63]).

The MNPs covered with CA show the highest Ms value among these samples at 5 K.
A high value of Ms can make MNPs convert more electromagnetic energy into heat energy
under an applied AMF, which can partially explain the higher SAR value of these particles.

A result that was not expected was the detected cubic ZFC/FC curve related with
hysteresis losses as a superparamagnetic behavior would be expected without any hys-
teresis and with higher saturation magnetization. It seems that something is not allowing
for the movement of spins, and a possible explanation can be that MNPs agglomerate and
form dipoles that prevent the movement of spins, thus provoking a low hysteresis. This
is in line with the higher values observed for Ms of cubic particles with PEG published
in the literature [64] as compared with those observed for naked cubic particles, and this
is also corroborated by SEM analysis where it can be seen that agglomerations in little
groups are present (enough, on the other hand, to justify the observed polydispersity of
size distributions). In the case of MNPs covered with CA, the value of Ms is in agreement
with what was expected for this type of particles [65]. Relative to cubic MNPs covered
with PEG, it is possible to see that there is a dispersion in sizes and the crystal size is
bigger than that for the naked cubic MNPs, which may imply a mono-domain presenting
hysteresis. The hysteresis curve for MNPs covered with CA was not surprising as from the
ZFC magnetization curve it was already concluded that they showed a larger core size, and
they presented some polydisperse sizes. Furthermore, the closeness of Tirr and Tmax for
the naked cubic sample is associated with some narrow size distributions of the particles,
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as observed by the SEM analysis, leading to the existence of less magnetic interactions
between the particles as compared to those of the CA sample. The magnetic interactions
between the particles contribute to an additional energy into effective anisotropy and
require higher thermal energy for superparamagnetic transition. Therefore, the blocking
temperature shifts towards the higher temperature values in both cubic with PEG and
covered CA samples. Several researchers have reported higher blocking temperatures in
systems with interacting superparamagnetic nanoparticles [66].
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Figure 6. (a,c,e): example of ZFC and FC curves at 100 Oe from 5 to 300 K displaying the blocking
temperature (Tb), irreversibility temperature (Ti). (b,d,f): magnetization curves at 5 K and 300 K from
40 kOe to −40 kOe for the cubic MNPs and cubic MNPs coated with PEG.
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The spherical particles were covered with citric acid in order to eliminate agglomera-
tion of the nanoparticles and thus produce a superior magnetic fluid hyperthermia agent.
The surface of the nanoparticles was modified with carboxylic groups by coating with citric
acid. The behavior observed during the experiments indicated that the citric acid coating
greatly improved the stability of nanoparticles in a water medium for a longer time, which
was reflected in the SAR values.

In Table 3, the mean magnetic susceptibility values of the selected particles are presented.

Table 3. Magnetic susceptibility values of the synthesized particles.

Particles Susceptibility (m3/kg)

MNPs covered with CA 2.34 × 10−1

Cubic MNPs 2.34 × 10−2

Cubic MNPs covered with PEG 1.40 × 10−2

3.1.4. FTIR Analysis

To analyze the effectiveness of the coating of the MNPs, an FTIR analysis was carried
out and compared for these types of nanoparticles. The results are shown in Figure 7.

Although a deeper analysis of the FTIR results will be detailed in a following article
that will focus only on the MNP preparation, a preliminary analysis of the results is
presented in what follows.

Concerning Figure 7a, the effectiveness of the coating of the MNPs with PEG may be in-
duced by the following observations: there is an absorption band at 1260 cm−1, assigned to
C–H twisting in PEG; there is also the C–O–C ether stretching absorption band at 1097 cm−1

and the bands at ~2800–3000 cm−1, corresponding to –C–H symmetric and asymmetric
stretching vibrations; the band around 2918 cm−1 is also observed, corresponding to –CH2
stretching vibrations; and the C–O–C, –CH2 and –CH peaks confirm the tethering of PEG
onto the Fe3O4 NP surface [67]. The peaks located at 576 and 646 cm−1 are related to the
vibration of the Fe-O band in the surface structure of MNPs. The FTIR spectra also confirms
the existence of an Fe-O stretching vibration in the range frequency of 658 cm−1–506 cm−1.
Therefore, the peak at 576 cm−1 was specified as the characteristic peak of magnetite [68].

With regard to Figure 7b, the effectiveness of the coating of the MNPs with citric acid
(CA) may be induced by the following observations: a large and intense band appears
at 3429 cm−1 that could be assigned to the structural OH groups; the 1700 cm−1 peak
assignable to the C=O vibration (symmetric stretching) from the COOH group of citric acid
(CA) shifts to an intense band at about 1600 cm−1 for the ferromagnetic phase coated with
citric acid (FF-CA), revealing the binding of a CA radical to the magnetite surface; and the
high-intensity bands between 400 and 600 cm−1 can be associated with the stretching and
torsional vibration modes of magnetite [69,70]. The broad-band spectrum at 3384 cm−1 can
be referred to as the OH band groups and the traces of molecular water. The 1722 cm−1

spectrum peak of CA is due to the symmetric C=O stretching from the COOH group. This
peak displays shifts to a lower wavelength at approximately 1615 cm−1 for the carboxylic
group (R-OOH) of Fe3O4@CA. The peak at 1615 cm−1 determines the binding of the
CA radical on the surface of Fe3O4 NPs through the chemisorption of carboxylate citrate
ions [71,72]. The peak at 1384 cm−1 can be ascribed to the asymmetric stretching of C–O
from the carboxylic group. The intense peak observed in the IR range at approximately
578 cm−1 in Fe3O4@CA could be assigned to the Fe–O stretching vibrational mode of
Fe3O4 [73]. Hence, CA binds to the Fe3O4 surface through carboxylate.

3.2. Hyperthermia Experiments

In this work the behavior of the synthesized MNPs was studied using the previ-
ously designed and built homemade hyperthermia apparatus under moderate amplitudes,
H0 = 8 ± 2 kA and frequencies between 100 and 400 kHz of an AC magnetic field, values
that are suitable for clinical applications [74,75]. Even though the SAR values obtained for
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the five synthesized MNPs were adequate, only the three particles that gave better results
(i.e., higher SAR values) were fully characterized (Section 3.1).
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The influence of the frequency and concentration of MNPs in the heating curve was
studied for the nanoparticles covered with citric acid (see Figure 8). Table 4 shows that when
frequencies are increased from 68 kHz to 155 kHz, an increase in the heating and in the
value of the SAR (2.55–3.47 W/g) is observed. For higher concentrations (42 mg/mL) at low
frequencies, the behavior is superior, reaching a high value of heating at 289 kHz; a further
increase in frequencies (307 kHz) makes the generated heating and the corresponding curve
decrease, which may indicate that the most effective frequency is probably within the range
of 100–290 kHz, which is in agreement with the literature [76,77]. A higher concentration—
78 mg/mL—was studied for the same frequency range of 289–307 kHz, and the same result
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was obtained. Then, the frequency decreased, the concentration changed to 137.6 mg/mL
and the obtained curve was very similar to the one obtained for 42–78 mg/mL at 289 kHz.
From all these results, it is clear that the frequency that produces the best results (in terms
of values of the SAR) is in the range of 155–290 kHz, and even when the number of MNPs
is increased, the heating does not seem to improve.
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Table 4. SAR results for the different MNPs according to different frequency, magnetic field and
concentration.

Particles Frequency
(kHz)

Concentration
(mg/mL)

Ti/Tfin./∆T
(K)

SAR (Increment)
(W/g)

SAR (BLM)
(W/g)

Cubic MNPs coated with PEG

235 29.7 19.3/35.9/16.6 4.0 ± 0.7 4.4

189 29.7 19.4/34.5/15.1 5.0 ± 0.9 5.8

155 29.7 20.4/31.6/11.2 4.0 ± 0.6 5.0

155 15.2 19.8/30.1/10.3 4.2 ± 0.7 5.4

307 65.7 19.3/35.4 2.8+ 0.4 3.8

MNPs coated with citric acid

289 42.7 20.2/50.1/29.9 4.1 ± 0.4 4.5

289 78.2 19.7/50.2/30.5 2.3 ± 0.2 2.5

307 42.7 20.2/44.9/24.7 3.1 ± 0.3 3.6

307 78.2 19.5/45.3/25.8 1.6 ± 0.1 1.8

155 27.5 19.5/36.4 3.5 ± 0.4 4.1

Cubic MNPs (naked)

155 122.0 19.9/37.1 1.1 ± 0.1 1.1

307 73.2 18.9/38.0 1.6 ± 0.2 1.6

307 48.6 19.5/36.3 3.3 ± 0.3 4.0

Magnetic field (kA/m) 10 ± 2 KA/m.

It is possible to confirm this result by looking at Figure 8b, where the curves used for
the same concentration (42 mg/mL) are collected, with only the frequency varying.

In Figure 9, the case of cubic MNPs is shown. It may be seen that the effect of an
increase in frequencies is more important than the effect of an increase in concentration. On
the other hand, it may be observed that at the frequency of 307 kHz, if the concentration is
almost doubled, the heat does not change significantly; thus, this may be the best frequency
for this type of particle, which is in agreement with the literature [78]. Except for the case
of very high concentrations, low frequencies are associated with lower heating, and an
increase in the frequency implies an increase in the generated heating (for low frequencies).
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For the cubic MNPs covered with PEG (Figure 10), it is observed that at low concentra-
tions (15.2 and 29.7 mg/mL) and low frequencies the change in size does not significantly
affect the generated heat. When the concentration is doubled, the heating decreases even
when frequency increases (65.7 mg/mL at 307 kHz). Thus, it is apparent that for this type of
particles the best frequency is situated in the 235 kHz region, and moderate concentrations
are better than high concentrations.

Materials 2024, 17, x FOR PEER REVIEW 24 of 29 
 

 

For the cubic MNPs covered with PEG (Figure 10), it is observed that at low concen-
trations (15.2 and 29.7 mg/mL) and low frequencies the change in size does not signifi-
cantly affect the generated heat. When the concentration is doubled, the heating de-
creases even when frequency increases (65.7 mg/mL at 307 kHz). Thus, it is apparent that 
for this type of particles the best frequency is situated in the 235 kHz region, and moder-
ate concentrations are better than high concentrations. 

 
Figure 10. Effect of concentration and frequency in the hyperthermia experiments with cubic na-
noparticles covered with PEG. 

In Figure 11 and in Table 4, the temperature versus time and SAR values obtained 
for several of the particles synthesized in this work are shown. As may be seen, the three 
selected types of particles (cubic–naked, cubic–PEG and spherical–citric acid) show large 
superior values of the SAR when compared to those of the other two types of particles 
produced in this work (spherical–PEG and spherical–naked), justifying why the charac-
terization and the core studies are mainly shown for the first three types of synthesized 
particles. 

  
Figure 11. SAR results for the various MNPs at different frequencies, magnetic field and concen-
tration. Cop-c-PEG means spherical MNPs covered with PEG, Cop-c-ac-citric means spherical 

Figure 10. Effect of concentration and frequency in the hyperthermia experiments with cubic nanopar-
ticles covered with PEG.

In Figure 11 and in Table 4, the temperature versus time and SAR values obtained
for several of the particles synthesized in this work are shown. As may be seen, the three
selected types of particles (cubic–naked, cubic–PEG and spherical–citric acid) show large
superior values of the SAR when compared to those of the other two types of particles pro-
duced in this work (spherical–PEG and spherical–naked), justifying why the characteriza-
tion and the core studies are mainly shown for the first three types of synthesized particles.
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Cop-c-PEG means spherical MNPs covered with PEG, Cop-c-ac-citric means spherical MNPs covered
with citric acid, Cop-s-ver means naked spherical MNPs and Cub-s-ver means cubic naked MNPs.
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As far as the results depicted in Table 4 are concerned, it may be concluded that cubic
MNPs coated with PEG are the particles that consistently present higher SAR values, even
at different frequencies and concentrations, which is in agreement with results published in
the literature [78]. In cubic particles covered with PEG, the dipole–dipole interactions are
probably weaker and the magnetic heat dissipation is larger. They also present an optimum
value for the frequency (between 155 and 189 kHz) for which particles show the best SAR
value. In the cases where heating is almost similar, regardless of the absolute values for the
concentration of the MNPs, SAR values are always higher for low-concentration samples,
as the SAR value is inversely proportional to the mass of the particles. Spherical MNPs
coated with citric acid also present very interesting values, although they are much more
dependent on the frequency value and on concentration, the best values of the SAR being
obtained at frequencies in the range of 155–289 kHz and at low to moderate concentrations.
Cubic naked MNPs are more modest concerning SAR values, which are only considerable
at high frequencies and low concentrations.

4. Conclusions

In the past two decades, nanoparticle-mediated magnetic hyperthermia has witnessed
some significant advances, including the development of more robust heat transfer models
which nowadays are well established and well supported by experimental results. The
synthesis of different magnetic nanoparticles with controlled size and shape has been
carried out successfully in this work, and several types of particles produced were able to
achieve high SAR values (cubic naked MNPs, cubic MNPs covered with PEG and spherical
MNPs covered with citric acid), specially within certain ranges of AC magnetic field
frequencies (usually between 100 and 289 kHz) and with low to moderate concentrations.
Typical maximum SAR values between 4 and 5 W/g were obtained for the three selected
types of particles. A high challenge in this field lies in understanding the role of collective
behaviors such as aggregation and agglomeration. In this work, it was possible to better
suspend the MNPs producing a higher heating. It was also shown that particle shape
influences its performance. Future progress should focus on production and control
improvement of even more monodispersed nanoparticles, and on the measurement of
their properties, such as anisotropy. There is a clear need for theoretical and experimental
advances on this front. In particular, experiments are necessary that may demonstrate
the influence of shape in well-dispersed nanoparticle suspensions across a broad range of
concentrations and a range of particle sizes and types. A possible next step could be the
synthesis of cubic MNPs with narrow size that are able to become very well suspended in a
fluid media, so that it may be possible to understand some behaviors and conclude what
are the current obstacles that are still faced by the use of cubic nanoparticles.
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