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Abstract: Hyperthermia is a noninvasive method that uses heat for cancer therapy where high
temperatures have a damaging effect on tumor cells. However, large amounts of heat need to be
delivered, which could have negative effects on healthy tissues. Thus, to minimize the negative side
effects on healthy cells, a large amount of heat must be delivered only to the tumor cells. Magnetic
hyperthermia (MH) uses magnetic nanoparticles particles (MNPs) that are exposed to alternating
magnetic field (AMF) to generate heat in local regions (tissues or cells). This cancer therapy method
has several advantages, such as (a) it is noninvasive, thus requiring surgery, and (b) it is local, and
thus does not damage health cells. However, there are several issues that need to achieved: (a) the
MNPs should be biocompatible, biodegradable, with good colloidal stability (b) the MNPs should be
successfully delivered to the tumor cells, (c) the MNPs should be used with small amounts and thus
MNPs with large heat generation capabilities are required, (d) the AMF used to heat the MNPs should
meet safety conditions with limited frequency and amplitude ranges, (e) the changes of temperature
should be traced at the cellular level with accurate and noninvasive techniques, (f) factors affecting
heat transport from the MNPs to the cells must be understood, and (g) the effect of temperature on
the biological mechanisms of cells should be clearly understood. Thus, in this multidisciplinary field,
research is needed to investigate these issues. In this report, we shed some light on the principles of
heat generation by MNPs in AMF, the limitations and challenges of MH, and the applications of MH
using multifunctional hybrid MNPs.

Keywords: magnetic hyperthermia; cancer; nanoparticles; magnetic relaxation; magnetic anisotropy;
heat generation; multifunctional nanoparticles; graphene oxide; photothermal therapy

1. Introduction

1.1. Effects and Categories of Hyperthermia

Hyperthermia which is the treating of diseases by heating was known since the ancient era [1].
Increasing the temperature of cells above 41 ◦C is known to cause some effects in the membrane and
interior of the cell, such as (a) increasing the fluidity and permeability of the cell membrane, (b) slowing
down of the mechanisms of synthesis of nucleic acid and protein, (c) inducing protein denaturation
and agglomeration, and (d) damaging the tumor vasculature resulting in a decrease of blood flow [2].
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Hyperthermia is divided into three main categories depending on the size of the cancer region
being treated [3–5]: whole-body, regional, and local hyperthermia. In the whole-body hyperthermia
approach, heat is applied to the whole body in several ways such as using hot water blankets, electric
blankets and hot wax. In the regional hyperthermia method, heat is applied to a whole organ or region
of the body using external arrays of applicators, and regional perfusion. In local hyperthermia, heat
is applied to small tumor regions using electromagnetic waves such as radio waves, microwaves,
and ultrasound, which are generated by applicators that are placed at the surface or under skin of
superficial cancer or implanted inside the targeted region. In these methods, the temperature must be
increased between 41 ◦C and 45 ◦C. Each one of these has its negatives. Some of these negatives [2,6]
are in all these techniques: (a) heat is applied to the healthy cells in addition to the unhealthy ones
which could cause negative side effects, (b) temperature control and measurement at the cell level is
difficult, (c) the applied heat is not uniform through the targeted region, and (d) the amount of heat
delivered is small. In local hyperthermia, there is a better control on the area exposed to heat and
a better heat uniformity. However, local hyperthermia sufferers from two main drawbacks: (a) it is
highly invasive for deep cancer regions and (b) the small penetration depth, which is approximately a
few centimeters. These drawbacks of local hyperthermia make it better used for small and superficial
cancer regions. Nanotechnology can help in eliminating these two negatives of local hyperthermia.
Using local hyperthermia with magnetic nanoparticles (MNPs) that are delivered only to the cancer
cells and heated externally by an alternating magnetic field (AMF) makes it a noninvasive method,
minimizes the side effects and allows for targeting deep cancer cells [5].

Note that for practical applications of MH, the MNPs should have narrow size distribution.
Particles with considerably different sizes will result in inhomogeneous heat generation in tissues.
This means that while the heat generated through the whole tissue is still below the required value,
some parts in the tissue might get overheated causing negative side effects. Also, note that for in vivo
hyperthermia experiments, it is difficult to measure the temperature of deep parts of the targeted body.
In addition, measuring the temperature at the cell level is not yet permitted. For in vivo experiments,
the MNPs can be injected directly in the tumor region or through blood (intravenous administration).
In the latter case, two main issues should be resolved; (a) the MNP concentration should be large
enough to generate the required amount of heat, and (b) the size of the MNPs to be used should be
between 5 nm and 100 nm. If the size of MNPs is less than 5 nm, they will be eliminated through
the kidney, whereas particles larger than 100 nm will be cleared by macrophages and moved to the
liver [7]. The blood circulation time will thus be minimized and thus the chances for particles to reach
the targeted region with enough concentration will be reduced. Additionally, note that Brownian
relaxation (will be discussed later) is prevented or minimized in vitro and in vivo experiments when
the MNPs are placed in cells or on their membranes. Thus, Neel relaxation will dominate. Thus,
hyperthermia measurements are important not only in aqueous suspension, but also in media that is
similar to the targeted tissue [8]. In addition, for in vivo experiments, reasonable data is obtained only
when the frequency and amplitude of the AMF satisfy the safety criteria.

Several review papers and books discussed the physics and application of MH using MNPs [9–21].
In this report, we present the principles of MH and the physics of heat generation. We also discuss
how to measure the power dissipation using calorimetry methods. We also discuss the multifunctional
applications of MNPs.

1.2. Magnetic Nanoparticles for Local Hyperthermia

The magnetic properties of MNPs are determined by two main features: (a) finite-size effects
and (b) surface effects [16]. Finite-size effects are related to the structure of the NP (single-domain or
multidomain). On the other hand, surface effects result from several effects such as the symmetry
breaking of the crystal structure at the surface of the particle, dangling bonds, oxidation, and surface
stain. The role of surface effects increases as the particle size decreases. This is the case because the
ratio of the number of surface atoms to the core atoms increases as the particle size decreases. Due to
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size-effects and surface effects, magnetic properties of MNPs, such as magnetic moment per atom,
saturation magnetization, magnetic anisotropy, coercivity, and Curie temperature, can differ from those
of a bulk material [16,22]. The preferred size of the MNPs in most medical applications, is between 10
and 50 nm. Usually, MNPs become single domain particles and display superparamagnetic behavior
above a certain temperature called the blocking temperature. In the superparamagnetic state, a
nanoparticle has a large magnetic moment and behaves like a giant paramagnetic atom with a fast
response to applied magnetic fields with almost zero magnetic reminiscence and coercivity. For MH
applications, MNPs must possess large saturation magnetization: Ms values that will generate large
amount of heat in the tumor cells under the application of AMF. In addition, large Ms values allow for
more control on the movement of the MNPs in the blood using external magnetic field [23]. In addition
to the requirement of large Ms, MNPs should be superparamagnetic to achieve good colloidal stability.
In the absence of an applied magnetic field, the MNPs in superparamagnetic state lose their magnetism
at temperatures above the blocking temperature. This guarantees that the particles will not aggregate
and thus they will maintain their colloidal stability. In addition, the interparticle (dipolar) interactions
between MNPs decrease with the decrease of the size of particles. This can be understood since the
dipole–dipole interaction energy scales as r6 (r is the interparticle distance). Thus, the small dipolar
interactions will result in minimizing the particle aggregation in the existence of applied magnetic
field. However, it is important to understand that these two conditions on MNPs (with large Ms and
superparamagnetic) should not be isolated from other factors that affect heat generation. For example,
heating power was found to be maximized in large ferromagnetic NPs with low anisotropy [23]. Also,
the optimum size for the maximum power loss was found to vary with the amplitude of the applied
magnetic field [24] and frequency as well. Therefore, several experimental conditions should be
considered before we can decide on the choice between superparamagnetic and larger ferromagnetic
NPs for MH.

Iron oxide nanoparticles (IONPs), such as magnetite (Fe3O4) and maghemite (γ-Fe2O3), have good
magnetic properties [25,26] that can be tuned by (a) changing synthesis methods, (b) changing the shape
and size, (c) modifying the surface structure, (d) and synthesizing core–shell structures with tunable
interface exchange anisotropy. The IONPs are good candidates for hyperthermia applications [25,27]
due to (a) the ease of synthesis with small sizes and well controlled size distribution, (b) their
biocompatibility, and (c) their biodegradability. Although the IONPs are degraded in human body,
iron atoms are released. The metabolic mechanisms in humans can manage the released iron atoms by
storing or transferring them [28,29].

2. Heat Generation

2.1. Magnetic Relaxation Processes

Magnetocrystalline (or magnetic) anisotropy in magnetic materials results from the spin-orbital
interactions of the electrons. The magnetic anisotropy is responsible for keeping the magnetic moments
in a particular direction. Atomic orbitals mainly have nonspherical shapes, and thus they tend to align
in a specific crystallographic direction. This preferred direction is called the easy direction. In magnetic
materials with large magnetic anisotropy the atomic spin and the orbital angular moments are strongly
coupled and thus the magnetization prefers to align along the easy direction. Energy (called the
anisotropy energy) is needed to rotate the magnetization away from the easy direction. For uniaxial
anisotropy, the anisotropy energy per particle is given by [30]

E = K V sin2θ+ higher order terms (1)

Here, K is the anisotropy constant (it includes all sources of anisotropy and has a unit of J/m3),
V is the magnetic volume of the particle, and θ is the angle between the particle magnetization and the
easy magnetization axis. The higher order terms are very small compared with the first term, and thus
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can be ignored. In this case, there is only one easy axis with two energy minima separated by the
energy maximum, KV.

From Equation (1), we can see that the anisotropy energy is directly proportional to the particle
size and to the anisotropy constant. For a fixed K, when the particle size, V decreases the anisotropy
energy, E decreases. When V gets very small (reaching the single magnetic domain region), E (which
holds the magnetic moment of the particle along the easy axis) might become smaller than the thermal
energy, Eth = kBT (kB is the Boltzmann constant). The particle magnetic moment thus starts to flip
freely and randomly in all directions leading to zero net magnetization (in the absence of an external
magnetic field). When a magnetic field is applied, energy is given to the particles which will force the
magnetic moments of the particles to align along the field direction away from the easy axis. When the
field is removed (as with AMF), the magnetic moments will return back (relax) and align along the
easy axis. Thus, the gained energy by the applied magnetic field will be lost as heat. If the applied
field is AMF, this aligning and relaxation of moments processes will continue, and thus heat will be
generated as long as the AMF is applied.

When the orientation of the particle itself is not allowed to change (no physical rotation) during
the flipping of its magnetic moment, then the relaxation time of the moment of the particle is called the
Néel relaxation time, τN and is given by [15,31–33]

τN =
τo

2

√
πkBT
KeffV

exp
(

KeffV
kBT

)
(2)

where Keff is the effective magnetic anisotropy and the factor τ0 ≈ 10−13–10−9s [10,34].
In a magnetic measurement, we call τm the measurement time. When the magnetization of a MNP

is measured, where τm � τN, the magnetic moment of the MNP will flip several times (randomly)
during the measurement giving zero average magnetization. In this case, the MNP is said to be in the
superparamagnetic state. On the other hand, when τm � τN the magnetic moment of the particle will
not have enough time to flip during the measurement and thus the moment will be blocked at the
initial non-zero value at the beginning of the measurement. In this case, the NP is said to be in the
blocked state. When τm = τN, a transition between the superparamagnetic state and the blocked state
occurs [30]. Therefore, at Tb, the Néel relaxation time will be equal to the measurement time, τN = τm.
In the superparamagnetic state, no magnetization appears when applied magnetic field is zero.

In magnetization experiments the measurement time is usually kept constant while the temperature
is varied. In such case the transition between superparamagnetic and blocked states is obtained as
a function of temperature. The temperature at which this transition occurs is called the blocking
temperature, Tb. In addition to its dependence on the particle size and magnetic anisotropy, the blocking
temperature also depends on other factors such as particle-particle interactions. When the MNPs
are exposed to a magnetic field, their magnetic moments will be forced to align along the magnetic
field direction. If the particles can (physically) rotate and their magnetic anisotropy is large enough,
the magnetic field might be successful in causing the particles to physically rotate by pinning their
moments. Once the field is removed, the particles will start rotating again and the magnetic moments
will relax. This relaxation of magnetic moments is called the Brownian relaxation mechanism, τB and
is given by [15,31,35]

τB =
3 VH η

kB T
(3)

where η is the viscosity of the liquid containing the particles and VH is the hydrodynamic volume of
the particle. The hydrodynamic volume includes the magnetic volume and the attached layers on the
surface. These attached layers are due to particle coating, absorbed surfactants or interaction with
the fluid. Therefore, VH is larger than the original volume of the particle, V. The physical rotation
of the MNPs will cause friction between the particles and the medium in which they exist and heat
will be generated. This generated heat will depend on the hydrodynamic volume and the viscosity of
the medium.
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If both moments relaxation processes exist, the effective magnetic relaxation time, τeff is then
given by

1
τeff

=
1
τN

+
1
τB

(4)

As evident from Equation (4), the effective relaxation time, τeff, is determined by the shorter
relaxation time (τN or τB). For large particles in low viscosity medium, Brownian relaxation mechanism
dominates while for small particles in high viscous medium Néel relaxation mechanism dominates.
For MNPs with an average size smaller than 15 nm, τN is smaller than τB, and therefore τeff is
dominated by τN, whereas for MNPs with average size larger than 15 nm, τB is smaller than τN, and
therefore τeff is dominated by τB [31]. In in vivo MH experiments, both of these mechanisms are
expected to contribute in generating heat. It is important to realize that Equations (3) and (4) were
derived for single-domain and identical particles (same size and shape) that are isolated from each
other (non-interacting particles). In addition, Equations (1) and (2) are valid for zero (or very small)
applied magnetic field. If the applied field is not zero, then Zeeman energy should be included [15].

2.2. Power Loss in MNPs in AMF

For efficient in vivo hyperthermia experiment, we need to generate large SAR values while
maintaining safety conditions. Safety conditions include (a) the use of minimum amounts of MNPs
and (b) the use of an AMF that will not cause negative side effects due to the induced eddy currents
in living tissues. To satisfy the first condition, we need to produce MNPs with optimal magnetic
properties that will lead to large heat generation at low concentrations. These properties include
saturation magnetization and effective magnetic anisotropy. These properties depend on the size,
size distribution, interparticle interactions, particle composition, particle shape, and structure such as
MNPs with single magnetic core or MNPs with magnetic core and magnetic shell (called bimagnetic
core–shell particles). To satisfy the second condition an AMF with will defined range of intensity and
frequency is needed.

In an adiabatic process, the internal energy of a magnetic system is equal to the magnetic work
done on it [35]:

U = −µ0

∮
MdH (5)

During a complete magnetic field cycle, the power dissipation in the magnetic system is equal
to the internal energy divided by the time field cycle. Thus, during several field cycles the power
dissipation, is equal to internal energy multiplied by the frequency:

P = U f (6)

The power dissipated in superparamagnetic NPs, due to the application of an AMF of maximum
strength Ho and frequency f (ω = 2π f ), was suggested to depend on magnetic moment relaxations
and is given by [35]

P( f , H) = U f = πµ0χ
′′Ho

2 f (7)

where µ0 is the permeability of free space and χ′′ is the imaginary part of the susceptibility χ
(χ = χ′ − iχ′′ ). In the linear response theory (LRT) the magnetization, M is assumed to have linear
relation with the applied magnetic field, H, and thus χ remains constant with increasing H (M = χH).
The LRT can be applied for very small magnetic fields. Therefore, it can be stated that the LRT is valid
in the superparamagnetic regime where Hmax < kBT/µ0MsV and when the magnetization of MNPs is
linearly proportional to the applied magnetic field. Therefore, in the LRT the magnetic fields should
be much smaller than the saturation field (the field required to produce saturation magnetization) of
the MNPs (Hmax � HK). Here, Hmax is the amplitude of the AMF and HK is the anisotropy field [23].
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Thus, when the LRT is assumed, the real part (in-phase component) of the magnetic susceptibility, χ′ is
given by

χ′ = χ0
1

1 +
(
2π fτe f f

)2 (8)

The imaginary part (out-of-phase component) of the susceptibility, χ′′ is given by [36,37]

χ′′ = χ0
2π fτe f f

1 +
(
2π fτe f f

)2 (9)

The initial constant susceptibility χ0 is given by

χ0 =
µ0M2

sV
kBT

(10)

The heating efficiency is represented by the specific absorption rate (SAR) which is also referred
to as the specific loss power (SLP). SAR is measured in watts per gram and is given by [38]

SAR( f , H) =
P( f , H)

ρ
=
πµ0χ

′′H2 f
ρ

(11)

where ρ is the mass density of the magnetic material.
In order for the MNPs to have a practical safe application in MH the MNPs should produce

large SAR values. This is needed because of two reasons: (a) for safety measures, the MNPs should
be used in small concentrations, and (b) in living organs, the water-based medium around the cells
absorb a lot of the heat generated by the MNPs. In Rosensweig’s theory or LRT, the heat generation
of the MNPs depends on several factors such as: strength and frequency of the applied magnetic
field, the solvent viscosity, the size of the particles, the saturation magnetization and the magnetic
anisotropy of the MNPs. For safety requirements, the strength and frequency of the AMF cannot have
any value for applications on living organs. This is because eddy currents are induced in a conductor
due to an AMF and thus produce heating in the conductor. As water is a conductor, in human body
eddy currents can be induced under an AMF which could result in damaging effect. In general, the
parameters that determine the heat generation in MH using MNPs can be classified into two categories:
intrinsic and extrinsic parameters. Intrinsic parameters are related to properties of the single isolated
MNP. Magnetic anisotropy, size, composition, structure, magnetization, and shape are examples of
intrinsic parameters. On the other hand, extrinsic parameters are related to effects that have to do with
environment of the MNPs such as the parameters of the AMF (frequency, strength, homogeneity, . . . ),
the distance between the MNPs (concentration or agglomeration), the viscosity of the medium, and
electric conducting properties of the tissues. In the following sections, we will focus on one intrinsic
parameter which is the anisotropy and on two extrinsic parameters which are the agglomeration
parameter and the AMF parameters (frequency and amplitude).

3. Intrinsic Parameters

3.1. Overview of Intrinsic Parameters

Intrinsic parameters include, structure, composition, phase (crystalline or amorphous), shape, size
distribution, magnetization, and magnetic anisotropy. Several actions can affect the intrinsic parameters
of MNPs such as doping [39–41], surface and interface effects [26,42]. Under an AMF, heat generation
by MNPs is determined by hysteresis loss and relaxation effects [43]. Magnetic hysteresis loss occurs in
large MNPs with more than one magnetic domain. Domain wall motion due to the applied magnetic
field will cause heat loss [44]. These large MNPs will always display magnetic hysteresis regardless if
the applied magnetic field is constant (DC) or is AMF. In small MNPs with single magnetic domain



Magnetochemistry 2019, 5, 67 7 of 40

(these are called superparamagnetic nanoparticles), heat loss is caused by magnetic relaxation processes.
In these small MNPs no magnetic hysteresis is displayed in DC applied magnetic field. However,
when these MNPs are placed in an AMF magnetic hysteresis will be displayed due to Brownian and
Neel relaxation processes.

In addition to the MNPs volume and the viscosity of the medium in which they exist, Brownian
and Neel relaxation processes are determined also by the magnetocrystalline anisotropy of the material.
This type of anisotropy determines along which direction the magnetic moments of the material tend
to align. However, SAR values depend not only on the magnetocrystalline anisotropy, but on the
effective anisotropy which is the net magnetic anisotropy of the MNP.

3.2. The Effective Magnetic Anisotropy

To minimize the negative side effects, the dosage of MNPs required for MH treatment should
be reduced. Thus, it becomes necessary to use MNPs with the best heating capability. Magnetic
anisotropy is an important intrinsic parameter of MNPs that can be tuned to vary the heating efficiency.
However, tuning the magnetic anisotropy of MNPs is a challenging task. The effective anisotropy
has four main components: (a) the magnetocrystalline anisotropy, (b) shape anisotropy, (c) surface
anisotropy, and (d) exchange anisotropy at the interface of core–shell MNPs. All these types can be
tuned. The magnetocrystalline anisotropy can be modified by doping the iron oxides with other
elements [41]. The shape anisotropy can be changed by changing the shape of the MNPs from spherical
to cubic or other shapes [45–47]. Surface anisotropy which results from surface spin effects can be
modified by coating the MNPs [48].

The magnetic anisotropy of MNPs can be varied by synthesizing particles with bimagnetic
core–shell phases [49,50]. Theses bimagnetic core–shell MNPs with two different magnetic phases
exhibit very interesting properties [51,52]. The magnetic properties (including magnetic anisotropy) of
the bimagnetic core–shell MNPs can be tailored by manipulating the interfacial exchange interaction
between the core and shell phases [48,53]. This can be achieved by several ways: (a) selecting of the
many possible combinations of the core–shell phases, (b) controlling core and shell dimensions [54],
and (c) by controlling the interface quality [55–57]. Exchange coupling at the core–shell interface of the
MNPs could result in extremely large SAR values [41]. Large number of reports discussed the exchange
bias in MNPs with bimagnetic core–shell structures [58–60]. However, the origin of the exchange
bias is not fully understood. One of the interesting models reported to describe the exchange bias in
bimagnetic materials is based on the existence of interfacial spin-glass-like structures. The interfacial
spin-glass-like structures prevent the direct exchange coupling of the core and shell moments.

Low symmetry near the surface causes large contribution to the local magnetic anisotropy, resulting
in spin canting [61]. Lattice mismatching between the shell and core materials in the core–shell MNPs
could result in large degree of interfacial structural disorder. The smaller the core diameter, the larger
is the interfacial structural disorder [62]. This is suggested to case also at the core–shell interface
where interfacial canted spins can freeze into spin-glass-structures. Randomly spread spin-glass-like
phases at the interfaces of bimagnetic layered and core–shell interfaces were suggested to significantly
influence the exchange bias effect [58,63,64].

4. Extrinsic Parameters

4.1. Parameters of the AMF

In all types of experimental methods (which will be discussed in the next section), a source of
AMF is needed to heat the MNPs. Heat will be conducted to targeted cells through the living tissues.
This displays the necessity to understand such heat conduction and to accurately monitor the changes
in the target temperature. The AMF is usually generated using a solenoid [65] or Helmholtz coil [66].
The coil diameter is determined by the sample size. The sample is insulated from the coil by vacuum or
a material that has low thermal conductivity and is placed at the center of the coil where the field is most
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homogeneous. The well-controlled cooling process of the coil is an important task to maintain during
the experiment. If the coil becomes very hot, indirect heating of the sample by the heat irradiated from
the hot coil itself will occur. On the other hand, if the coil is cold, the sample might get cooled by
the coil [67]. If one of these processes occurs, the SAR data will not be reliable. For effective cooling,
the coils are usually made of copper tubes to allow cooling water to go through the wire.

As discussed in the previous section, the SAR values depend on the frequency, f , and amplitude,
Ho, of the AMF. In theory, large amount of heat can be generated by increasing these two parameters.
However, practically this is not possible due to two main reasons: (a) difficulties in designing equipment
needed to generate large frequency and high field and (b) increased harm to healthy cells due to
induced eddy currents at high f and Ho. The frequency of AMF that will cause reasonable heating in
MH is limited within the range of 50 kHz < f < 1 MHz. Above 1 MHz, negative physiological reposes
might occur [21]. On the other hand, the field amplitude is limited to Ho < 15 kA/m, which is based on
estimation of the heat dissipation by the induced eddy current [21]. Several safety conditions in terms
of the product Ho f were suggested [68]. One of these safety conditions is called Atkinson–Brezovich
limit of Ho f < 4.85× 108 Am−1s−1 (6 × 106 Oe Hz) [69], which was suggested based on real tests on
patients who were exposed to AMF for a duration that exceeds 1 h. The value of the product Ho f at
which the patents started feeling considerable discomfort was found to be 4.85× 108 Am−1s−1. Another
safety condition was suggested to be Ho f < 5 × 109 Am−1s−1 (6.25 × 107 Oe Hz) [69]. This limit is
10 times greater than the Atkinson–Brezovich limit and was suggested to be applied to small regions of
the body of patients whose lives might be in jeopardy. A third safety condition was suggested to be
Ho f < 2× 108 Am−1s−1 [70]. This limit is based on a simulation study of the heat resulted from the
electromagnetic field distribution in a model of human body. As can be realized that none of these
limits is based on real measurements of the effect of the AMF parameters on the functions of cells, and
thus further research is needed. Based on Atkinson–Brezovich limit, if the frequency of the AMF is
fixed at 100 kHz (which is very suitable for medical applications), Ho must have values be between
4.85 × 103 Am−1 (60 Oe) and 50 × 103 Am−1 (625 Oe) [71].

4.2. Role of Interparticle Interactions on the Heating Efficiency

The dipolar interaction is a long range interaction where the interaction energy is proportional
to 1/r6, where r is the interparticle distance. Therefore, dipolar interactions between MNPs decrease
strongly with increasing the interparticle distance. This means that particles with small concentrations
will experience small dipolar interactions. Strong dipolar interactions are expected to have an impact
on the magnetic relaxations of MNPs, and thus on their heating efficiency in the existence of an
AMF. In clinical treatments using MH, the concentrations of MNPs is 112 mg Fe/mL, while in MH
experiments the concentrations used are much smaller, usually between 0.1 and 30 mg/mL [72–83].
The high concentration of MNPs in clinical treatments result in smaller interparticle distances and
thus large dipolar interactions that could lead to agglomerations or aggregates. The agglomerations
could have a negative influence on the heating efficiency of the MNPs due to hindered relaxation
processes [31,73]. Although several theoretical and experimental studies were conducted to reveal the
role of dipolar interactions on heating efficiency in MH, there is no complete understanding of this
topic yet due to contradiction results that could have several sources [24,84–86]. By calculating ωτ
in some conflicting reports [31], the authors suggested that MNP concentration always suppresses
the relaxation time. However, this reduction in relaxation time could have opposite effects on SAR
depending on whether the value ofωτ > 1 orωτ < 1. They suggested that whenωτ < 1, SAR decreases
as the relaxation time and τ decreases, whereas forωτ > 1, SAR increases as τ decreases.

4.3. Beyond the LRT

LRT is only applicable at very small applied magnetic fields. Therefore, for MNPs with low
anisotropy energies the LRT will not be applicable where the magnetization saturation is reached at small
magnetic fields. In such case, the Stoner–Wohlfarth model is an option. The standard Stoner–Wohlfarth
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model is applicable when T = 0 (or in the limit of infinite frequency). If the magnetization of the
MNPs needs to flip direction between the two equilibrium positions (potential wells) it must overcome
the energy barrier between the potential wells. Since T = 0, thermal energy cannot provide such
energy. Thus, the applied magnetic field will provide the needed energy. Researchers investigated a
modification to Stoner–Wohlfarth model where thermal activation of magnetization and the sweeping
rate of the AMF were included [23]. The role of frequency and finite temperature on the areas of
hysteresis loops and coercivity were studied where analytical formulas for such dependence were
obtained. In other studies, the dynamics of rotatable MNPs in aqueous phase (which resembles the
cytoplasm) were studied in a large AMF using numerical simulations [87,88].

Monodisperse spheroidal MNPs with non-magnetic surfactant layers were considered. The MNPs
were considered to be uniformly dispersed with no aggregation due to the absence of dipolar
interactions. A two-level approximation was used where thermal activation causes reversals between
two meta-stable directions. The outcomes of the study could not be explained by the conventional
models that consider a linear response of thermodynamic equilibrium states (H0 = 0, T , 0) or the
Stoner–Wohlfarth model of magnetic field-driven reversals (H0 , 0, T = 0).

In MH experiments, the MNPs are dispersed in a liquid medium. The application of an AMF will
result in complex dynamics of MNPs in such viscous liquid. These complex dynamics are ignored in
the conventional LRT causing oversimplification of the real situation. Stochastic equations of motion
were used to study the dynamics of an assembly of MNPs dispersed in a viscous Liquid [89]. It was
found that SAR values of an assembly of MNPs in a liquid can be considerably enhanced by selecting a
suitable mode of magnetization oscillations. For H0 = 200–300 Oe and f = 300–500 kHz, with magnetic
parameters typical for iron oxides, the SAR values can be of the order of 1 kW/g. This result clearly
displays the significant difference between the magnetic dynamics of MNPs dispersed in a viscous
liquid from that of immobilized MNPs in a solid matrix.

Uniaxial superparamagnetic particles suspended in a viscous fluid and subjected to an AMF were
studied [90]. Néel and Brownian magnetic relaxations were considered. Significant contribution to
the full magnetic response of the particles (and thus to the specific loss power) was obtained due to
the viscous losses because of the particle motion in the fluid; a modification to the conventional LRT,
where the field-dependent Brownian relaxation time is suggested to replace the field-independent one.

In [23], the authors reported three types of theories can be used to describe hysteresis loops of
MNPs: the LRT, equilibrium functions, and theories based on Stoner–Wohlfarth model. Limitations
and domains of validity of each theory were discussed. The authors proposed that the separation
between “hysteresis losses” and “relaxation losses” is artificial and not correct. The LRT was shown to
be pertinent only for MNPs with strong anisotropy. Theories based on Stoner–Wohlfarth model should
be used for particles with small anisotropy. On the other hand, the LRT including Brownian motion
was suggested to be valid only for small magnetic fields [23,91].

5. Experimental and Theoretical Limitations in the Determination of SAR

There are two main experimental approaches that can be used to measure SAR. The first
approach is based on the magnetic properties of MNPs, whereas the second method is based on their
thermodynamic (calorimetric) properties. In a recent review [92], the experimental methods to measure
SAR were discussed along with the possible uncertainties. Comparison between magnetic methods
and calorimetric methods were also discussed. Here, we focus on the calorimetric methods.

Thermodynamic properties of MNPs (or any material) are not easy to be measured since they
should be done in thermal equilibrium. To minimize external heat transfer, measurements of heating
power of MNPs should be done in adiabatic conditions which are not easy to achieve. Most
of calorimetric experiments using MNPs are done in nonadiabatic conditions, and thus result in
appreciable errors [92–94]. Thus, there are always some inaccuracies in such measurements and results
should be carefully discussed.
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However, because of the difficulty to build efficient adiabatic measurement systems and because
the measurements in such systems are time-consuming, the SAR measurements are usually conducted in
nonadiabatic conditions which results in some errors. It was suggested that accurate SAR measurements
can be made using nonadiabatic conditions by using suitable experimental and analytical methods
where heat losses from the nonadiabatic setup are accounted for [94]. Possible sources of the inaccuracy
in in nonadiabatic SAR measurement are (a) the spatial inhomogeneity of temperature in the sample
where the location of the thermal probe in the sample becomes important, (b) the delaying of heating
since it takes some time for the heating curve to take off after the start of the heating process, (c) the
change of heat capacity with temperature, (d) the inhomogeneity of the magnetic field through the
volume of the sample, and (e) heating due to the experimental set-up itself (peripheral heating) and
not due to heated MNPs.

In calorimetric experiments, an AMF is applied to the sample of MNPs and the variation of
temperature is measured with time. The SAR is usually obtained from the initial slope of the
(temperature–time curve) measured data using this equation.

The induced increase in the temperature of the water dispersion enables us to calculate SAR using
Equation (12),

SAR (W/g) =
C

mMNP

dT
dt

(12)

where C (in J/K) is the heat capacity of the sample (which includes the MNPs and the suspending
medium), mMNP is the mass (in g) of the MNPs in the sample, and dT

dt is the initial slope of the
temperature–time curve. The heat capacity of the sample is the sum of the specific heat multiplied by
the mass of the components of the sample. For example, if the MNPs are suspended in water, the heat
capacity of the sample will be C = cMNPmMNP + cwatermwater, where cMNP and cwater are the specific heat
values for the MNPs and the water, respectively, and mwater is the mass of the water in the sample [95].
The rationale behind the use of the “initial slope” method relies on three assumptions at the very initial
stage of heating (a) heat transfer between the sample and the environment does not exist yet and thus
adiabatic conditions are applicable, (b) temperature variations within the sample are very small and
thus can be ignored, and (c) constant temperature approximations of heat transport properties results
in very small errors and thus can be valid [96–99].

This “initial slope” method depends only on the initial temperature changes and ignores the entire
heating curve and thus it does not display the entire temperature dependence of SAR [100]. In addition,
it was shown that fluctuations and non-linear temperature rise can occur in the initial heating
stage [96,101], which contradicts the main assumption of the initial slope method. This commonly
used initial slope method was suggested to underestimate values by up to 25% [94]. The full-curve fit
method was found to improve upon the “initial slope” method, but underestimation by up to 10%
could result. A third method, the “corrected slope” method [94], was found to be the most accurate
method. More details about several proposed methods to calculate SAR from heating data can be
found in [92,94,101]. In [98], the validity of measured trends of SAR values with varied experimental
conditions was discussed. The SAR values for obtained for magnetic nanoparticles depends on the
geometry, saturation magnetization, coating used for functionalization, and parameters of ac magnetic
field used for the measurements.

SAR values for of several ferrite nanoparticle systems are listed in Table 1.
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Table 1. Specific absorption rate (SAR) values of ferrite nanoparticles with respect to size, shape, surface
coating, and parameters used for obtaining hyperthermia measurements.

Shape & Size
(nm) Material Coating (kA/m)

Field
Frequency

(kHz) (W/g) SAR Reference

Octahedral-43 Fe3O4 CTAB 63 358 2483 [102]
Rings-73 Fe3O4 mPEG 35 400 2213 [103]
Disc-225 Fe3O4 CTAB 47.8 488 5000 [104]
Cubes-19 Fe3O4 PEG 29 520 2452 [48]
Sphere-14 MnFe2O4 GO 60 240 1588 [105]

Core–shell CoFe2O4
@MnFe2O4

DMSA 37.3 500 2250 [41]

Nanoclusters-33 Fe3O4 PMA 23.8 302 253 [106]
Sphere-45 Fe3O4 GO 32.5 400 5160 [107]
Sphere-45 Fe3O4 PVP 32.5 400 1100 [107]

6. Thermometry in Magnetic Hyperthermia

For in vivo hyperthermia, the temperature of the targeted tissue or cells must be measured
accurately using noninvasive methods. Tracking the temperature change in the tissue is important
during the whole hyperthermia experiment, because a large increase in the temperature could cause
damage to healthy cells. On the other hand, low temperatures of the tissue will not result in the
required amount of heat to kill tumor cells. Several thermometry methods in magnetic hyperthermia
are being investigated. The most used thermometry method is based on optical fibers. This method is
being used mainly in hyperthermia in aqueous suspension and in vitro experiments. This method
has two main limitations: (a) it cannot provide a detailed scan of temperature within the sample
because the dimensions of the fiber tip are larger (~200 µm) [67], and (b) it is an invasive technique
which is not preferred for in vivo applications. Noninvasive thermometry methods that depend on
optical properties were investigated [108,109]. However, as these methods depend on properties of
the light they face the limitation of short penetration depth into tissues. One of the good noninvasive
thermometry method is based on magnetic resonance imaging (MRI) technique [110]. When conducting
the magnetic hyperthermia treatment, the tumor tissue is placed at the center of the coil generating
the AMF, whereas MRI thermometry requires the placement of the tumor tissue at the center of
the MRI cavity. However, MRI uses high constant magnetic field (usually 3 T), which can pin the
magnetic moments of MNPs and prevent them from rotating while they are exposed also to the AMF
of hyperthermia. This will lead to a narrow dynamic hysteresis loops and thus will slow down heat
generation of the MNPs in the hyperthermia process [111,112]. Thus, MRI thermometry might not be
the optimum choice of thermometry in hyperthermia treatment. Several other noninvasive methods
which depend on the magnetic response of MNPs to the applied magnetic field were proposed [113–122].
In these methods, the temperature-dependent of coercively [117,123], the temperature-dependent of
magnetization, and the higher-order harmonics of the magnetization of MNPs were used as temperature
sensors. In these noninvasive methods, the MNPs will do the heating and at the same time will work
as a temperature probe.

7. Multifunctional Hybrid Magnetic Nanoparticles for hyperthermia Based
Biomedical Applications

Magnetic nanoparticles with efficient heating capacity are subjected to intense research for various
thermal based in vivo and in vitro studies for biomedical applications [124,125]. There are numerous
reports of the detailed investigations for the applications of magnetic nanoparticles for magnetic
imaging guided hyperthermia, magnetic actuated drug delivery, thermal cancer therapy, and biofilm
eradication [126]. Magnetic nanoparticle when combined with materials like graphene oxide (GO),
photoactive materials, mesoporous silica nanoparticles, and polymeric nanoparticles results in hybrid
materials with multifunctionality [126–128]. Schematic representation of various phenomena involved
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in magnetic hyperthermia, thermosensitive drug delivery, and biomedical applications using magnetic
nanoparticles are shown in Figure 1 [129].
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Figure 1. Schematic illustration of multifunctional ability of magnetic nanoparticles for various types
of biomedical magnetic hyperthermia applications and parameters affecting the efficiency of magnetic
hyperthermia treatment (reproduced with permission from Science Direct 2016) [129].

7.1. Graphene oxide-Fe3O4 Nanocomposites for Hyperthermia

Graphene oxide-Fe3O4 nanoparticle-based nanocomposites are widely investigated for various
biomedical applications like drug delivery, magnetic hyperthermia, and MRI (Magnetic Resonance
Imaging) contrast agents [130]. The unique chemical and physical properties of graphene oxide-based
nanocomposites enable designing nanocomposites as per the requirement of physiological system.
The presence of –OH, –COOH, and –CHO functional groups renders the easy attachment and release
of various anticancer drugs [131]. The anticancer drugs usually delivered using graphene oxide-based
composites as carrier vehicle, by change of pH or local heating via hyperthermia [132]. There are
various studies where graphene oxide-based composites are considered for diagnosis and treatment
of cancer. The first comprehensive report of graphene oxide-ferrite nanocomposite for magnetic
hyperthermia was reported by Peng et al. [105]. They have reported the synthesis of hydrophobic ferrite
nanoparticles attached to GO sheets using oleylamine as intermediary resulting in water dispersible
MFNPs/GO nanocomposites. MGONCs-4 and MGONCs-4-PEG water dispersions were subjected to ac
magnetic field, time-dependent temperature curves of MGONCs-4 and MGONCs-4-PEG were shown
in Figure 2. From the magneto thermic data, it is evident that the heating rate of MGONCs-4-PEG
was relatively lower than MGONCs-4. The difference in the heating rate could be explained by the
presence of long-chain polyethylene glycol (PEG) which significantly altered the heating conduction.
The field-dependent SAR values (Figure 2c) showed that the calculated SAR value of MGONCs-4
was greater than that of MGONCs-4-PEG. The SAR values of MGONCs-4 and MGONCs-4-PEG are
1541.6 and 1108.9 Wg−1 respectively. This finding is in good agreement with the other reported surface
coating effects in which the heating capability would be hindered as the surface coating increases due
to the suppression of the Brownian relaxation processes [133].
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Figure 2. Magneto thermic data of water dispersions of (a) MGONCs-4 and (b) MGONCs-4-PEG treated
with alternating magnetic field (AMF) (41.98–59.99 kAm−1) at 240 kHz frequency. (c) Field-dependent
SAR values of nanocomposite dispersions (reproduced with permission from Wiley Online Library
2012) [105].

Sugumaran et al. reported a GO-iron oxide-based nanocomposite system consisting of 45 nm
nanoparticles grafted on GO sheet with very high SAR value [107]. They were able to achieve a SAR
value of 5020 Wg−1 with alternating magnetic field of 400 kHz and 32.5 kAm−1. Peng et al. have
also studied the T2-weighted MR imaging contrast enhancing ability of GO-ferrite nanocomposites.
GO-ferrite nanoparticle system showed a high T2 relaxation rate as 64.47 s−1 (with r2 relaxivity value
of 256.2 Fe mM−1 s−1) with the MGONCs-4 with the iron concentration as low as 0.25 mM Fe. These
results suggested that the presence of the aggregation of MFNPs on GO could provide additional
enhancement of relaxation of water protons. The aggregation effect on relaxation process observed is
further confirmed by the other reports [134]. The aggregation of ferrite nanoparticles leads to higher
magnetic inhomogeneity in the water dispersion which causes the decrease in the transverse relaxivity
of water protons. The graphene oxide framework of the composite provides an addition advantage of
attaching water insoluble anticancer drugs and releasing them at the site of interest.

Sugumaran et al. have reported an in vivo magnetic hyperthermia studies for targeting of tumor
bearing mouse model using PEGylated GO-IONPs [107]. Tumors were induced in mice by injecting
4T1 cancer cells into the mammary pads of mice. The mice with tumor volumes of approximately
100 mm3 were treated with PEGylated GO-IONPs (Fe dose of 1 mg/cm3) with PBS, PEG-GO-IONP
under magnetic field. Mice tumors are subjected to AMF with 400 kHz frequency and a magnetic
field of 32 kA/m for 10 min. Body weights and tumor volumes subjected to various conditions are
shown in Figure 3. The mice injected with PBS or PEG-GO-IONP alone without AMF application and
mice subjected to AMF alone, failed to suppress the growth of 4T1 tumor. The test group significantly
inhibited the 4T1 tumor growth, indicating that the antitumor efficacies of PEG-GO-IONP mediated
magnetic hyperthermia treatment were greater than that of either PEG-GO-IONP or AMF alone.
The tumor treated under ac magnetic field with PEG-GO-IONP completely disappeared. In addition,
no body weight loss (Figure 3d) was observed in the PEG-GO-NP-mediated magnetic hyperthermia
treatment, indicating the relative safety of the treatment and tolerability of the administered dosage.
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delivery using magnanogels is explained in Figure 4.  

Figure 3. (a) Tumor volume versus days after the treatment with GO-NP and AMF. (b) Weights and
(c) photographs of excised tumors at the end point for different treatment groups. (Tumor completely
disappeared after hyperthermia treatment with PEG-GO-NP-45.) (d) Mouse weight after the treatments.
Thermal images showing the temperature at the site of tumor and entire body of mouse during
hyperthermia treatment: (e) control and (f) PEG-GO-NP-45+AMF (reproduced with permission from
American Chemical Society 2019) [107].

7.2. Magnetic Nanogels for Thermosensitive Drug Delivery

Thermosensitive drug delivery agents are polymeric micelles which are synthesized using
thermo-responsive polymers. These magnanogels are formulated using self-assembly process of
amphiphilic block-copolymer [135]. Magnanogels are class of thermosensitive materials which are
activated by ac magnetic field, formulation of these nanoparticles was reported in detail by several
studies [136,137]. Nanogels are used in various biomedical applications like drug delivery systems,
analytical and diagnostic devices, and thermal therapy [138]. These nanocarries are functionalized with
target specific molecules, enabling differentiation between normal and tumor tissues [139]. Advances
in material fabrication and designing enables to use of thermosensitive nanocarriers for controlled
drug delivery in the future.

Nanogels were prepared in a batch reactor by conventional precipitation radical copolymerization
of oligo(ethylene glycol) methyl ether methacrylate in water, without using any surfactants [140].
Magnetic nanoparticles were synthesized by chemical coprecipitation of ferrous and ferric ions in basic
medium. To synthesize the magnanogel, a known quantity of nanogel is taken and pH is adjusted to
3.0 and magnetic nanoparticles are added drop wise into the nanogel solution under stirring at room
temperature. The anticancer drug doxorubicin is attached to magnanogel in HEPS buffer solution
under stirring for 24 h. The schematic of anticancer drug delivery using magnanogels is explained in
Figure 4.
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pH 5.0 the release of DOX is increased to 96%. These results are in good agreement with other 
reported results of pH-sensitive nanogels functionalized with carboxylic acid groups [142,143]. 
Under the same pH conditions DOX release increased under ac magnetic field of 335 kHz and 12.0 
kAm−1. These studies demonstrate that ac magnetic field helps in remotely trigger DOX release 
without macroscopic heating. The diameter of the magnanogels decreases under ac magnetic field 
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interest. They have also studied in vitro DOX release in cancer cells (PC-3) using DOX-magnanogels. 
PC-3 cancer cells were treated with 15 and 10 pg of DOX-magnogels and DOX-Magnetic 
nanoparticles. The studies showed that the internalization did not cause any toxic cellular response, 
demonstrating the biocompatible nature of both nanogels and nanoparticles without DOX. Confocal 
images of cancer cells treated with DOX encapsulated magnanogels and magnetic nanoparticles 
were shown in Figure 5b. Cell viability was more impacted by the internalization of the 
magnanogels containing DOX than magnetic nanoparticles associated with DOX. These results 
confirm that the payload is continuously released from magnanogels, but can be delivered in larger 
amounts under AMF. By contrast, when DOX is bonded to the MIP, DOX is inactive. Internalization 
and DOX release experiments using magnanogels showed the efficiency under AMF due to local 
heating of the magnetic nanoparticles. 

Figure 4. (A) Schematic illustration of the synthesis of magnanogels by radical copolymerization and
post-assembly of MNPs inside nanogels and (B) synthesis of MagMIPs by grafting of acrylic acid
compound in the surface of MNPs and the growth of the polymer in the presence of DOX for imprinting
polymerization. Loading and release of DOX under an AMF (reproduced with permission from MDPI
(open access) 2018) [141].

Intracellular DOX release experiments using magnanoels is reported by Esther et al. [140].
DOX release is stimulated by change of pH (internal stimulus) and externally applied AMF (external
stimulus). DOX release is highly pH sensitive at pH 7.5 25% of DOX is released after 4 h whereas at pH
5.0 the release of DOX is increased to 96%. These results are in good agreement with other reported
results of pH-sensitive nanogels functionalized with carboxylic acid groups [142,143]. Under the same
pH conditions DOX release increased under ac magnetic field of 335 kHz and 12.0 kAm−1. These studies
demonstrate that ac magnetic field helps in remotely trigger DOX release without macroscopic heating.
The diameter of the magnanogels decreases under ac magnetic field due to the generated magnetic heat.
The shrinkage facilitates the release of DOX at the site of interest. They have also studied in vitro DOX
release in cancer cells (PC-3) using DOX-magnanogels. PC-3 cancer cells were treated with 15 and 10 pg
of DOX-magnogels and DOX-Magnetic nanoparticles. The studies showed that the internalization
did not cause any toxic cellular response, demonstrating the biocompatible nature of both nanogels
and nanoparticles without DOX. Confocal images of cancer cells treated with DOX encapsulated
magnanogels and magnetic nanoparticles were shown in Figure 5b. Cell viability was more impacted
by the internalization of the magnanogels containing DOX than magnetic nanoparticles associated
with DOX. These results confirm that the payload is continuously released from magnanogels, but can
be delivered in larger amounts under AMF. By contrast, when DOX is bonded to the MIP, DOX is
inactive. Internalization and DOX release experiments using magnanogels showed the efficiency under
AMF due to local heating of the magnetic nanoparticles.
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and (B) DOX-MagMIPs nanoparticles. (C) Cells incubated for 2 h with free DOX (D) Cell viabilities 
for free DOX, DOX-magnanogels, and DOX-magnetic nanoparticles (reproduced with permission 
from American Chemical Society 2017) [140]. 

  

Figure 5. (a) DOX release profile (%) versus time under physiological conditions (pH 7.5, 0.1 M HEPES
sodium) and acidic (pH 5.0, 0.05 M citric acid and 0.1 M sodium phosphate) at 37 ◦C without and
with an AMF. (b) Confocal imaging of tumor cells (PC-3) having internalized: (A) Magnanogels and
(B) DOX-MagMIPs nanoparticles. (C) Cells incubated for 2 h with free DOX (D) Cell viabilities for
free DOX, DOX-magnanogels, and DOX-magnetic nanoparticles (reproduced with permission from
American Chemical Society 2017) [140].
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7.3. Magnetic Mesoporus Silica Nanoparticles for High Dose Delivery of Anticancer Drugs

Mesoporous silica nanoparticles (MSNs) have some unique advantage of large pore volume
with uniform mesoporosity, biocompatibility, and biodegradation [144,145]. This unique property of
silica nanoparticles renders high drug loading capacity. Conventional MSNs can load 200–300 mg of
anticancer drug per 1 g of silica. However, MSNs with hollow core–mesoporous shell structure can
achieve 1 g drug per 1 g silica [144,146]. Physical entrapment of anticancer drugs due to the hallow
core–shell geometry prevents uncontrolled burst release or poor drug loading [147]. In addition,
functionalization of MSNs with materials, such as magnetic nanoparticles, luminescent materials and
polymers introduces the multifunctional modality of targeted dug delivery and imaging. The polymers
attached to the core–shell nanoparticles act as thermosensitive gatekeepers for opening the pores
and release the drug using ac magnetic field. Thamos et al. has reported a nanomotor based on
MSPs with zinc doped ferrite nanoparticles in silica matrix [148]. These MSNPs were coated with
temperature-sensitive copolymer of poly-ethyleneimine and n-isopropylacrylamide which acts as
a gatekeeper and retains DOX into the polymer shell linked by electrostatic forces or hydrogen
bonds [149]. Once these nanomotors are administrated into cancer cells motors were activated by
applying ac magnetic field. This study shows that the polymer can be used as a gatekeeper for
controlled drug delivery along with the thermic effect of magnetic nanoparticles. The schematic
illustration of mesoporous silica-based nanomotors for drug delivery is shown in Figure 6.
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Figure 6. ZnNCs (1) are synthetically positioned at the core of the mesoporous silica nanoparticles
(2). The base of the molecular machine is then attached to the nanoparticle surface (3). Drug is loaded
into the particle and capped (4) to complete the system. Release can be realized using remote heating
via the introduction of an oscillating magnetic field (5) (reproduced with permission from American
Chemical Society 2010) [148].

Lee et al. has reported the synthesis of multifunctional nanocontainer with iron oxide and
mesoporus silica and cyclodextran as gatekeeper [150]. They have estimated the pore size of the using
Brunauer–Emmett–Teller (BET) nitrogen adsorption–desorption isotherms and Barrett–Joyner–Halenda
(BJH). The pore diameter obtained is 2.5 nm and pore volume is 1.756 cm3g−1. Eduardo et al. reported
the use of magnetic mesoporous core shell nanoparticles coated with thermoresponsive polymer (TRP)
for in vitro drug release using magnetic field, the schematic illustration of the same is provided in
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Figure 7 [151]. Magnetic nanoparticles used in this study were synthesized by simple coprecipitation
method and stabilized by exadecyltrimethylammonium bromide (CTAB) in water medium. The surfaces
of the nanoparticles were functionalized with polymerizable groups with 3-tris(trimethylsiloxy) prpyl
methacrylate. The polymer shell has a lower critical solution temperature of 42 ◦C, which can be
adjusted by altering the ratio between monomers. Below critical solution temperature the polymer
chains forms a mesh which is useful to block the pores of mesoporous silica, which in turn helps hold
the drug. Upon magnetic field treatment the polymer surface collapses and triggers drug release [152].
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image of the MMSNs coated with TRP (b) hydrodynamic size of the precursor (MMSN-nanoparticles,
blue line) and the final nanocarrier (MMSN@TRP, orange line) (reproduced with permission from
American Chemical Society 2018) [151].

7.4. Multifunctional Drug Delivery Agents Through Magnetic and Photothermal Therapy

Photoactive multifunctional magnetic nanoparticles are designed for the synergistic therapy of
controlled drug release, magnetic hyperthermia, and photothermal therapy [153,154]. The combination
of magnetic nanoparticles and photothermal agents can be directed magnetically to the site of
interest (tumor), and their distribution in tumors and other organs can be imaged through MPI [155].
The controlled clustering of magnetic nanoparticles along with photothermal agents increases the molar
adsorption coefficient in the near infrared region. The conversion efficiency of near-infrared (NIR) light
energy into heat is also high for magnetic photothermal hybrid nanoparticles. The multifunctional
magnetic composite consists of quantum dots as local photothermal generators and magnetic
mesoporous silica nanoparticles (MMSN) or CQDs as drug carriers and magnetic nanoparticles
as thermal seeds. The schematic illustration of hybrid composites for dual therapy is shown in Figure 8.
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nanoparticles are prepared and encapsulated by mesoporous silica matrix to obtain Fe3O4/SiO2 
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Figure 8. Schematic illustration of the synthesis of the DOX MMSN/GQDs nanoparticles and synergistic
therapy combined with controlled drug release using magnetic hyperthermia and photothermal therapy
(reproduced with permission from Wiley Online Library 2017) [156].

Yan et al. reported gold nanoshell-coated ferrite nanomicelles for MRI and light-induced drug
delivery and photothermal therapy [157]. Nanomicelles possess improved drug loading capacity
and good response to magnetic field for targeting the tumor. Nanomicelles show surface plasmon
absorbance in the near infrared region (808 nm). Cancer cells incubated with gold-coated nanomicelles
show good biocompatibility, and when treated with NIR and magnetic field they showed significant
cytotoxicity. The thermal effects are synergic in nature. Heating profile and DOX releasing behavior is
shown in Figure 9.
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10 s using a digital thermometer, over a period of 10 min. (b) NIR-triggered release of DOX from
CDF-Au-shell nanomicelles. (Reproduced with permission from Wiley Online Library 2013) [157].

Yoa et al. has reported the drug release behavior under the stimuli of magnetic hyperthermia
and photothermal effect using magnetic mesoporous silica nanoparticles (MMSN/GQDs). Fe3O4

nanoparticles are prepared and encapsulated by mesoporous silica matrix to obtain Fe3O4/SiO2

(MMSN). MMSN nanoparticles are spherical and the particles size is estimated to be approximately
100 nm. The obtained nanoparticles were modified with amino groups and GQDs with hydroxyl,
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epoxy, and carboxyl groups are used to cap the outlets of mesoporous channels for the formation of the
DOX-MMSN/GQDs nanoparticles. GQDs prevent the DOX from leaking and uncontrolled burst of
DOX at the site of off target. This is unique composite which can be used for the delivery of both water
soluble and insoluble drug together. The organic nature of GQD frame work enables to attach water
insoluble anticancer drugs. The magnetic and photo thermic heating efficiency of the MMSN/GQDs
nanoparticles is shown in Figure 10. Temperature of the MMSN/GQDs suspension increased rapidly
under AMF, and the temperature increase rate is concentration dependent. The specific absorption
rate (SAR) value of the MMSN/GQDs nanoparticles was calculated as ~44 Wg−1. MMSN/GQDs
suspensions were irradiated under NIR laser irradiation (λ = 808 nm, 2.5 Wcm−2). It visually confirmed
the rapid temperature increase for the MMSN/GQDs suspension by NIR irradiation. MMSN/GQDs
nanoparticles have the advantage of producing heat by dual methods that can be used for increasing
the temperature in physiological systems, which helps kill cancer cells.
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Figure 10. (a) (A) The magnetization curve of the MMSN/GQDs nanoparticles measured at 298 K.
(B) Magnetic heating curves of the H2O and MMSN/GQDs suspensions under an alternating magnetic
field with a magnetic field strength of 180 G and frequency of 409 kHz. (b) (A) Photothermal heating
curves of MMSN/GQDs suspension evaluated by 808 nm laser irradiation (2.5 Wcm−2). (B) The infrared
thermal images of the MMSN/GQDs suspension at a concentration of 10 mg mL−1 with 808 nm laser
irradiation (reproduced with permission from Wiley Online Library 2017) [156].

Shawei et al. reported a multifunctional NaYF4:Yb,Er@PE3@Fe3O4 nanocomposite with
superparamagnetic and photothermal performance. The multicomponent hybrid nanoparticles
were synthesized by layer-by-layer self-assemble method. Compared to bare Fe3O4 nanoparticles,
the multifunctional nanocomposites exhibited enhanced absorption at 808 nm and showed improved
near-infrared photothermal effect. The fluorescent imaging sensitivity is increased when it is combined
with magnetic field. The in vivo images of the mouse 4T1 breast cancer cells treated with hybrid
nanoparticles in the presence of magnetic field and without magnetic field are shown in Figure 11a.
The fluorescence images taken without magnetic field shows weak luminescent signals, whereas
in the case magnetic field treated cells the up conversion signals are observed from the 4T1 cells.
This demonstrates that the application of magnetic field for targeted drug delivery enhanced synergistic
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imaging sensitivity. Photothermal therapy ability of the NaYF4:Yb,Er@PE3@Fe3O4 nanocomposites for
killing 4T1 cancer cells is shown in Figure 11b. The cell viability results show that hybrid nanocomposite
treated with external magnetic field is highly effective for killing of cancer cells. The reasons might be
cancer cells were pushed close to the photothermal agents under the external magnetic field.
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cancer cells treated with hybrid nanoparticles under various conditions. Error bars were based on
standard deviations, * p < 0.05 and ** p < 0.01. (Reproduced with permission from Royal Society of
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7.5. Magnetic Particle Imaging and Hyperthermia in Vivo Applications

Magnetic particle imaging (MPI) is a new tomographic technique developed in the early 2000 [159].
MPI is tracer tracking technique that allows tracking and quantification of the signal from tracer
magnetic nanoparticles [160]. MPI gives quantitative 3D information of the region of the interest with
high spatial and temporal resolution which helps in real-time high resolution in vivo imaging. As a
tracer tracking technique MPI may lead to the new possibility of 3D in vivo real-time imaging which
will be of great help for real time treatment and imaging [161], human scanners will become available in
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a few years. The tracer used in the MPI imaging is usually superparamagnetic nanoparticles; this also
adds additional advantage as iron oxide nanoparticles are well investigated for MRI contrast agents
and their behavior in physiological environments is thoroughly understood [162]. Image-guided
treatment of tumors enables physicians to localize the treatment with great precision and minimal
damage to the healthy tissue. More details of the instrumentation and working principles can be found
in the recently published review reports [9].

Tay et al. has reported the in vivo studies of magnetic hyperthermia treatment and magnetic
particle image-guided modality [163]. This study demonstrated theranostic investigation of quantitative
MP image-guided treatment using spatial localization of magnetic hyperthermia to arbitrarily selected
organs. This addresses a key challenge of conventional magnetic hyperthermia affecting off-target
organs causing collateral heat damage. Superparamagnetic iron oxide nanoparticles were injected to
the tumor site and subjected to ac magnetic field. During MPI scan, negligible heating was observed in
the mouse when it is subjected low frequency (20 kHz). During a high-frequency (354 kHz) heating
scan without MPI gradients, all in vivo locations with nanoparticles heat up, damaging the healthy
liver. When the MPI gradients are used, only the tumor is heated while the liver is spared. Dual tumor
mouse was used to demonstrate arbitrary user-control of which tumor to heat. Only the bottom tumor
heated up while the top tumor was spared. Only the top tumor heated up while the bottom tumor
was spared, demonstrating arbitrary control of the site of heating just by shifting the MPI field-free
line. The results shown in Figure 12 for the experimental MPI guided hyperthermia confirm that
localization is achieved in vivo. A control mouse with saline instead of SPIONs was also subjected
to the same uniform AMF but showed no increase in tumor and liver temperatures, verifying that
this indiscriminate heating is not a result of nonspecific SAR from AMF interacting with biological
tissue. These studies show that, with MPI gradients, the user can arbitrarily control the location of
heating. With guidance from the initial MPI image, the treatment planning can design a heating to
avoid collateral damage to healthy tissue.
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8. Synthesis of IONPs

It is well known that MNP synthesis method has a significant role in determining MNP
magnetic properties, and thus their SAR values [164]. However, the synthesis mechanisms
needed to produce well controlled magnetic properties are not well established. Here, we present
several synthesis methods that are currently being used to produce IONPs. Various approaches
such as wet chemical [165–167], template-directed [168,169], microemulsion [170–172], thermal
decomposition [172,173], solvothermal method [174,175], solid state [176,177], deposition method [178],
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spray pyrolysis [179,180], self-assembly [181], physical, and lithographic [182,183] techniques have
been extensively used for the synthesis of a wide variety of magnetic nanoparticles including iron
oxide, metal, metal alloys and core–shell and composites structures. However, a comprehensive review
of various synthetic techniques, and we will give a short description of only those methods that offer
excellent size and shape control.

8.1. Thermal Decomposition

This method of synthesis involves the chemical decomposition of the substance at elevated
temperature. During this method the breaking of the chemical bond takes place. This method of
synthesis for magnetic nanostructures mostly use organometallic compounds such as acetylacetonates
in organic solvents (benzyl ether, ethylenediamine, and carbonyls) with surfactants such as
oleic acid, oleylamine, polyvinyl pyrrolidone (PVP), cetyltrimethyl ammonium bromide (CTAB),
and hexadecylamine. In this method the composition of various precursors that are involved in the
reaction determine the final size and morphology of the magnetic nanostructures. Peng et al. and
co-workers used the thermal decomposition approach for controlled synthesis (in term of size and
shape) of magnetic oxide [184]. Using this method, nanocrystals with very narrow-sized distribution
(4–45 nm) could be synthesized along with the excellent control of morphology (spherical particles,
cubes). When thermal decomposition method is used, iron oxide nano particles with excellent
control of size, morphology and good crystallinity have been resultantly fabricated by Alivisatos
and co-workers [185]. The preparation of magnetic nanoparticles for applications in biomedicine
have fabricated maghemite nanocrystals with size of 3–9 nm by thermal decomposition of FeCup3
(Cup: N-nitrosophenylhydroxylamine) at 250–300 ◦C, as shown in Figure 13. Recently, Sun and
Zeng et al. [186] have demonstrated the fabrication of monodisperse magnetite nanoparticles with size
ranges of 2–20 nm by decomposition of iron (III) acetyl acetone at 260 ◦C in the presence of benzyl ether,
oleic acid, and oleyl amine. In a more recent study, Nogues and co-workers have synthesized highly
mono disperse cubic and spherical maghemite (Fe2O3) nanocrystals by using thermal decomposition
method [187], as shown in Figure 14. The ratio of precursors and the thermal decomposition time can
be used to achieve size and morphology controlled nanocrystals.
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Figure 14. High-resolution TEM images showing the monodisperse (a) nanosphere and (b) nanocubes
achieved by thermal decomposition method (reproduced with permission from American Chemical
Society 2006) [187].

Nogues et al. showed that short decomposition duration (2–4 h) resulted in spherical whereas
longer duration (10–12 h) resulted in cubic morphology. The technique of thermal decomposition was
not only used for synthesis of metal oxide magnetic nanocrystals but metal magnetic nanoparticles of
transition metals (Co, Ni, and Fe) were also synthesized through introducing a reducing agent into a
hot solution of metal precursor and surfactant [26]. With precise control of the temperature and ratio
of metal precursor to surfactant, MNPs with the control size and shape were synthesized.

8.2. Hydrothermal Synthesis

Another important chemical synthesis technique that involves the use of liquid–solid–solution
(LSS) reaction and gives excellent control over the size and shape of the MNPs is the hydrothermal
synthesis. This method involves the synthesis of MNPs from high boiling point aqueous solution
at high vapor pressure. It is a unique approach for the fabrication of metal, metal oxide [188,189],
rare earth transition metal magnetic nanocrystals [190], semiconducting [191], dielectric, rare earth
fluorescent, and polymeric [192]. This synthetic technique involved the fabrication of magnetic metallic
nanocrystals at different reactions conditions. The reaction strategy is based upon the phase separation
which occurs at the interface of solid–liquid–solution phases present in the reaction. For example,
the fabrication of monodisperse (6, 10 and 12 nm) Fe3O4 and MFe2O4 nanocrystals is demonstrated
by Sun et al. and co-worker [193]. Wuwei and co-worker have synthesized oblique and truncated
nanocubes of α-Fe2O3 by one step facile hydrothermal method. This group studied the effect of volume
ratio of oleylamine and acetylacetone for the fabrication of α-Fe2O3 with two different morphologies as
shown in Figure 15. The synthesize magnetic nanoparticles were used for photocatalytic degradation
of organic dye, and it was observed that truncated nanocubes possess much higher photocatalytic
degradation activity as compared to oblique nanocubes [194].
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The mechanism of formation of theα-Fe2O3 nanoparticles with oblique and truncated morphology
is given below in Figure 16. The main cause of formation of two different morphologies is the presence
of oleic acid. The presence of oleic acid led to the formation of oblique nanocubes, whereas truncated
nanocubes are formed in the absence of oleic acid.
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Zeng et al. have synthesized novel Fe3O4 nanoprism by a hydrothermal process using oleylamine
(OAm) both as surfactant and reducing agent. The synthesized Fe3O4 exposed two kinds of crystal
planes (111) and (220), as shown in Figure 17 [195].
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8.3. Microwave-Assisted Synthesis

Microwave-assisted method is a chemical method that use microwave radiation for heating
materials containing electrical charges for instance polar molecule in the solvent or charge ion in
the solid. Compared with other heating methods, microwave-assisted solution fabrication methods
have got more focus of research because of rapid processing, high reaction rate, reduce reaction time,
and high yield of product. Wang reported the synthesis of cubical spinal MFe2O4 (M = Co, Mn, Ni)
high crystalline structure in a short time of just 10 min by exposure the precursors to microwave
radiation [196] shown in Figure 19; they also used the microwave radiations for the synthesis of
magnetite (Fe3O4) and hematite (α-Fe2O3), and used FeCl3, polyethylene glycol, and N2H4.H2O as
precursors, finding that the amount of N2H4.H2O has a key role in controlling the final phase of
Fe3O4 [197].
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8.4. Template Assisted Fabrication

Another fabrication method used for the synthesis of MNPs is the template-assisted
fabrication [198]. The active template-based synthesis involves the growth of the nuclei at the
holes and defects of the template. Subsequently, the growth of the nuclei at the pre-formed template
yields the desired morphology of the nanostructures. So through proper selection of base template,
the size and shape of the MNPs can be controlled. This technique has two important advantages over
the chemical routes:

(i) Template use in the fabrication process determines the final size and morphology of
the nanostructures.

(ii) Complex nanostructures such as nanobarcodes (segmented nanorods) nanoprism, nanocubes
hexagons, and octahedrons MNPs can be fabricated in an easy manner, with full control on size
and morphology.

However, this method has also some drawback. It is a multistep process, first requiring the
fabrication base templates and then the subsequent deposition of magnetic material within the template.
In the following discussion, we will highlight important recent progress that has been done in the
template-assisted synthesis of complex magnetic nanostructures. Mirkin et al. have demonstrated
the synthesis of nanobarcodes (segmented nanowires with excellent control of composition along
the length) of metals and polymers magnetic and non-magnetic materials. They demonstrated the
fabrication of two component rod structure that was made by deposition of hydrophilic Au block
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and hydrophobic Polypyrrole block on anodic alumina oxide template. Due to the difference in the
diameter of hydrophilic Au and hydrophobic Polypyrrole these sections were assembled in unique
and exclusive pseudo-conical shape with three-dimensional bundle- and tubular-shaped structure as
shown in Figure 20 [199].
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8.5. Sol–Gel Method

The sol–gel process is a versatile chemical approach for the synthesis of nanoparticles with precise
shapes and size. Sol–gel synthetic strategy makes use of a gelling agent to form a homogeneous
gel where a metal salt is stirred [200]. This process involves the hydroxylation and condensation of
metal precursors in solution to form a colloid. Sol–gel method provides a wide range of synthesis
temperature, for instance, we managed to obtain nearly monodispersed α-Fe2O3, γ-Fe2O3 and Fe3O4

with same procedure and same starting reagent through a medium temperature sol–gel route [201].
Uniquely, the formation of different final iron oxide structures is only dependent on the drying process
(Figure 21). The size displayed by TEM revealed that 4.9 nm of Fe3O4 nanoparticles are obtained by
the centrifugation of sol, whereas slight increment in size of γ-Fe2O3 was formed when xerogel was
heated at 150 ◦C. Yet, directly drying of wet Fe3O4 gel at 150 ◦C without the formation of xerogel first
allowed phase transformation to 10.1 nm α-Fe2O3 [201].Magnetochemistry 2019, 5, 67 29 of 40 
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Figure 21. Scheme flow for the preparation of α-Fe2O3, γ-Fe2O3 and Fe3O4 nanoparticles (reproduced
with permission from Science Direct 2013) [201].

The sizes of obtained magnetite nanoparticles are readily tailored by longer annealing temperature
range under vacuum environment. The magnetic behavior, particle size and crystallinity of magnetite



Magnetochemistry 2019, 5, 67 29 of 40

nanoparticles is very sensitive to the annealing temperature where these physico-chemical properties
increase as annealing temperature was adjusted from 200 ◦C to 400 ◦C [202]. Combination of microwave
heating with this route provides a fast and energy efficient synthesis methodology to metal oxide
nanoparticles [203]. The reaction mixture of Fe(acec)3 that dissolved in benzyl alcohol was heated
at 170 ◦C by exposure to microwave radiation for 12 min and accomplished to yield 5–6 nm of
nanoparticles [204].

8.6. Synthesis of GO-Fe3O4 Nanocomposite

8.6.1. Coprecipitation Method

Graphene oxide was synthesized by well-known Hummers method [205]. To synthesize the
GO-Fe3O4 composite, a weighed amount of as-synthesized graphene oxide, prepared by Hummers
method, was dispersed in distilled water by sonication. An aqueous solution containing FeCl3 and
FeCl2.4H2O was then added into the graphene oxide dispersion kept under constant stirring. After 2 h
of stirring, CH3NH2 was added drop wise into the dispersion to precipitate Fe3O4 nanoparticles [206].

8.6.2. Organometallic Decomposition and Ligand Exchange Method

Ferrite nanoparticles with high saturation magnetization, narrow size distribution, and better
shape control is achieved by organometallic decomposition method. Nanoparticles synthesized
by organometallic decomposition method are not dispersible in water and they are functionalized
with biocompatible molecules for further use. GO–nanoparticle composites were synthesized using
emulsification process, the details of which are described in Figure 22. The particles are coated with
GO and PEG which improves water dispersibility and biocompatibility of PEG-coated particles is
well recorded.Magnetochemistry 2019, 5, 67 30 of 40 
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9. Conclusions 

MH is a cancer therapy method which involves delivering MNPs to the tumor cells and heating 
them by applying AMF. The world is witnessing great progress in understanding the principles and 
applications of this noninvasive and localized therapy technique. In this report, we discussed the 
basic principles of MH using MNPs. The basics of heat generation under an AMF were discussed. 
Some of the extrinsic and intrinsic parameters that influence heat generation by MNPs were 
explained. Calorimetric measurements were introduced along with the sources of errors. Several 
synthesis methods of MNPs where presented. The interesting features of multifunctional hybrid 
MNPs were also introduced. 
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Figure 22. Schematic illustration of the formation of (a) amphiphilic graphene oxide sheets (GO-g-OAM),
(b) water-dispersible NP/GO nanocomposite (MGONC), and (c) PEGylation of MGONC (reproduced
with permission from Wiley Online Library 2012) [105].

8.7. Cytotoxicity of Ferrite Nanoparticles

The cytotoxicity of the ferrite nanoparticles is thoroughly studied and there are numerous reports
of cytotoxicity of ferrite nanoparticles functionalized with various polymeric coatings [207,208]. Ferrite
nanoparticles are usually functionalized with chitosan, polyethylene glycol, and graphene oxide [209].
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Iron oxide NPs coated with different substances have shown variable cell viability results [210].
There are various in vitro methods, and the LDH, MTT and MTS assays are most widely used for
assessment of nanoparticles cytotoxicity [211]. Magnetic iron oxide NPs have been observed to
accumulate in the liver, spleen, lungs, and brain after inhalation, showing its ability to cross the
blood–brain barrier [212].

9. Conclusions

MH is a cancer therapy method which involves delivering MNPs to the tumor cells and heating
them by applying AMF. The world is witnessing great progress in understanding the principles and
applications of this noninvasive and localized therapy technique. In this report, we discussed the
basic principles of MH using MNPs. The basics of heat generation under an AMF were discussed.
Some of the extrinsic and intrinsic parameters that influence heat generation by MNPs were explained.
Calorimetric measurements were introduced along with the sources of errors. Several synthesis
methods of MNPs where presented. The interesting features of multifunctional hybrid MNPs were
also introduced.
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