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Abstract

Though the concepts of magnetic fluid hyperthermia (MFH) were originally proposed over 50
years ago, the technique has yet to be successfully translated into routine clinical application.
Significant challenges must be addressed if the field is to progress and realise its potential as an
option for treatment of diseases such as cancer. These challenges include determining the
optimum fields and frequencies that maximise the effectiveness of MFH without significant
detrimental off-target effects on healthy tissue, achieving sufficient concentrations of magnetic
nanoparticles (MNPs) within the target tumour, and developing a better mechanistic
understanding of MNP-mediated energy deposition and its effects on cells and tissue.
On the other hand, emerging experimental evidence indicates that local thermal effects indeed
occur in the vicinity of energy-dissipating MNPs. These findings point to the opportunity of
engineering MNPs for the selective destruction of cells and/or intracellular structures without
the need for a macroscopic tissue temperature rise, in what we here call magnetically mediated
energy delivery (MagMED).
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Introduction

Magnetic nanoparticles (MNPs) are typically single or

multiple inorganic crystals of a magnetic material coated

with or embedded within a biocompatible polymer, or a gold

or silica shell enabling functionalisation. MNPs are versatile

tools, enabling a wide variety of biomedical applications.

For most biomedical applications, MNPs are made from

ferrimagnetic iron oxides, such as magnetite (Fe3O4) and

maghemite (g-Fe2O3). These iron oxides are particularly

useful in biomedical applications as they respond to external

magnetic fields by mechanical motion (linear or rotational,

depending on particle size and domain state) or dissipation

of thermal energy [1,2].

An advantage of MNPs over other inorganic nanoparticles

proposed for biomedical applications is the extensive know-

ledge base regarding their effects in vitro and in vivo, which

appears to indicate that iron oxide-based MNPs are to a great

extent biocompatible. The first clinical application of MNPs

approved by the US Food and Drugs Administration (FDA)

was the use of magnetic iron oxide nanoparticles as negative

contrast agents in magnetic resonance imaging (MRI) to

improve tumour detection in the liver [3,4]. Another clinical

application involves magnetic iron oxide nanoparticles for the

treatment of anaemia due to iron deficiency [5]. Currently,

MNPs are being investigated for use in biomedical

applications such as magnetically assisted drug delivery

[6,7], magneto-mechanical actuation of cell surface receptors

[8,9], magnetic gene transfection [10,11] and magnetic fluid

hyperthermia (MFH), the subject of this commentary.

Local energy delivery is crucial for clinical
application of hyperthermia in cancer treatment

Hyperthermia, the elevation of body temperature to 40–44 �C
[12], is of clinical interest in cancer therapy. The rationale

behind the use of hyperthermia in combination with chemo-

therapy and/or radiation therapy for cancer treatment relies on

the fact that tumours are heterogeneous tissues with areas

of necrosis, low pH, and low oxygen [12]. Cells in these areas

are often in cell cycle arrest (G0 phase) and therefore

most resistant to growth prohibiting (cytostatic) drugs [13].

It remains unclear whether these cells are susceptible to

heat damage; however, heat can stimulate vascularisation and

increase oxygenation of the tissue, thereby improving the

concentration and effectiveness of cytostatic and cytotoxic

drugs and radiosensitivity [13]. In other parts of the tumour,

cells undergoing DNA replication (S phase of the cell cycle)

are resistant to ionising radiation, but are susceptible to heat

[14]. These findings have been confirmed in a number of

clinical studies [15,16] which indicate that elevation of the

temperature within the tumour has a cytotoxic effect on radio-

resistant cells when heated to temperatures above 42 �C.

There are a variety of techniques [17,18] to increase

the temperature within the human body. Hyperthermia for the

treatment of cancer can be divided into whole body hyper-

thermia, partial or regional hyperthermia, and local
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hyperthermia. Whole body hyperthermia is typically pro-

posed for metastatic cancer, and aims to increase the whole

body temperature to 41.8 �C using thermal chambers or hot

water blankets [12]. Reported side effects include transient

nausea, vomiting and diarrhoea. Partial or regional hyper-

thermia, being considered to treat deep-seated or locally

advanced cancer, is often achieved through isolated perfusion

[17] or the use of external applicators or antennas emitting

microwaves [18]. Side effects include blisters and superficial

burns, discomfort and pain. Local hyperthermia is confined to

areas smaller than limbs or organs. It induces the least severe

side effects and is therefore the most frequently studied kind

of hyperthermia [18]. Local hyperthermia can be achieved

through a variety of approaches, including radiofrequency

ablation, focused ultrasound, or laser ablation and, more

recently, MFH. Dissipation of magnetic field energy in the

form of heat by MNPs is an attractive approach to achieving

local hyperthermia because MNPs can be engineered to

accumulate in cancer tissues and modified to specifically

target cancer cells.

MFH has recently been approved in Europe for treatment

of glioblastoma multiforme in a procedure that requires direct

delivery of MNPs to the cancer site. Further clinical trials are

currently being conducted by MagForce (Berlin, Germany) to

study the application of MFH for treating prostate and

pancreatic cancer. Although this approval and these clinical

trials are an important step in translating MFH to the clinic,

further work is needed to achieve the full potential of this

promising cancer nanotechnology.

MNPs have been engineered for high energy
dissipation rates

The approach we currently call ‘magnetic fluid hyperthermia’

was originally proposed in 1957 by Gilchrist et al. [19]

to destroy cancer in lymph nodes by injecting them with

‘particulate matter’ of maghemite and applying an alternating

magnetic field to induce ‘selective inductive heating’. When

single domain MNPs are subjected to an alternating magnetic

field they dissipate heat through relaxation losses. The mech-

anism of energy dissipation depends on the size and magnetic

material, and can either be through Néel relaxation, the rapid

internal re-orientation of the particle’s magnetic moment with

the applied field, or Brownian relaxation, frictional heating

caused by the physical rotation of the magnetic particle.

Rosensweig [20] developed a simple model for the volumetric

energy dissipation rate (P), show in Equation 1.

P ¼ ��0�0H2
0 f

2�f �

1þ 2�f �ð Þ2
ð1Þ

where m0 is the permeability of free space (4p� 10�7 T m

A�1), �0 is the initial (low field) susceptibility of the

particles, H is the magnetic field amplitude, f is the magnetic

field frequency in Hz, and � is the effective relaxation time.

This equation illustrates that the heating potential and

mechanism for energy deposition of MNPs in an alternating

magnetic field depends on the conditions of the applied

alternating magnetic field (i.e. its amplitude and frequency),

and the properties and concentration (by way of the initial

susceptibility) of the particles in the tissue [20]. In terms of

dependence on field parameters, it would appear that

increasing the field amplitude and frequency leads to an

increase in energy dissipation rate; however, as will be

discussed below, this cannot be done indiscriminately as

alternating magnetic fields can lead to undesirable non-

specific eddy heating in tissues, affecting patient comfort and

leading to side effects such as pain and blisters. On the other

hand, the dependence of the energy dissipation rate on the

properties of the particles has motivated substantial recent

research on optimising the energy dissipation rate by selection

of the magnetic core material [21] and control of particle core

size [22,23], both of which affect the initial susceptibility

and relaxation time, and by developing core-shell [24] and

aggregate structures [25] with tuned interactions leading to

effective relaxation times that are close to the inverse of the

applied alternating magnetic field frequency.

Typically, the heating potential of MNPs is reported

in terms of the so-called specific absorption rate (SAR).

To determine this parameter a suspension of MNPs of known

concentration is subjected to an alternating magnetic field

of known amplitude and frequency. The initial increase in

temperature is recorded and the SAR calculated according

to Equation 2

SAR ¼ c
msample

miron oxide

DT

Dt

����
t!0

ð2Þ

where c is the heat capacity of the suspension (typically

assumed to be the heat capacity of the suspension medium

for low concentrations of MNPs), msample is the mass of the

sample, miron oxide is the mass of iron oxide in the sample, and

DT=Dtjt!0 is the initial slope of the time-dependent heating

curve [26]. The volumetric energy dissipation rate P and SAR

are related by Equation 3

P ¼ ðSARÞ�iron oxide�iron oxide ¼ ðSARÞwiron oxide ð3Þ

where �iron oxide is the density of iron oxide, �iron oxide is the

volume fraction of iron oxide, and wiron oxide is the mass of

iron oxide per unit volume. It is important to note that for

the above equation to yield an accurate estimate of the

heating capacity of the nanoparticles the suspension must be

in thermal equilibrium with its surroundings at the start of the

experiment. Otherwise heat flow to/from the environment can

confound the measurement. Furthermore, care must be taken

to ensure that the sample is subjected to a uniform magnetic

field (typically achieved by using a sample that fits within

the small central region of the coil used to generate the

field) and to ensure that the sample heats uniformly. These

and other experimental considerations are discussed in the

literature [27,28].

The growing interest in MFH and the availability of

commercial devices that can generate the required alternating

magnetic fields has led to a large body of research aiming to

characterise and optimise the SAR of MNPs, taking advantage

of the significant advances made in the synthesis of MNPs

with controlled size and shape [29–32]. Engineering nano-

particles to have higher SAR values is important because

higher SAR values would require smaller amounts of MNPs

to be targeted to the tumour. Unfortunately, because there are

no standards for the alternating magnetic field amplitude and
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frequency, each research group characterises their particles

under different field conditions. As is evident in Equation 1,

the energy dissipation rate is a sensitive function of the

amplitude and frequency of the alternating magnetic field,

as such SAR measurements will significantly vary if made

under different field conditions. As a consequence, SAR

values obtained by different research groups even for the same

nanoparticle suspension will differ, as systems with different

magnetic field strengths and frequencies are used. To address

this issue, Kallumadil et al. [33,34] introduced the concept of

intrinsic loss power (ILP), where SAR is normalised against

the frequency and magnetic field strength, facilitating direct

comparison of the heating potential of MNPs.

In recent years, a major focus in the MFH community has

been on producing MNPs with exceptional SAR values,

through exploration of alternative magnetic materials such as

cobalt or cobalt alloys, or by tuning the size and/or structure

of the particles [32], which could potentially result in greater

rates of energy dissipation. The most promising candidates so

far, with regard to SAR, are CoFe2O4@MnFe2O4 core@shell

nanoparticles synthesised by Lee et al. [24], demonstrating

SAR values of up to 4,000 W/g at 500 kHz and 37.3 kA/m

(ILP¼ 5.75). However, the in vivo toxicity can be expected to

be a problem due to the use of cobalt. On the other hand,

the best heating by purely iron oxide nanoparticles currently

in the literature appears to be iron oxide nanocubes generating

exceptional SAR values of up to 2,452 W/g at 520 kHz and

29 kA/m (ILP¼ 5.61) [35].

Additional research is needed to elucidate the
maximum allowable magnetic field amplitude and
frequency for magnetic field hyperthermia

As discussed above, according to Rosensweig’s model [20]

the energy dissipation rate rises with an increase in magnetic

field strength and frequency, so one might think that heating

potential or SAR could be simply improved by increasing the

magnetic field amplitude. However, this approach is limited

by the possibility of non-specific heating due to eddy currents

in tissue, which can result in damaging levels of heat in

healthy tissue. According to Atkinson [36], the volumetric

power dissipation due to eddy current heating (Peddy) is

strongly dependent on the diameter of the object subjected to

the AMF, as described by Equation 4

Peddy ¼ �tð��0Þ2ðH0f Þ2r2 ð4Þ

where �t is the electrical conductivity of the object, m0 is the

permeability of free space, H0 and f are the magnetic field

amplitude and frequency, and r is the radius of the object.

The generation of eddy currents by MNPs themselves is

negligible because of their small size; however, eddy heating

in the body under the alternating magnetic field conditions

used in MFH could be significant. Eddy heating and tissue

power absorption is quite a complex function of field and

tissue parameters. For example, the electrical conductivity

varies with tissue and may also vary with the frequency of the

applied magnetic field.

In order to limit off-target, detrimental effects on healthy

tissue associated with exposure to electromagnetic radiation,

guidelines and limits for the exposure to alternating magnetic

fields have been proposed by the International Commission

on Non-Ionizing Radiation Protection (ICNIRP). These

guidelines apply for both occupational and public exposure

to electromagnetic fields and were developed on the basis of

laboratory studies of cellular, tissue, and animal systems

exposed to electromagnetic fields in the frequency range of

100 kHz–300 GHz and epidemiological studies on cancer risk

[37]. To provide protection against known adverse effects

and to obtain a body temperature increase less than 1 �C, the

ICNIRP has set a whole body average tissue SAR of 0.4 W/kg

for an occupational exposure of 30 min, intended to provide

a large margin of safety for other limiting conditions such as

high temperature, high physical activity, or humidity [37].

However, we note that these values are ten times lower than

the SAR limits for MRI equipment specified in the FDA

guidelines [38], which are intended to leave a wide margin

of safety for frequencies of 100 kHz–300 GHz.

In the field of MFH many authors have cited a product of

magnetic field frequency and amplitude of 4.85� 108 A/m s

as the limit for applied AMFs in humans. This number was

derived apparently from the work of Atkinson et al. [36], who

studied the effect of alternating magnetic field amplitude

on patient comfort by subjecting patients’ extremities with

a radius of 15 cm to an alternating magnetic field generated

using a single turn coil at a frequency of 13.56 MHz and

various magnetic field amplitudes. They found that ampli-

tudes above 35.8 A/m led to discomfort. Later, Oleson et al.

[39] reported non-specific heating and discomfort through

skin blistering in some patients subjected to an alternating

magnetic field of 13.56 MHz frequency and unreported

amplitude. Blistering was attributed to eddy heating.

Because the effects of exposure to alternating magnetic

fields on tissues have been poorly studied, it would seem

practical to extrapolate the observations of Atkinson et al.

[36] and Oleson et al. [39] to obtain guidelines as to the

maximum frequency and amplitude that can be applied

in MFH. Hence, the adoption of the product of magnetic

field amplitude and frequency (in units of Hz) of

4.85� 108 A/m.s as the upper limit by the MFH research

community. However, such extrapolation must be done with

caution and in consideration of the other parameters that

affect eddy heating in tissues, namely, the maximum diameter

possible for an eddy current through the affected tissue and

the electrical conductivity of the affected tissue. In terms of

the effect of diameter it is evident that smaller tissue regions

could tolerate larger field-frequency products and that this

effect would scale quadratically, making it significant only

when comparing whole body application of the AMF to

regional/local application. On the other hand, the electrical

conductivity of tissue can vary significantly with the

frequency of the applied alternating magnetic field [40].

This is specially the case for skin, which the observations of

Oleson et al. [39] suggest is the principal source of

discomfort, damage (blistering), and pain. The conductivity

of dry skin decreases from 0.238 S/m at 13.56 MHz to

1.06� 10�3 S/m at 200 kHz [41]. Hence, to result in the same

rate of non-specific heating in the skin, the field amplitude-

frequency product would need to be 7.3� 109 A/(m s) in order

to result in pain and damage in the skin. Alternatively, we can

translate the ICNIRP guidelines and FDA guidelines for MRI
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into estimates of maximum allowable magnetic field ampli-

tude and frequency product. In the case of the ICNIRP

guidelines the maximum magnetic field amplitude and

frequency product to avoid damage to skin would be

8.1� 107 A/(m s) at 13.56 MHz and 1.2� 109 A/(m s) at

200 kHz. On the other hand, considering the FDA guidelines

for MRI, the corresponding maximum magnetic field amp-

litude and frequency product to avoid damage to skin would

be 2.55� 108 A/(m s) at 13.56 MHz and 3.83� 109 A/(m s) at

200 kHz. It is perhaps a coincidence that the estimated

maximum magnetic field amplitude and frequency products

are similar for the FDA MRI guidelines and extrapolation of

the results of Atkinson et al. [36] when considering the

variation of skin electrical conductivity with magnetic field

frequency. Obviously, these calculations are only estimates,

but they serve to illustrate the need for more detailed study of

the effects of alternating magnetic fields on normal tissues

under conditions typical of MFH in order to adequately

determine the limits to which the applied alternating magnetic

field can be optimised.

MNP delivery is a crucial challenge for the
clinical application of MFH

For MFH to successfully eradicate cancer one must be able

to locally dissipate sufficient heat to overcome losses due to

conduction to surrounding tissue and due to blood perfusion.

This can be achieved through a combination of optimising the

energy dissipation properties of the particles, operating at

the highest allowable alternating magnetic field conditions,

and maximising the amount of particles that can be deposited to

the targeted tissue by passive and active targeting. The field has

made major advances in terms of optimising the energy

dissipation properties of MNPs under typical MFH conditions;

however, it is increasingly clear that there is only so much more

improvement possible and it is likely that the highest possible

SAR are in the range of 1–10 kW/g. In terms of allowable

magnetic field conditions, the discussion above suggests that it

may be possible to apply magnetic field amplitudes that are

higher than previously thought; however, additional research is

needed to determine exactly what conditions are allowable.

Furthermore, it would seem evident from the discussion above

that no more than an order-of-magnitude increase in the

product of magnetic field amplitude and frequency would be

possible. Therefore, for MFH to be successful it is critical to

design MNPs that can accumulate in cancer tissues at

concentrations that are sufficient, for a given particle SAR

and magnetic field condition, to achieve hyperthermia.

The concentration of particles needed to achieve hyper-

thermia in a tumour mass can be estimated using

an admittedly simplistic model of heat transfer in tissues.

One can consider a spherical tumour region, of radius R, with

a uniform distribution of MNPs that dissipate heat at a

volumetric energy dissipation rate P. The tumour and tissue

can be modelled as an effective continuum using Penne’s

bio-heat equation [42,43]. The solution is straightforward

and here we only consider the temperature at the interface

between the tumour and healthy tissue as the figure of merit,

as the temperature within the tumour will necessarily be

higher than this value. The resulting steady-state temperature

at the interface between the tumour and healthy tissue, Ts, is

given by Equation 5

Ts � Ta

PR2=k
¼ 1

	
� 1þ

ffiffiffi
	
p

	
3
2

� �
e�

ffiffi
	
p

sinh
ffiffiffi
	

p
; 	 ¼ !b�bcb

k=R2
ð5Þ

where Ta is the arterial temperature of the blood perfusing

through the tissue, k is the tissue thermal conductivity, !b is

the blood perfusion rate through the tissue, �b is the blood

density, and cb is the specific heat capacity of blood. Equation

5 can be combined with Equation 3 to estimate the iron oxide

concentration wiron oxide needed to achieve a desired interface

temperature for a tumour of a given radius when the par-

ticles have a given SAR. Figure 1 illustrates this calculation

for an interface temperature of 45 �C and a range of

SAR values. Other parameters are �b ¼ 1, 000 kg m�3,

!b ¼ 0:0005 s�3, cb ¼ 4, 200 J kg�1 �C�1, Ta ¼ 37 �C, and

k ¼ 0:5 W m�1 �C�1 [44]. Clearly as the tumour becomes

smaller the concentration of particles needed to raise the

temperature to the hyperthermia range rises rapidly. As an

illustrative example, for particles with SAR of the order of

1,000 W/g (representative of the best SAR values currently

reported) and a tumour diameter of 5 mm a concentration of

approximately 650 mg/cm3 would be required.

One can consider two general approaches to deliver MNPs

to cancer tissues: (1) direct local delivery, and (2) systemic

delivery. The first is perhaps the most straightforward, and

therefore is the approach used in most in vivo MFH studies

[45,46] and in recent clinical trials treating glioblastoma,

prostate and pancreatic cancer [47–50]. Direct local delivery

of the MNPs is possible when the location and extent of a

tumour is known and is easily accessible for delivery,

typically through an injection. This is obviously the case in

animal models with subcutaneous tumours [51], but it is

Figure 1. Estimated iron oxide concentrations required to eradicate
a spherical tumour as a function of tumour radius. It is assumed
that magnetic nanoparticles are uniformly distributed throughout the
tumour volume. MFH calculations assume a temperature of 45 �C at
the interface between tumour and healthy tissue. MagMED calculations
assume a thermal dose of 18mJ/cell required, over 2 h of AMF
application, and a cell density of 2� 108 cells/cm3.
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hardly the case in some forms of cancer, especially when the

disease has advanced to the metastatic state. These potential

clinical limitations of direct local delivery motivate the

interest in systemic delivery. Systemic delivery consists of

designing MNPs that can be injected into the blood stream

and once there circulate long enough to deposit in highly

vascularised cancer tissue. Alternatively, nanoparticles could

be injected into arteries supplying blood to a targeted organ,

enhancing particle deposition locally [52]. For this approach

to be successful the MNPs must be designed to be large

enough to avoid renal clearance (45.5 nm [53]), small enough

to avoid the reticuloendothelial system (5200 nm [26]) and to

permeate the so-called ‘leaky vasculature’ of a cancer tumour

(through the so-called ‘enhanced permeation and retention’

(EPR) effect [54–61]). Furthermore, the particles should have

adequate surface chemistry to avoid adsorption of plasma

proteins that can affect the in vivo transport and fate of

the nanoparticles. Because the hydrodynamic size of the

nanoparticles is so important to ensure long blood circulation

time and transport through the tumour vasculature, it is

imperative to develop MNP platforms that resist aggregation

in the complex biological milieu, characterised by high ionic

strength, presence of species with high affinity for the iron

oxide surface, and large concentrations of biomacromolecules

such as proteins. This fact has motivated research on routes to

modify the MNP surface that leads to colloidal stability under

conditions mimicking the biological environment [62,63].

Finally, the use of so-called active targeting agents, such as

biomolecules (e.g. folic acid [64–69]), antibodies [70–72],

antibody fragments [73,74], receptor ligands [75,76], and

more recently aptamers [77–80], could prove beneficial

to enhance deposition of MNPs in the intended tissue by

promoting uptake of the particles by targeted cells, thereby

maintaining a concentration gradient between the particles

in the blood stream and particles in the extracellular space of

the tumour. Additionally, besides the possibility of greater

MNP deposition in cancer tissues, active targeting could lead

to control over the intracellular localisation of MNPs, which

could prove advantageous in enhancing the therapeutic effects

of thermal energy delivered by the MNPs. This is discussed

further below.

The concepts of local and systemic delivery, passive

targeting through the EPR, and active targeting using surface

bound ligands have been proposed and discussed since

the inception of the field of MFH, although thus far there

has been very limited success, particularly with respect to

systemic passive (i.e. solely through the EPR) and active

delivery (i.e. using active targeting agents). As noted above,

many of the in vivo studies of MFH relied on direct local

delivery of the nanoparticles [46,50], often to subcutaneous

tumour xenografts [51]. Systemic delivery of MNPs to cancer

tumours and tissue has been studied in the context of using

MNPs as negative MRI contrast agents [4,81]; however, the

amount of particles that need to be deposited for that

application is much lower than that needed to achieve

hyperthermia. There have also been reports of systemically

delivered antibody-targeted magnetic iron oxide nanoparticles

for MRI contrast imaging of different kinds of cancers

[82–84]. Unfortunately, although these studies are important,

they provide limited insight into designing MNPs for systemic

delivery and use in MFH. Thus, the state of the field is that,

although there have been studies of the in vivo efficacy of

MFH using systemic delivery [85], substantial additional

work is needed to fully understand the phenomena governing

MNP transport and deposition in tumours (particularly small

metastatic masses), so that we can design future generations

of MNPs that can be delivered at high enough concentrations

to achieve hyperthermia in the cancer tissue.

Local thermal effects due to energy-dissipating
MNPs could circumvent some of the challenges
of MFH

The application of MNPs for hyperthermia is often predicated

on the potential advantages of nanoscale energy delivery,

whether to achieve greater control over temperature distribu-

tion in a tumour, or due to the hope that thermal energy

delivered by internalised nanoparticles could be more effect-

ive at destroying cancer cells. For example, Gordon et al. [86]

suggested that internalised MNPs could be more effective

at killing cancer cells because the cell membrane would act

as an insulator enhancing the hyperthermic effect. With

the advent of nanotechnology and the possibility of targeting

MNPs to specific structures within the cell, the idea of

selective destruction of these intracellular targets has become

more attractive. In fact, if local heating effects could be

realised one could think of killing cancer cells without the

need for a macroscopic temperature increase. Because this

would no longer require the elevation of tissue temperature to

the hyperthermia range the term magnetic fluid hyperthermia

would no longer be applicable. Here we introduce the

term ‘magnetically mediated energy delivery’ (MagMED) to

denote situations wherein magnetic field energy is locally

transformed into other forms (e.g. heat or rotational/transla-

tional work) in order to control the fate of cells or intracellular

components, without the need to achieve a macroscopic tissue

temperature rise. (The term ‘magnetically mediated energy

delivery’ arose from conversations between Carlos Rinaldi,

University of Florida, and O. Thompson Mefford, Clemson

University.)

Although promising, the idea that local heating effects due

to MNPs in alternating magnetic fields can be exploited to kill

cancer cells is not without controversy. For example, theor-

etical analysis by Rabin [87] indicates that nanoscale heating

should have negligible effect on cells, as the rate of energy

removal due to conduction to the surroundings far exceeds the

rate of energy dissipation possible with MNPs. As such,

the temperature on the surface of a MNP is expected to be

negligibly higher than the temperature of the surrounding

bulk fluid. Similarly, according to Rabin [87], the temperature

of a cell full of MNPs would be practically the same as that of

the surrounding tissue. Finally, Rabin’s calculations [87]

suggest that tumours have to be at least 1.1 mm in diameter

in order to achieve temperatures in the hyperthermia range,

posing major limitations for using MFH to eradicate small

tumours and metastatic cells. Later Keblinsky et al. [88] made

similar theoretical calculations, reaching similar conclusions.

The theoretical arguments of Rabin [87] and Keblinsky

et al. [88] stand in stark contrast with a growing body of

experimental evidence in support of the existence and
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biological relevance of local thermal effects in the vicinity

of MNPs that are dissipating heat due to the action of an

alternating magnetic field. For example, Huang et al. [89]

used targeted MNPs in combination with an alternating

magnetic field to thermally activate calcium channels without

evidence of a rise in tissue temperature. Perhaps more

importantly, in their study Huang et al. [89] monitored the

surface and bulk environment through thermally responsive

fluorophores, one grafted to the nanoparticle surface and

another free in solution. They observed that immediately

upon application of the AMF the particle-bound fluorophore

reported a change in fluorescence intensity, which they

interpreted to correspond to a rise (as great as 20 �C) in

nanoparticle surface temperature. This happened even though

the fluorophore that was free in solution did not report a

change in temperature of the bulk fluid. Similar observations

were made by Polo-Corrales and Rinaldi [90], who used iron

oxide nanoparticles coated with the fluorescent thermore-

sponsive polymer consisting of poly(n-isopropylacrylamide)

co-polymerised with a fluorescent benzofurazan monomer.

Under external heating the fluorescence of the polymerbound

particles was constant up to the lower critical solution

temperature (LCST) of approximately 35 �C, as the intensity

of the fluorescence of the benzofurazan dye rapidly increased

with decreasing solvent polarity (i.e. as its environment

shifted from hydrophillic to hydrophobic) [91]. On the other

hand, when heating was achieved through application of an

alternating magnetic field and energy dissipation from within

the MNPs, the fluorescence intensity was observed to increase

immediately upon application of the AMF, even though the

bulk temperature was about 12 �C below the LCST. Polo-

Corrales and Rinaldi [90] interpreted this as evidence of

substantial surface heating of the MNPs upon application of

an AMF.

Indirect evidence of the practical relevance of local

thermal effects in the vicinity of MNPs in alternating

magnetic fields can be found in the work of Amstad et al.

[92], who studied triggered release of cargo from magneto-

liposomes wherein the MNPs were engineered to adhere to

the lipid bilayer. AMF treatment of the magnetoliposomes

resulted in increased permeability even though the bath

temperature had not reached the melting temperature of the

liposomes. Because the MNPs were directly associated

with the liposome’s lipid bilayer this observation suggests

that local heating effects due to energy dissipating MNPs can

affect (and perhaps damage) structures such as lipid bilayers.

Rodriguez-Luccioni et al. [93] approached the topic of

local thermal effects due to energy dissipation by MNPs

differently, by comparing cell viability after hyperthermia

mediated through nanoparticles or through the use of a hot

water bath. Comparisons were made between cell cultures

subjected to similar time–temperature profiles, such that the

thermal dose and cumulative equivalent minutes [94] were

the same. While no differences in cell viability were

observed between hot water bath hyperthermia (HWH) with

and without nanoparticles, comparison of HWH and MFH

showed that MFH resulted in a greater decrease in cell

viability and activation of apoptotic pathways. Along these

lines, Lee et al. [95] observed that MFH increased the

effectiveness of cisplatin treatment, even at cisplatin

concentrations a magnitude below the half maximal inhibitory

concentration (IC50). They observed that MFH was signifi-

cantly more effective than HWH in enhancing the effective-

ness of cisplatin, regardless of the order in which thermal

treatment and cisplatin treatment were applied. Berrios-

Alvarez et al. [96] explored membrane permeabilisation as a

potential mechanism for the enhanced activity of cisplatin

in combination with MFH or HWH. Cisplatin is actively

transported into the cell through the cell copper transporter

(CTR1) and therefore can be hindered by using extracellular

copper. The experiments of Berrios-Alvarez et al. [96]

demonstrated that both forms of hyperthermia resulted in

increased uptake of cisplatin; however, this effect was greater

for MFH treatment. Furthermore, they found that MFH

resulted in a significant increase in membrane fluidity and

permeability, an effect not observed with HWH. These

findings seem to agree with the arguments of Lepock [97],

who hypothesised that hyperthermia could cause irreversible

lipid and protein denaturation and result in increased mem-

brane fluidity and permeability.

Although the above studies hint at the possibility of using

local thermal effects due to MNPs in alternating magnetic

fields, it is not clear if these effects can be harnessed to

destroy cancer cells without the need for a macroscopic tissue

temperature rise to the hyperthermia range. Creixell et al. [75]

addressed this possibility using MNPs, as they hypothesised

that active targeting would be crucial to achieve the close

contact required for local thermal effects to seriously damage

cellular structures. To this end they conjugated the peptide

epidermal growth factor (EGF) to carboxymethyl-dextran-

coated MNPs, obtaining particles that selectively target the

epidermal growth factor receptor (EGFR). Their experiments

demonstrated greater uptake of EGF-conjugated MNPs over

non-conjugated MNPs in breast cancer cells that over-express

the EGFR, whereas there was no difference between targeted

and non-targeted nanoparticle uptake in cells that did not

over-express the EGFR. More importantly, Creixell et al. [75]

demonstrated that significant (up to 99.9%) reductions in cell

viability were possible using only the MNPs taken up by the

cells and without the need for a macroscopic temperature

rise (that is, the temperature of their cell cultures remained

at 37 �C throughout their experiments). This reduction in

cell viability was not observed with non-targeted MNPs or

in cells that did not over-express the EGFR. Furthermore, the

observed reduction in cell viability was shown to vary with

the amplitude of the applied AMF, and hence was dependent

on the rate of energy dissipation by the nanoparticles.

Although these results are promising, Creixell et al. [75]

were unable to provide a mechanistic explanation to their

observations. They did, however, note that according to

confocal microscopy EGF-MNP conjugates localised to the

cell membrane and lysosomes, suggesting that damage to

these cell structures could be responsible for the observed

reductions in cell viability. This potential mechanism was

further investigated by Domenech et al. [98], who demon-

strated that EGFR-targeted MNPs accumulate in the lyso-

somes of cells that over-express the EGFR and lead to

disruption of these intracellular structures upon application

of an AMF. In cancer cells they also observed that disruption

of lysosomes by internalised EGFR-targeted MNPs upon
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application of an AMF resulted in a significant reduction

in cell viability and an increase in reactive oxygen species

generation, even though the sample temperature remained at

37 �C throughout the experiment.

The observations of Creixell et al. [75] and Domenech et al.

[98] are significant because they suggest that MNPs can be

engineered to achieve significant reductions in cancer cell

viability without the need for a macroscopic tissue temperature

rise to the hyperthermia range and using only the particles that

are internalised into the cells. This is an example of MagMED.

In this case it is no longer necessary to achieve concentrations

as high as in MFH, and in fact it would be expected that the

concentration required would be independent of the size of the

cancer mass being treated. We illustrate this possibility in

Figure 1 where we have estimated the concentration of particles

needed to destroy cancer cells on the basis of the thermal doses

used by Creixell et al. [75] and representative SAR values.

These estimates indicate that MagMED using EGF-conjugated

MNPs that target the EGFR could be more effective than MFH

at treating small cancer tumours. Clearly, the results of Creixell

et al. [75] and Domenech et al. [98] are most promising for the

treatment of small tumours, such as in early stage and

metastatic disease.

The above discussion illustrates that there is a growing body

of experimental evidence supporting the existence of local

heating effects in the vicinity of MNPs in alternating magnetic

fields, and that these local heating effects can be biologically

relevant. These observations appear to contradict theoretical

calculations and further work is needed to reconcile theory

with experimental evidence. However, if we accept the

existence of such nanoscale thermal effects and consider that

MNPs can be engineered to target specific cellular structures, it

becomes evident that there is a need to understand the

biological mechanisms by which MagMED using MNPs can

lead to cell death. Unfortunately there is a dearth of studies on

the mechanisms by which thermal energy delivered by MNPs

leads to cell death. Most past studies have focused solely on

quantifying reductions in cell viability in vitro, using metabolic

assays or clonogenic survival, without investigating the

mechanisms involved. It is suggested that future studies

investigate biological responses within the cell by taking

advantage of the wide variety of cell death assays used in drug

discovery [99].

Concluding remarks

The application of thermal energy delivered by magnetic

particulates has been under development for almost six decades

and yet the field is far from achieving its full clinical potential.

An important first milestone was reached with the clinical

approval of MFH for glioblastoma multiforme in Europe. In the

past two decades attention has focused on using MNPs to raise

the temperature of tumour tissue to the hyperthermia range, in

what is commonly referred to as magnetic fluid hyperthermia.

Recent research has focused on optimising the energy dissipa-

tion properties of a variety of compositions and morphologies

of MNPs, with current specific absorption rates in the order of

2 kW/g for biocompatible iron oxide-based nanoparticles.

Progress in this area is also beginning to suggest that it is

unlikely that order of magnitude improvements in SAR will be

possible. As such, the research community needs to shift its

attention to address the remaining challenges to the clinical

application of MFH, namely (1) quantifying the maximum

allowable magnetic field conditions for MFH, and (2) engin-

eering MNPs to achieve substantial accumulation in cancer

tumours after systemic delivery. Unfortunately, heat transfer

arguments suggest that MFH will be intrinsically ineffective in

treating small tumours in early stage and metastatic disease if a

macroscopic temperature rise to the hyperthermia range is the

only mechanism by which energy dissipation by MNPs

in alternating magnetic fields leads to cancer cells. However,

a growing body of experimental evidence supports the notion

that MNPs can be engineered to cause local thermal effects

in their vicinity, which can lead to disruption of cellular

structures and cell death without the need for a macroscopic

temperature rise. Additional work is needed to elucidate

the mechanisms by which this form of MagMED can be

exploited to treat cancer, among a variety of other potential

applications.
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