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Abstract

Magnetic nanoparticles can be made to dissipate heat to their immediate surroundings in response 

to an applied alternating magnetic field. This property, combined with the biocompatibility of iron 

oxide nanoparticles and the ability of magnetic fields to penetrate deep in the body, makes 

magnetic nanoparticles attractive in a range of biomedical applications where thermal energy is 

used either directly to achieve a therapeutic effect or indirectly to actuate the release of a 

therapeutic agent. Although the concept of bulk heating of fluids and tissues using energy 

dissipated by magnetic nanoparticles has been well accepted and applied for several decades, 

many new and exciting biomedical applications of magnetic nanoparticles take advantage of heat 

effects that are confined to the immediate nanoscale vicinity of the nanoparticles. Until recently 

the existence of these nanoscale thermal phenomena had remained controversial. In this short 

review we summarize some of the recent developments in this field and emerging applications for 

nanoscale thermal phenomena in the vicinity of magnetic nanoparticles in alternating magnetic 

fields.

TOC Image

Magnetic nanoparticles (MNPs) respond to applied alternating magnetic fields (AMFs) by 
dissipating heat. Recent experimental evidence demonstrates that nanoscale thermal phenomena 

in the vicinity of MNPs can be harnessed to kill cancer cells and to trigger release of a drug cargo.
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1. Introduction

There has been a growing interest in the use of magnetic nanoparticles (MNPs) due to the 

capability for the particles to dissipate heat in response to applied alternating magnetic fields 

(AMFs) of appropriate amplitude and frequency. Early theory suggests that heating results 

through magnetic relaxation losses.[1] MNPs have two mechanisms of magnetic relaxation: a 

Brownian mechanism in which the magnetic moment is locked to the crystal axis and the 

particle rotates to align with the instantaneous field, and a Néel mechanism in which the 

magnetic moment rotates within the crystal.[1] When time-varying magnetic fields are 

applied to single-domain MNPs, whether they relax by the Brownian and/or the Neel 

mechanism, magnetic work is converted to internal energy that is dissipated to the 

surroundings.[1] The energy dissipated by these single-domain MNPs corresponds to the 

area of the hysteresis loop.[1–2] The hysteresis loop can be described using the Linear 

Response theory, which uses the Neel-Brownian relaxation time, or Stoner-Wohlfarth model 

based theory (SWMBTs),[2] According to these theories and extensive experimentation, the 

heat dissipated by MNPs is highly dependent on their size and composition, as well as the 

temperature and frequency of the applied magnetic field. The ability of MNPs to dissipate 

heat in response to an applied magnetic field has become very useful for various 

applications, including cancer treatment[3], magnetically triggered drug delivery[4], and 

other applications outside of biomedicine, such as in driving chemical reactions[5] and repair 

of nanocomposites.[5b, 6]
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2. Hyperthermia – The Current Paradigm in Thermal Cancer Therapy Using 

Magnetic Nanoparticles

The use of magnetic implants and seeds to deliver heat to cancer tumors has been an active 

area of research for several decades.[7] Since the 1990’s, attention has shifted to the use of 

magnetic nanoparticles, because of their potential to accumulate preferentially in tumors 

after systemic delivery.[8] The paradigm behind these approaches has been the idea that 

cancer cells are more susceptible to elevated tissue temperatures than normal cells. This is 

the cornerstone of the application of hyperthermia in oncology, where the goal is to raise the 

temperature of cancer tissues to the range of 43–47°C, while sparing surrounding healthy 

tissue (i.e., locoregional hyperthermia).[9]

There are several potential approaches to achieve controlled locoregional hyperthermia, 

including high intensity focused ultrasound[10], photothermal therapy using gold 

nanoparticles and shells[11], radiofrequency ablation using carbon nanotubes[12], and, as 

mentioned above, energy dissipated by magnetic nanoparticles in what is commonly called 

magnetic fluid hyperthermia (MFH)[8a] (see Figure 1). These approaches have their relative 

advantages and disadvantages. Here we focus on the use of magnetic nanoparticles because 

of their intrinsic biocompatibility and the ease with which magnetic fields can penetrate 

deep into tissue to actuate energy release even in deep-seated tumors.

MFH has shown success in vitro, in vivo, in pre-clinical studies, and in clinical trials. The 

first study in vitro was that reported by Jordan et al. (1996), who demonstrated that MFH 

was able to inactivate malignant cells to at least the same extent as water bath 

hyperthermia.[8a] Contemporaneously, Shinkai et al. (1996) demonstrated cell death after a 

high frequency AMF was applied to magnetic cationic liposomes.[13] It was later 

demonstrated by Rinaldi, Torres-Lugo and their collaborators that MFH is superior to water 

bath hyperthermia both alone and in combination with drug.[14] One possible mechanism for 

this enhanced effect is the observation that MFH causes additional stress on the cellular 

membrane,[15] which can cause direct damage and simultaneously enhance cytotoxicity of 

drugs even in resistant cells.

One of the first successes of MFH in vivo was reported by Jordan et al. (1997), who showed 

that after MFH some tumors had no regrowth or a smaller tumor volume 50 days after 

treatment.[8b] Later, Yanase et al. (1998) showed similar results using magnetic cationic 

liposomes, observing regression of most tumors.[16] In another contribution, Yanase et al. 

(1998) observed evidence of an antitumor immune response when tumors were treated with 

hyperthermia.[17] Subcutaneous tumors grown on both femurs of a rat disappeared 

completely after only a single side was treated.[17] Furthermore, treated rats that were 

rechallenged with cancer cells 3 months later had slow tumor growth, and eventually the 

tumors disappeared without any further treatment.[17] A similar recent study by Toraya-

Brown et al. (2014) considered different tumor models but observed similar results, 

concluding that MFH induces an immune effect to contralateral tumors.[18]

MFH is currently approved for use in Europe to treat glioblastoma multiforme by injecting 

non-targeted MNPs directly into brain tumors followed by the application of AMFs 
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combined with radiotherapy.[19] Clinical studies demonstrated an increase in survival time 

from 15 months to 23 months,[20] which was attributed to achievement of hyperthermia 

temperature in the tumors due to the heat dissipated by the MNPs. MagForce, a company 

established after successes were shown in vivo for the treatment of Glioblastoma 

multiforme, is continuing clinical trials in treatment of prostate cancer[21], esophageal 

cancer, pancreatic cancer, and others[22].

Currently, MNPs are not only being used for MFH for direct treatment of cancer, but are 

also of interest for magnetically-triggered drug delivery. Ruiz-Hernandez et al. (2011) 

created mesoporous silica nanoparticles wherein the silica network was loaded with iron 

oxide and a single-stranded DNA was attached onto the surface.[23] The particles were 

loaded with fluorescein before capping and the complementary DNA strand was attached 

separately to other iron oxide particles and used to cap the pores of the silica 

nanoparticles.[23] Placing the particles in an incubator shaker or applying a magnetic field to 

hyperthermia level showed the same level of fluorescein release.[23] The authors showed on-

off release of fluorescein due to the reversibility of the DNA linkage.[23] Baeza et al. (2012) 

prepared mesoporous silica nanoparticles with iron oxide decorated with a thermoresponsive 

copolymer.[24] The copolymer acted as a gatekeeper keeping drugs trapped in the silica 

matrix and retaining other compounds through electrostatic interactions or hydrogen 

bonds.[24] They used fluorescein as a model drug, and soybean trypsin inhibitor type II-S as 

the compound attached to the copolymer.[24] The authors demonstrated that at a temperature 

above 35°C there was similar release by the use of AMF or regular hot plate of the protein. 

However, they did see a slight increase of fluorescein release, which they attributed to the 

increase in pore size due to rapid rotation of the nanoparticles.[24] Guo et al. (2014) made 

particles consisting of iron oxide cores and a mesoporous silica shell, loaded with 

Doxorubicin hydrochloride (DOX).[25] They showed controlled release of DOX only by 

reaching hyperthermia temperature under AMF, and compared free DOX to their 

nanocarriers and saw enhanced cytotoxicity.[25]

Despite these promising successes of MFH in vitro, in vivo, and in the clinic, there are still 

several challenges to be overcome in order to achieve the full potential of thermal cancer 

therapy using magnetic nanoparticles. The main reason for success thus far is the 

achievement of hyperthermia. The question becomes: Is thermal therapy using magnetic 

nanoparticles limited to the hyperthermia paradigm? There has been theoretical controversy 

and experimental support for nanoscale thermal phenomena on the surface of magnetic 

nanoparticles, both of which are summarized below.

3. Theoretical Arguments Against Nanoscale Thermal Phenomena

Rabin (2002) used theoretical arguments based on the macroscopic theory of heat transfer to 

test whether intracellular hyperthermia via magnetic heating in a single cell is possible.[26] 

There are various assumptions associated with this theoretical analysis, the main 

assumptions being that the thermophysical properties of water were taken as representative 

values for biological solutions, nanoparticles were treated as perfect conductors, and the 

classical Fourier law for heat transfer was used.[26] Rabin (2002) considered nano, micro, 

and macro-scale heat transfer assuming nanoparticles are perfect conductors for the nano-
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scale heat transfer analysis.[26] The most relevant result to the present discussion is Rabin’s 

predictions that for a particle diameter of 100 nm, the temperature difference between the 

bulk fluid and nanoparticle surface at steady state will not be greater than 10−5 °C, implying 

nanoscale thermal phenomena should be negligible.[26] Note that because the theoretical 

temperature difference is proportional to the size of the particles, it would be even smaller 

for smaller diameter nanoparticles. Rabin further concludes that a cell that is densely packed 

with nanoparticles will have a surface temperature that is only approximately 0.1°C higher 

than their surroundings.[26] Thus, Rabin concludes that hyperthermia levels cannot be 

reached by intracellular heating alone.[26] Finally, Rabin considered the smallest tumor 

diameter that could be effectively treated by MFH at a tumor surface temperature of 

43°C.[26] Assuming a spherical tumor and MNPs to be uniformly distributed, a minimal 

diameter of 0.9 mm occupied by the nanoparticles is required, and in order to ensure a 

temperature rise of 6°C at the edge of the region occupied by the MNPs, the minimal 

diameter of the tumor needs to be 1.1 mm assuming no convective cooling due to blood 

perfusion.[26]

Later, Keblinski (2006) concluded that the immediate, nanoscale environment surrounding 

nanoparticles will not experience a temperature rise to hyperthermia levels.[27] According to 

Keblinski, steady state is achieved within 100 ns with a 100 nm particle and the temperature 

rise at the surface due to relaxation losses will only be 0.1 mK, whereas the temperature rise 

due to eddy current heating will be even less.[27] As with the theory due to Rabin, the 

temperature difference would be even smaller for smaller diameter nanoparticles. Thus, in 

dilute solutions it should be nearly impossible for the nanoparticle surface temperature to be 

higher than the bulk temperature of the surrounding medium.[27]

More recently, Kozissnik et al. (2013) reported predictions from a simplified steady state 

heat conduction analysis, similar to that Rabin and Keblinski but including the effects of 

tissue blood perfusion by solving Penne’s bioheat equation for a solid spherical tumor, and 

considering the currently-reported ranges for MNP energy dissipation, parameterized 

through the specific absorption rate (SAR).[3c] The calculations corresponding to MFH in 

Figure 2 were generated using the analysis reported in Kozissnik et al. (2013) and illustrates 

the estimated iron oxide concentration required to achieve a hyperthermia temperature of 

45 °C at the interface between tumor and healthy tissue, as a function of tumor volume, for 

spherical tumors. In Figure 2 we consider typical ranges for tumor volumes used in rodent 

models (100–800 mm3). Furthermore, we identify a plausible feasible range of MNP 

accumulation of MNPs in tumors after systemic delivery, based on recent reports of MNP 

accumulation with and without magnetic targeting that observed MNP concentrations in 

tumor tissue of up to ~100–150 μgFe/g in the absence of magnetic targeting (green shaded 

region in Figure 2) and up to ~400–450 μgFe/g with magnetic targeting (blue shaded region 

in Figure 2).[28] This simple analysis seems to indicate that achieving hyperthermia 

temperatures through MFH using systemically-delivered MNPs may be impossible with the 

currently reported ranges of SAR and for the tumor volumes typically used in rodent 

models, even with these arguably optimistic assumptions. Perhaps this is one reason why 

most in vivo demonstrations of MFH are done using intratumorally-injected MNPs, as this 

mode of delivery can achieve the required nanoparticle concentrations at the tumor site. 

However, intratumoral delivery is not practical for many important classes of cancer and 
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would not be feasible for metastatic disease. Figure 2 also includes calculated required 

concentrations for treatment using intracellular energy delivery, which will be discussed 

below.

In summary, the theories and analyses discussed above cast doubt on the feasibility of MFH 

for small tumors and suggest that it may be impossible to raise the temperature of single 

nanoparticles, cells, or small tumors significantly above the bulk temperature of their 

surroundings. However, as we will summarize below, recent experimental studies performed 

by different groups have provided direct and indirect evidence of nanoscale thermal 

phenomena that directly contradict these theoretical predictions.

4. Direct Experimental Evidence of Nanoscale Thermal Phenomena

The first experimental study to purposefully attempt to address this question, that we are 

aware of, is that of Gupta et al. (2010), who used fluorescent Quantum Dots as so-called 

nanoscale thermometers to sense the temperature in the immediate environment of gold and 

magnetic nanoparticles.[29] The thermosensitive QDs were either mixed with or covalently 

tethered to the Au/MNPs.[29] They concluded that the difference between the temperature in 

the nanoscale vicinity of the nanoparticles and the bulk temperature was negligible.[29] 

However, this study lacked thorough characterization of the nanoparticles used, for example, 

of the intrinsic rate of energy dissipation of the nanoparticles.

Although Gupta et al. (2010)[29] did not observe evidence of nano-scale energy delivery, 

there is mounting experimental evidence, acquired by several independent labs around the 

world using a wide range of complementary techniques, that supports the notion that heat 

released by magnetic nanoparticles in an alternating magnetic field causes nanoscale thermal 

phenomena in the immediate vicinity of the nanoparticles and without the need of a 

macroscopic, or bulk, temperature rise.

Huang et al. (2010) performed a similar study to Gupta et al., but conjugating a fluorescent 

dye, DyLight549, to the particles while also placing free yellow fluorescent protein, YFP, in 

solution.[30] They showed that the intensity of Dylight549 decreased while the fluorescence 

intensity of the free dye did not change as AMFs were applied, clearly suggesting substantial 

heating limited to the nanoscale vicinity of the particles.[30] Using the correlation between 

dye fluorescence and temperature, Huang et al. (2010) estimated the MNP surface 

temperature. Figure 3, from Huang et al. (2010), suggests a temperature rise of 

approximately 5 °C within only 45 s of application of an AMF. They also targeted the 

nanoparticles to the temperature-sensitive cell surface protein TRPV1, responsible for influx 

of calcium ions, and saw an influx of calcium ions upon application of AMFs, which they 

reasoned meant that MNPs were able to increase the local temperature to 42°C, activating 

TPRV1.[30]

In another study, Polo-Corrales and Rinaldi (2012) used a thermoresponsive polymer 

conjugated to a fluorescent dye as a means to monitor the surface environment of the 

particles.[31] With the combination of poly(N-isopropylacrylamide) (pNIPAM) and 

benzofurazan, the fluorescence intensity of the nanoparticles increased with decreasing 
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polarity of the pNIPAM as it was heated.[31] Thus, fluorescence intensity changes of the 

polymer could be used to track the temperature in the nanoscale vicinity of the MNPs.[31] 

With external heating, the medium had to reach a temperature of 35 °C before an increase in 

fluorescence intensity was observed, while an increase in fluorescence intensity was 

immediately observed upon applying an AMF, even though the bulk temperature was 20 °C, 

approximately 15 °C below the transition temperature (Figure 4).[31] These observations 

suggested that the temperature in the vicinity of the MNPs under AMFs can be much higher 

than that of the bulk.[31]

Riedinger et al. (2013) used thermally-labile linkers as probes of local temperature changes, 

with spatial resolution at subnanometer scale.[32] For this purpose, they used the thermally-

labile azo bond (2,2′-azobis[N-(2-carboxyethyl)-2-methylpropionamidine]) as a crosslinker 

between fluoresceineamine dye and MNPs, with distance between the azo bond and 

nanoparticle surface controlled using PEG spacers of different molecular weights.[32] 

Release of the fluorophore due to the breakage of the thermally-labile azo linker was 

monitored and enhanced release under an AMF as compared to release under external 

heating was interpreted as evidence of a local temperature rise.[32] This local temperature 

rise was found to scale linearly with increasing magnetic field amplitude and decreases 

exponentially with increasing molecular weight of the PEG spacer.[32] This study is relevant 

because it shows evidence of local heating phenomenon as a function of distance from the 

MNP surface (Figure 5).

Later, Dong et al. (2014) encapsulated MNPs with a crystalline optical nanothermometer 

consisting of NaYF4:Yb3+, Er3+ in silica nanoparticles in order to monitor the temperature 

inside MNP-loaded silica nanoparticles.[33] The temperature inside the silica nanoparticles 

was determined based on the temperature dependent intensity ratio of the two luminescence 

bands in the upconversion emission spectrum of the nanothermometer.[33] They observed a 

rise in internal temperature of the silica nanoparticles above that of the bulk solution over 

time scales of minutes, reaching saturation 2–3 minutes after turning on the AMF.[33]

More recently, Piñol et al. (2015) co-encapsulated MNPs and a Eu/Tb complex inside 

polymer shells to monitor the temperature inside the nanoparticles.[34] The absolute local 

temperature close to the MNPs was inferred through the changes in fluorescence from the 

ratiometric thermometric dyes.[34] Transient changes in temperature were correlated with 

application of an AMF, demonstrating a direct correlation between application of the AMF 

and substantial heating inside the nanoparticles, above the bulk temperature of their 

environment.[34]

The aforementioned papers are only a few of the studies that suggest nanoscale thermal 

phenomena in the vicinity of MNPs, in stark contradiction of the theoretical models of 

Rabin[26] and Keblinski[27]. Although initial experiments failed to observe nanoscale 

thermal phenomena suggested by theory, a suite of complementary techniques developed 

since all agree that there is a significant nanoscale thermal phenomena on the surface of the 

MNPs in AMFs; in other words, it certainly appears that nanoscale heating in the vicinity of 

MNPs in AMFs is real.
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5. Can nanoscale thermal phenomena in the vicinity of magnetic 

nanoparticles be harnessed for biomedical application?

Having established that there is real experimental evidence of nano-scale thermal 

phenomena, it is natural to wonder if such effects lead to biologically relevant responses. If 

so, does it enhance traditional hyperthermia and the ability to kill cells without a 

macroscopic temperature rise? Such observations could also be construed as indirect 

evidence of nano-scale thermal phenomena.

There have been many works that show that heating using MNPs is superior over regular 

hyperthermia in terms of killing cancer cells. Rodriguez-Luccioni et al. (2011) showed in 
vitro that heating with MNPs resulted in greater decrease in cell viability over hot water 

hyperthermia under similar time-temperature conditions.[35] Lee et al. (2011) showed that 

much lower doses of cisplatin are effective in combination with MFH, enhancing the 

anticancer activity of cisplatin more than hot water bath hyperthermia.[14a] Alvarez-Berrios 

et al. (2013) demonstrated that fluidization of the cell membrane occurs due to heating with 

MNPs, which enhances drug uptake[15] and that MFH has synergy with cisplatin even in 

resistant cell lines.[14b]

Besides showing that there is an enhanced effect due to hyperthermia using MNPs, other 

work has shown that cell death can occur without a temperature rise. Villanueva at al. (2010) 

reported that viability of HeLa cells was reduced by manganese oxide perovskite 

nanoparticles, suggesting that cell death was triggered even though the temperature rise of 

the cell medium was less than 0.5°C.[36] According to Villanueva et al., cell death was due 

to an apoptotic mechanism because of extensive cellular damage done by the MNPs.[36] 

Although promising, assessment of effect of heating on cells was limited to observations of 

morphological changes in a single cancer cell line, with no comparisons to non-cancer cell 

lines. Also, the colloidal stability of the particles in media was not demonstrated, the extent 

of particle internalization in the cells was not quantified, and the actual degree of cell death 

achieved was not determined. Thus, it was not clear from this study if intracellular heating 

by MNPs can be made to be selective against cancer cells and can achieve clinically-relevant 

levels of cancer cell death.

Creixell et al. (2011), were the first to demonstrate that receptor targeted MNPs could 

significantly reduce viability of cancer cells, with selectivity toward cells that overexpress 

targeted receptors. For this purpose, Creixell et al. used colloidally stable, carboxymethyl-

dextran coated iron oxide MNPs conjugated to the peptide epidermal growth factor (EGF) to 

target the epidermal growth receptor (EGFR), which is overexpressed in many cancer cells. 

They used two different cell lines to compare results for two levels of EGFR expression,[37] 

and observed that targeted nanoparticles were localized on the cell membrane, the 

cytoplasm, and lysosomes after 1 hour incubation while they did not observe any specific 

localization of non-targeted nanoparticles.[37] Non-targeted MNPs internalized up to 2–5 pg/

cell whereas EGFR targeted MNPs internalized at different amounts depending on cell 

expression of EGFR and incubation time. After removing unbound MNPs, AMFs were 

applied for at different field strengths and cell death was assessed by clonogenic assay.[37] 

They reported a 99.9% reduction in cell clonogenic survival after application of an AMF, 
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even though there was no macroscopic temperature rise.[37] Also, they showed that reduction 

in clonogenic survival correlated with applied field strength/SAR of the MNPs (Figure 6) 

and cell type. Later, Domenech et al. (2013) studied the mechanism underlying the 

observations of Creixell et al. (2011) further demonstrating that EGFR targeted iron oxide 

MNPs selectively kill EGFR-overexpressing cancer cells in AMFs without a perceptible 

temperature rise.[37–38] Domenech et al. (2013) compared effects on a non-cancerous breast 

cell line to a breast cancer cell line, demonstrating minimal cell death in the normal tissue 

line compared to a 5 fold change in viability in the cancer cells.[38] Further, they 

demonstrated that cell death occurred due to lysosomal membrane permeabilization, which 

correlated with an increase in Cathepsin B levels in the cytoplasma and the release of 

Reactive Oxygen Species (ROS) only in cancer cells treated with targeted particles and 

AMF[38]. Of note, in their study, Domenech et al. did not observe evidence of increased 

ROS in cells exposed to MNPs alone, or cells exposed to non-targeted MNPs and AMFs, 

thus, the observed increase in ROS for cancer cells treated with targeted nanoparticles can be 

construed to result from lysosomal damage. This in turn suggests that one of the underlying 

mechanisms is magnetically-mediated activation of lysosomal death pathways,[39] illustrated 

in Figure 7. This is a noteworthy result, as lysosomal death pathways are currently believed 

to be upregulated in many cancer cells and activating them may prove to be a viable 

approach to cancer treatment, especially in cancers resistant to other therapies.[40] Figure 2 

illustrates the expected nanoparticle concentrations needed to treat tumors using 

magnetically-mediated activation of lysosomal pathways as a function of the volume of the 

tumor and for typically reported values of the SAR (dashed lines, MagMED). For 

hyperthermia, the parameter used to compare cell damage is cumulative equivalent minutes 

(CEM)[41], but for nanoscale hyperthermia effect, where temperature is not measurable, total 

heat dose (THD) is used as reported by DeNardo et al. (2007)[42] and used by Creixell et al. 

(2011)[37]. Total heat dose is in joules per cell is calculated using the SAR of the internalized 

nanoparticles, times the mass of nanoparticles per cell (mcells) times the duration of 

treatment (t): THD = (mcells)(SAR)(t). Creixell et al. (2011) determined that THD = 18 μJ/

cell was required for 99% cell death[37]. Figure 2 is based on the value of 18 μJ/cell and a 

cell density of 5×107 cells/cm3 of cancer tissue.[43] Figure 2 is suggestive that cancer 

treatment by magnetically-mediated activation of lysosomal death pathways may be feasible 

in vivo for typical tumor volumes used in rodent models.

Other groups have recently reported additional studies that support the broad potential of 

targeted nanoscale energy delivery for the treatment of cancer. Sanchez et al. (2014)[44] 

reproduced the work of Creixell et al. (2011) and Domenech et al. (2013) using different cell 

lines and different cell surface targets and also found evidence of substantial reduction in 

viability of cells treated with targeted nanoparticles and of involvement of lysosomal death 

pathways. Connord et al. (2015) reported real-time observations of the behavior of cells after 

particle internalization and during application of AMFs using a novel AMF actuator 

compatible with optical microscopy.[45] They saw evidence of lysosome permeabilization 

and increased ROS production in cells with internalized nanoparticles in the AMF in a span 

of minutes, even though there was no change in the bulk temperature. Their observations led 

them to conclude that cell death occurred at the single-cell level even without a global 

temperature rise.
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Stanley et al. (2012) and Chen et al. (2015) followed up on the work of Huang et al. (2010), 

by targeting the cellular TRPV1 receptor. Stanley et al. (2012), used iron oxide NPs targeted 

to the temperature sensitive channel, TRPV1, to show actuation of TRPV1 gates allowing 

calcium to enter the cytoplasm, stimulating synthesis and release of insulin.[46] Chen et al. 

(2015) targeted the TRPV1 receptor to see if they could activate a subpopulation of neurons 

in the brain.[47] They targeted the ventral tegmental area (VTA) first which had low 

endogenous expression of TRPV1 and saw no activity in the region when injected with 

MNPs and exposed to AMFs. On the other hand, when the VTA was sensitized by lentiviral 

delivery of TRPV1, they saw an increase in activity when the region was injected with 

MNPs and exposed to AMFs.

Beyond directly triggering biological responses, nanoscale heating by MNPs in AMFs has 

been applied for magnetically triggered drug release, providing further indirect evidence of 

nanoscale thermal phenomena. Thomas et al. (2010) prepared silica nanoparticles containing 

zinc iron oxide nanocrystals within the silica network.[48] Rhodamine B was loaded into the 

nanoparticles and capped with a nanovalve that remains closed at room temperature and 

opens only due to heating.[48] During release experiments, they kept the sample at 0 °C 

while applying an AMF and saw release of the dye, suggesting there is local internal heating 

of the particles, sufficient for valve actuation without macroscopic heating.[48] Amstad et al. 

(2011) demonstrated that liposomes with NitroDOPA-palmityl stabilized iron oxide 

nanoparticles embedded in the lipid bilayer release their cargo in response to AMFs.[49] 

Amstad et al. encapsulated calcein and saw fluorescence increase when an AMF was applied 

and ceased fluorescence when the AMF was removed.[49] It is important to note that release 

of calcein occurred even though the bulk temperature was below the liposome melting 

temperature. N’Guyen et al. (2013), made use of the thermoreversible Diels-Alder (rDA) 

reaction to achieve magnetically triggered drug release from iron oxide NPs.[50] Of note, the 

rDA is too slow below 90–110°C, but conjugated to the MNPs they saw release of their 

fluorescent probe with minimal increase in temperature in the medium, suggesting a greater 

local thermal effect.[50] Saint-Cricq et al. (2015) used mesoporous silica nanoparticles with 

an iron oxide core and coated with a thermodegradable polymer that breaks with an 

elevation in temperature.[51] The polymer was conjugated with rhodamine 6G and they saw 

an increase in fluorescence signal.[51] The bulk temperature when AMF was applied never 

exceeded 30 °C when previous experiments showed that they needed a bulk solution 

temperature of 55 °C before they saw fluorescence signal increase.[51] Ruhle et al. (2015) 

prepared mesoporous silica nanoparticles doped with manganese zinc iron oxide and used a 

thermally reversible cycloaddition reaction with a small molecular snaptop to block the 

pores of the silica nanoparticles.[52] They loaded the particles with fluorescein and saw 

fluorescein release when the bulk temperature went from 37 °C to 65 °C.[52] When AMFs 

were applied to the particles, to conclude that the increase in fluorescein release was not due 

to bulk heating the experiments were carried out in an ice bath at 0 °C at all times and the 

fluorescence intensity still increased, suggesting localized heating.[52]
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6. Outlook for the field – the future of nanoscale thermal energy delivery 

using magnetic nanoparticles in biomedicine

As shown above, there is clear direct and indirect evidence that nano-scale thermal 

phenomena in the vicinity of MNPs in AMFs is real. One obvious gap in the field is the lack 

of theoretical models that explain experimental observations. Clearly, the underlying 

assumptions of past models[26–27] must be re-evaluated. Furthermore, the reasons for 

discrepancies between groups that do and do not experimentally observe nanoscale thermal 

phenomena remains unknown, but could be due to differences in rate and mechanism of 

energy dissipation of the MNPs used in the studies. Unfortunately, MNPs used in most 

studies of nanoscale thermal phenomena are poorly characterized physically and 

magnetically.

While a theoretical understanding of how MNPs behave in AMFs is incomplete, many 

researchers continue to pursue applications of these particles, especially in cancer therapy. 

Major challenges in thermal cancer therapy using MNPs involves engineering MNPs with 

predictable and reproducible properties, including high energy dissipation rates, achieving 

significant tumor accumulation after systemic delivery, controlling temperature rise and 

achieving reproducible therapeutic doses, and, as discussed above, overcoming heat transfer 

limitations in small tumors. Recent understanding of the potential role of nanoscale heating 

by magnetic nanoparticle seems to indicate that it has the potential of overcoming some of 

these challenges, as it may be a viable route to treating small tumors where traditional 

hyperthermia would require unachievable doses.

While the studies discussed above are exciting in terms of demonstrating therapeutic 

potential of intracellular energy delivery and magnetically-triggered drug release, there is 

much work to be done still. For example, to date there have been no demonstrations that 

intracellular heating can affect tumor growth in vivo, without the need for a tissue-level 

temperature rise. Similarly, there are few studies testing the efficacy of magnetic-triggered 

drug delivery using preclinical animal models, and studies addressing the passive and active 

rates of drug release from such particles remain limited. Finally, to date the focus on 

magnetic thermal therapy and magnetically-triggered drug delivery has been on killing cells, 

such as in the context of cancer. It remains to be determined if these nanoscale thermal 

phenomena can be harnessed to treat diseases where the goal is to repair tissue or redirect 

cellular pathways. For example, it remains to be determined if magnetically triggered drug 

delivery can be applied to the delivery of disease-modifying drugs (i.e., those that alter cells 

or tissues without killing them) without affecting cell viability due to the heat released by 

the nanoparticles, or if thermal energy can be used to promote a positive change in the 

behavior of cells. Such demonstrations would open the door to many new and exciting 

biomedical applications for MNPs.
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Figure 1. 
In magnetic fluid hyperthermia (MFH), magnetic nanoparticles dissipate heat in the 

presence of an alternating magnetic field (AMF). The particles are delivered to cancer 

tissues and cells, and can be used to achieve locoregional hyperthermia upon application of 

an AMF to the targeted region.
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Figure 2. 
Estimated tissue iron oxide concentrations required to eradicate a spherical tumor as a 

function of tumor volume by hyperthermia (MFH, solid lines) or by intracellular heating 

(MagMED, dashed lines). MFH calculations are based on the solution of Penne’s bioheat 

equation, achieving a surface tumor temperature of 45°C, and reported values of the specific 

absorption rate (SAR) of magnetic nanoparticles. Intracellular heating calculations assume a 

thermal dose of 18 μJ/cell required, over 2 hr of AMF application, and a cancer cell density 

of 5×107 cells/cm3. The green shaded region corresponds to the range of MNP accumulation 

that seems potentially feasible without magnetic targeting, and the blue shaded region 

corresponds to the range of MNP accumulation that seems potentially feasible with 

magnetic targeting, based on recent reports.[28]
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Figure 3. 
Observations of local heating in the vicinity of magnetic nanoparticles when an AMF (8.4 G, 

40 MHz) is applied. The surface of the magnetic nanoparticles was functionalized with 

DyLight fluorophore, whereas yellow fluorescent protein (YFP) was present in the 

surrounding fluid. Reproduced with permission.[30] Copyright 2013, Nature Publishing 

Group.
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Figure 4. 
Iron oxide magnetic nanoparticles coated with a thermoresponsive-fluorescent polymer 

consisting of a copolymer of benzofuranzan and N-isopropylacrylamide experience 

nanoscale heating upon application of an AMF (38.4 kA/m, 233 kHz). The fluorescence of 

the benzofuranzan dye increases with change in environment polarity, which changes with 

temperature due to the thermoresponsive properties of pNIPAM. With external heating the 

fluorescence is observed to increase at a temperature of ~40 °C, whereas upon application of 

an AMF the fluorescence is observed to increase even though the bulk temperature is 20 °C. 

Reproduced with permission.[31] Copyright 2013, Nature Publishing Group.
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Figure 5. 
Change in temperature as a function of different applied magnetic field amplitudes and PEG 

spacer molecular weight, as determined from the rate of release of a dye conjugated to 

magnetic nanoparticles through a thermally labile crosslinker.

Reproduced with permission.[32] Copyright 2013, American Chemical Society.
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Figure 6. 
Clonogenic surviving fraction as a function of specific absorption rate for cancer cells 

(MDA-MB-468) exposed to iron oxide (IO) magnetic nanoparticles without/with the peptide 

epidermal growth factor (EGF). Unbound/uninternalized nanoparticles were removed prior 

to field application and the temperature remained constant at 37°C during field application. 

Increasing SAR has a slight effect on clonogenic survival of cells treated with the non-

targeted particles (Field IO), but has a significant effect on clonogenic survival of cells 

treated with targeted nanoparticles (Field IO-EGF).

Reproduced with permission.[37] Copyright 2011, American Chemical Society.
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Figure 7. 
Magnetically-mediated activation of lysosomal death pathways through intracellular energy 

delivery by magnetic nanoparticles.
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