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ABSTRACT 

Progress in the design of 

nanoscale magnets for localized 

hyperthermia cancer therapy has 

been largely driven by trial-and-

error approaches, for instance, 

by changing of the stoichiometry 

composition, size, and shape of 

the magnetic entities. So far, widely different and often conflicting heat dissipation results 

have been reported, particularly as a function of the nanoparticle concentration. Thus, 

achieving hyperthermia-efficient magnetic ferrofluids remains an outstanding challenge. 

Here we demonstrate that diverging heat-dissipation patterns found in the literature can be 

actually described by a single picture accounting for both, the intrinsic magnetic features of 

the particles (anisotropy, magnetization) and experimental conditions (concentration, 

magnetic field). Importantly, this general magnetic-hyperthermia scenario also predicts a 

novel non-monotonic concentration dependence with optimum heating features, which we 

experimentally confirmed in iron oxide nanoparticle ferrofluids by fine-tuning the particle 

size. Overall, our approach implies a magnetic hyperthermia trilemma that may constitute a 

simple strategy for development of magnetic nanomaterials for optimal hyperthermia 

efficiency. 
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he possibility of treating tumors with magnetic nanoparticles has produced much 

excitement in recent years because it paves the way for new therapeutic methods 

which can be controlled by external means.[1] In addition, novel advances in chemistry have 

allowed bioconjugated magnetic particles to be specifically targeted to cancer cells; hence the 

development of ‘personalized and tailored drugs’ within the Ehrlich’s magic bullet paradigm 

becomes a possibility.[2] In this new scenario, magnetic-fluid hyperthermia (i.e. heating with 

magnetic nanoparticles under an external AC field, HAC) holds great promise for the treatment of 

cancer.[3] It conjugates deep tissue penetration with fine spatial resolution to destroy[4] or enhance 

the drug sensitivity[5] of the malignant cells by heating. Therefore more specificity and efficacy 

are foreseen over traditional cancer treatments including surgery, radiation therapy and 

pharmacology; advantages all together fostering the great interest and research efforts devoted to 

the topic in the last years (see Ref. [6] and references therein).  

However, further improvement is still needed before hyperthermia can become a standard 

medical procedure. In particular, the first goal is maximizing the electromagnetic-into-heat 

energy conversion in order to reduce the amount of particles in therapy. To this end, the heating 

performance of a plethora of magnetic particles has been examined under different experimental 

conditions; the roles of particle size and composition, and its dependence on the frequency and 

amplitude of the applied magnetic field have been studied in detail.[7] Besides, understanding 

efficiency and dose–response hyperthermia relationship is crucial when it comes to clinical 

translation.[1] However, and this is perhaps the main issue for concern, data from studies in the 

literature show enormous discrepancy in the heating performance as a function of particle 
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concentration –i.e. dose-, ranging from a detrimental influence of concentration on the heating 

power of the particles, to even the opposite (see e.g. Refs. [8, 9, 10, 11, 12]). Furthermore, 

changes on those tendencies can be observed for the same system depending on the HAC as well. 

Therefore, a central milestone in the magnetic-fluid hyperthermia roadmap is to unveil the 

physical scenario able to explain the large variety of hyperthermia responses reported in the 

literature. 

Here we aim to shed some light into this complex issue, and to provide the right setting for the 

understanding of the heating performance of nanoparticle systems as a function of both the 

particle concentration (c), i.e., comparable to the clinical dose, and the amplitude of the applied 

field (HMAX). Contrary to the assumptions made in some simplified calculations here we consider 

that magnetic particles interact with each other,[13,14] and this interaction inevitably influences the 

heating efficiency.[15,16,17] In the following we build a unified picture accounting for the heating 

performance of magnetic nanoparticle systems, demonstrating that apparently different 

hyperthermia trends reported in the literature can in fact be understood as particular regions 

within this general magnetic-hyperthermia scenario. 

Results and Discussion 

Magnetic Modeling. Assessing the heating capability of particles exposed to an alternating 

magnetic field, i.e. the Specific Absorption Rate (SAR), is equivalent to evaluate the hysteresis 

losses (HL) per cycle,[6] since SAR=HL∙f, being f the frequency of the external AC magnetic 

field. In this study we use a Monte Carlo model to simulate hysteresis loops under different 

experimental conditions, to theoretically derive the HL as the area of the hysteresis loops for a 

freely (non-aggregated) collection of nanoparticles (for an insight into the role of aggregation see 

e.g. Ref. [18]). We consider an idealized collection of monodisperse single-domain 



 

5 

ferro(i)magnetic particles characterized by their K, MS and V; being those the effective magnetic 

anisotropy constant, saturation magnetization and volume of the particles, respectively.  For the 

sake of simplicity we consider that the size of the particles is large enough so that the particles 

behave ferromagnetic-like, i.e. superparamagnetic –dissipationless- behavior is avoided (see 

section Computational details in Methods). To illustrate the key ingredient of our approach, we 

show in Figure 1 some M(H) hysteresis curves under different field amplitude and interaction 

conditions.  Please note, renormalization of the results in units of HA = 2K/MS, the anisotropy 

field, makes our analysis independent of the specific sample characteristics (i.e. K and MS 

values), and hence suitable for any system fulfilling the conditions assumed within the model. 

Likewise, for the sake of universality we introduce also a dimensionless ratio c0 = 2K/MS
2 for 

normalizing the influence of the dipolar interactions, which interaction is modulated by changing 

the sample concentration c. The c0 value weights the relative importance between the anisotropy 

(proportional to K) and dipolar (proportional to MS
2) energies,[14] and normalizes the influence of 

dipolar interactions in the same way as HA weights the importance of the field amplitude, HMAX. 

The results shown in Fig. 1 demonstrate that large differences on the hysteresis area correlate 

with both HMAX and c. On one hand, minor hysteresis loops are observed for all concentrations at 

low-field amplitudes (HMAX/HA < 0.5) as shown in Fig. 1(a). On the other hand, considerable 

hysteresis appears above the 0.5 ratio (which roughly corresponds to coercive field in the non-

interacting case) but drops rapidly with increasing c, as depicted in Fig. 1(b). Larger fields 

(HMAX/HA  1.0) allow for larger hysteresis loops at higher concentrations, as shown in Fig. 

1(c,d). A careful choice of HMAX and c is therefore needed in order to have an efficient 

hyperthermia performance. 
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Conflicting requirements – magnetic hyperthermia trilemma. As mentioned above, the 

heating power SAR is defined as energy per cycle times frequency (f); thus, by having both large 

HL and f would ideally be possible to achieve very large SAR values. However, when it comes 

to clinical applications the maximum HMAX and f values are quite limited, due to the technical 

challenge of generating large alternating magnetic fields over large volumes as that of a human 

body.[19] If focusing on the case of frequencies large enough as to avoid superparamagnetic 

behavior (hundreds of kHz), HMAX is limited in practice to several hundreds of Oe, of the order of 

the anisotropy field of common particles in hyperthermia experiments. We have seen that the HL 

can be negligible if the ratio HMAX~0.5HA is not surpassed, hence it will be crucial to choose the 

particles so that their characterizing K and MS parameters allow obtaining relevant HL for the 

experimentally achievable HMAX. But as we have seen in Fig. 1, also the role of interparticle 

interactions needs to be considered. 

Firstly, please note that the magnetic hysteresis losses scale (for non-interacting conditions) 

approximately as HL ≈ 2K.[20,21,22] Therefore, increasing the K of the particles would lead to an 

increase of the SAR. Regarding the latter, the tuning of the magnetocrystalline anisotropy and its 

influence on magnetic heating efficiency was already discussed by Lee et al.[23] The previous 

statement could mislead us to the idea that the best particles are those with higher K. But the 

large anisotropy also implies that very large fields are required to switch the particles’ 

magnetization orientation (please keep in mind that HA = 2K/MS). As a result, the magnetization 

can no longer be switched with in-clinic available fields, and the obtainable hysteresis losses 

remain limited. Alternatively, the anisotropy energy barrier (KV) can be tuned through the 

desired range by setting the volume of the particles (V) accordingly, so that for smaller K, the 

volume should be proportionally increased (while avoiding sizes beyond the multidomain 
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transition, with much smaller heating performance). Still, larger V increases the interparticle 

dipolar interactions -which are proportional to (MSV)2-, that significantly increase the saturation 

field and thus modify the hyperthermia performance in a complex nontrivial way.[14] A similar 

drawback results from increasing the saturation magnetization MS: despite it might help 

decreasing the required HMAX to attain relevant HL values since larger MS diminishes HA, the 

higher MS leads also to stronger interparticle dipolar interactions. Note that power issues 

associated with poor SAR values are nowadays circumvented by increasing the concentration of 

material,[24] which again, would boost dipolar interactions. Because both strategies have 

advantages and disadvantages, it is the best to use a combination. 

In view of the above it is apparent that, when it comes to heat dissipation, the different 

ingredients determining the heating response (i.e. type of particles -characterized by K, MS, and 

V-; AC field; and sample concentration), constitute conflicting requirements that must be 

therefore simultaneously considered in order to obtain a desired heat release. Thus, similarly to 

the problems encountered in magnetic recording,[25] we can summarize those intimately entwined 

ingredients in a magnetic hyperthermia trilemma, as illustrated in Fig. 2. 

A general magnetic-hyperthermia scenario. Next we show how the complex heating 

scenario corresponding to the magnetic hyperthermia trilemma can be accounted by a single 

picture (Figure 3) as a function of both HMAX and c, and where different types of particles are 

translated into this picture through their characteristic K and MS values. Overall, the results show 

a drastic influence of the volume concentration on the heating properties depending on HMAX, 

with completely different features expected for different combinations of K and MS. In brief, 

particles with large K and small MS (i.e. both HA and c0 are large) will be limited to small c/c0 

values and the typical experimental HMAX/HA ratios will mostly correspond to the low-field 
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curves. Contrarily, small K and large MS (therefore, small HA and c0) stand for a broad range of 

c/c0 values and correspond to large HMAX/HA curves. For intermediate K and MS values we can 

expect a variety of responses depending on their magnitudes and experimental conditions. Thus, 

what is depicted in Fig. 3 is a general picture able to explain completely different heating 

behaviors depending both on the features of the particles and specific experimental conditions. 

To check the feasibility of our model, we next benchmark it against a diversity of experimental 

results reported in the literature.  

Comparison to examples given in the literature. In most cases, a decrease of the heating 

efficiency (HL/2K) with increasing ferrofluid concentration (c/co) is observed, as illustrated in 

Fig. 4(a), while the opposite trend corresponding to Fig. 4(b) is rarely observed. Nevertheless, 

increased SAR that resulted from the particle dipole interaction in soft ferrites can be found in 

(figure within) Jeun et al.[26] In Fig. 4(c), the field-dependence of the heating efficiency is 

analyzed for different concentrations. Increasing heating at low magnetic field requires the 

decrease of nanoparticle anisotropy (lower c0), this figure bear similarities to the work by Khot et 

al.[27] It is worth to mention here that sometimes, it is misguidedly assumed in the literature a 

square dependence on the magnetic field, which results from linear approximation theories.6 

Similarly to our case, departure from the quadratic dependence of SAR on the HMAX can be 

found also in Beković et al.[28] A comprehensive discussion can be found in a recent paper by 

Landi and Bakuzis,[29] and it is also beautifully illustrated in (figure 8 within) Ref. [30]. In 

addition, Fig. 4(d) shows the concentration-dependence of the heating efficiency at different field 

conditions, which compares to the results reported in (figure 5 within) Cervadoro et al.[31] We 

note in Fig. 4(e) an enhancement of the heating capabilities on increasing the anisotropy constant 

(herein MS = 420 emu/cm3; sample concentration c = 0.1), akin to the report by Lee et al. on 
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exchange-coupled magnetic particles.[23] Fig. 4(f) depicts the evolution of the heating capabilities 

as a function of magnetic field for different saturation magnetizations (here, K = 50000 erg/cm3; 

c = 0.1), mimicking the results reported by Chaudret and co-workers.[32] An increasing behavior 

of SAR values against MS is also plotted in (figure 13 within) Sousa et al.[33] A similar 

dependence of the heating power on the evolution of the saturation magnetization has been 

recently reported by Lartigue et al.[34] after the magnetic follow-up of nanocubes degradation in 

intracellular-like conditions. Overall, please also note that a similar dependence of losses per 

cycle on the field amplitude (panels e,f) can be found in Hergt et al.[35] Finally, Fig. 4(g,h) shows 

a peak in the hysteresis losses as a function of concentration, a behavior reported e. g. by 

Diamantopoulos et al.[36] All together, we have demonstrated that different hyperthermia 

experiments can be described as particular regions of the general magnetic-hyperthermia 

scenario depicted in Fig. 3, thus supporting its adequacy as a suitable tool to carry out a 

comprehensive study of the role of the key-parameters for efficient hyperthermia performance. 

Experimental confirmation of non-monotonic heat dissipation. The general character of the 

results displayed in Fig. 3 may be used not only to understand conflicting results reported in the 

literature but, more importantly, may serve as a guide for the design of hyperthermia experiments 

with superior performance. In this regard, the most important feature of the curves displayed in 

Fig. 3 is the existence of non-monotonic curves with a peak at non-diluted conditions, which 

stands for optimum heat-dissipation conditions. However, to the best of our knowledge no such 

trend has been experimentally observed so far. Thus we can make use of the dimensionless 

character of the general hyperthermia scenario to predict which type of particles (as defined by 

their K and MS values) will more likely report the optimizing heat-release features. The particles 

must display a monotonic decrease of SAR with increasing concentrations for HMAX values of the 
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order of HA, and non-monotonic behavior for larger field amplitudes. It is clear that both low HA 

and c0 values are required in order to cover a wide c/c0 range, with at the same time low HMAX. 

Good candidates to fulfill those conditions are iron-based nanoparticles, which present moderate 

MS and K, and blocking behavior of their magnetic moment at room temperatures and moderate 

frequencies (i.e. ferromagnetic-like behavior). Recent works have shown that mono-dispersed 

and crystalline Fe3O4 nanoparticles maintain similar MS values independently of size, while K 

can be precisely tuning by varying size.[10] Thus, we studied the heating efficiency of magnetite 

nanoparticles of different size in order to assess their hyperthermia response as a function of 

HMAX and nanoparticle concentration. We have found that particles with 19 nm in diameter (see 

Supporting Information) clearly reproduce the general features predicted by the model. Figure 5 

shows a non-monotonic behavior of SAR with nanoparticle concentration at given frequency 

(107 kHz) and different field amplitudes (0HMAX= 50, 10 and 5 mT). In addition, a clear shift of 

SAR maximum values is observed towards lower concentrations when decreasing HMAX. The 

SAR maxima underline the influence of nanoparticle concentration and applied magnetic field on 

determining their magnetic response. These experimental measurements clearly support the 

predictive character of our theoretical model shown in Figure 3. Details of the quantitative 

comparison are described in the Supporting Information, as well as examples for other types of 

magnetic nanoparticles associated to specific combinations of K and MS (particularly FeO and 

Fe). 

Theoretical interpretation of the non-monotonic curve. It is important now to gain 

understanding of the physical origin of the non-monotonic features in Fig. 3 and 5. We interpret 

this general heat-dissipation scenario in terms of the transition from a single-particle regime to a 

collective-particle one, and of the transition between major and minor hysteresis loops. We 
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assume the hysteresis processes are defined by the values of energy barriers as a function of 

applied fields. In this picture, in order to reverse the magnetization and dissipate energy, a 

magnetic field large enough as to overcome the local energy barrier felt by each particle must be 

applied. At low concentrations, the magnetic behavior of the system is single-particle-type, being 

the energy barrier mainly determined by the anisotropy and Zeeman energies (i.e. negligible HL 

for HMAX < 0.5 HA). Increasing interactions (for small concentrations) result in an overall 

decrease of the anisotropy energy barriers,[37] and thus in a reduction of the HL. Further increase 

of the concentration drives the system to a collective-particle scenario in which the magnetic 

behavior of the particles is no longer determined by their individual anisotropy, but it is instead 

ruled by their coupling with the neighbors. The HL values are in this case mainly determined by 

the competition between the Zeeman and dipolar energies. The threshold between both 

individual and collective regimes occurs at the minimum of the high-field curves, at about 

c~c0/2, i.e. when cMS
2 < K the anisotropy energy dominates over the dipolar one, and the 

contrary for cMS
2 > K. The collective-particle regime can be understood in terms of a 

competition between the local dipolar field felt by the particles and the applied field amplitude, 

as the transition from major to minor loops (see Supporting Information). This competition 

explains: i) the overlapping of the high-field curves above the minimum, ii) the appearance of the 

peak, and iii) the HL decay at high concentrations. The above interpretations on the non-

monotonic features of the general hyperthermia scenario are schematically illustrated in Figure 6.  

Given the generality of the results plotted in Figure 3, in terms of K, MS, HMAX, and c, we 

propose that the peak in the collective-particle regime may constitute a useful tool to predict 

optimum conditions for magnetic heating applications.[38] To understand the origin of this peak 

structure we have carried out a number of calculations, including the average nearest-neighbors 
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interparticle distance. The results of these calculations indicate that the concentration at which 

the curves have the maximum (named from now on as copt) is related to structure-specific 

features of the ferrofluid (see Supporting Information). On one hand, we have observed a 

strikingly simple linear dependence of copt on the field amplitude that can be written as 
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Applied to the experimental data shown in Figure 5, the predicted optimum concentrations for 

HMAX=100 Oe, and HMAX=500 Oe, are copt=0.04 and copt=0.40, respectively. On the other hand, 

having in mind the characteristic lengths of biological entities within the tumor tissue it may be 

interesting to relate this heat-optimizing concentration with the related interparticle distance. 

Since for the simulations we assumed a liquid-like spatial distribution (likely to resemble a 

viscous fluid), the equivalent first-nearest-neighbor center to center distance is, in units of the 

volume fraction, lNN = (0.445/c)1/3. Adding this simple relation to equation (1), the equivalent 

interparticle distance for optimum hyperthermia conditions is given by  
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For instance, equation (2) estimates that for the case of magnetite nanoparticles as those 

reported in Fig. 5 the interparticle distance for optimum hyperthermia with a field condition of 

HMAX = 100 Oe is about 2.2 times the particle’s diameter. Similarly, we recall Woińska et al.[39] 

calculated that dipole-dipole interactions become rather insignificant for separations exceeding 

three particle diameters. This regime of interparticle separations may be attained for aggregated 

particles coated with an organic layer, and could also resemble the situation of most particles 
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after cellular uptake.[40] Interestingly, the above equation (2) shows some eye-catching 

similarities with the correlation length of the random anisotropy model (RAM) at high fields,[41] 

which grows as an inverse power of the field amplitude (although, RAM follows a 1/2 power 

law). It is important to emphasize, however, the differences between both concepts: the distance 

described by equation (2) is the average interparticle separation, whereas the RAM correlation 

length stands for the distance over which a group of magnets behave collectively. 

Conclusions. We present a general scenario for the heating performance of magnetic 

nanoparticles as a function of field amplitude and sample concentration. The model is presented 

in dimensionless terms able to describe the heating efficiency for any type of magnetic particles 

under different concentration and field conditions. Concomitantly, we assign the variety of 

experimental trends reported in the literature to particular regions of this general scenario, 

demonstrating its usefulness as a tool for the comprehension and design of efficient hyperthermia 

magnetic seeds and field conditions. Importantly, this scenario also predicts a novel non-

monotonic dependence with optimizing-heating features that we have found in magnetite 

nanoparticles by fine-tuning their anisotropy via size variation. In order to understand such 

complex scenario we propose a magnetic hyperthermia trilemma that rules the magnetic heating 

performance of nanoparticles as a function of their characteristics, the experimental field 

settings, and (crucial for the clinical perspective) sample dose. We believe that all together the 

new findings reported in this work will help in the comprehension of the hyperthermia properties 

of magnetic nanoparticles and serve as a guide for better clinical conditions. 

 

 

Materials and methods. 
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Computational details. We assumed a system of monodisperse particles with random 

anisotropy axes on a lattice where the nanocrystals are not free to rotate. When magnetic 

nanoparticles are subjected to an AC magnetic field they show heating effects due to losses 

during their magnetization reversal process. Apart from the magnetic hysteresis losses, which are 

the focus of this study, a quite different relaxation path may occur in the case of particles free to 

oscillate in a fluid. But we note this viscous friction would be suppressed when particles are 

immobilized in tumor tissue.[6] Thus, we restricted ourselves here to estimate the area 

(irreversibility) of the hysteresis loop the system undergoes upon the application of the external 

field. Therefore, the commonly referred to Specific Absorption Rate is actually defined as SAR = 

HL·f energy loss per cycle (HL) times frequency. Calculations were carried out within the 

standard Metropolis algorithm formalism. The physical model corresponds to the so-called 

macrospin approximation, in which all the atomic moments rotate coherently and thus an 

effective macrospin is assigned to each single-domain magnetic nanoparticle. Further, we made 

the usual assumption that the particles have the simplest case of uniaxial anisotropy and are 

small enough so that non-uniform magnetization states (domain walls, canting, curling) and 

Eddy currents are avoided, but at the same time big enough to ensure that superparamagnetism is 

circumvent (i.e. blocking temperature is above the working temperature).[42] Thus, it is implicit 

that the thermal energy is much lower than the anisotropy energy. This condition is usually 

reached experimentally for particles of several tens of nm in diameter under fields of hundreds of 

kHz in frequency.[20] Clearly, polydispersity may also contribute to the complexity of the 

magnetic performance but it is beyond the scope of this paper. 

The energies governing the magnetic response include the uniaxial anisotropy energy, the 

magnetostatic energy, and the Zeeman energy, while the exchange-coupling is neglected. Details 
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on the model used and previous examples on the influence of magnetic interactions on the 

hysteresis loop calculations can be found in Ref. [13,14,22]. 

Synthesis and surface modification of magnetite nanoparticles. Fe3O4 particles were 

prepared via thermal decomposition of iron(III) acetyl acetonate (3.53 g, 10 M) in 1-octadecene 

(100 mL) containing oleic acid (8.47 g, 30 mM) and 1,2-dodecanediol (4.05 g, 20 mM).  The 

experiment resulting in the formation of particles with a mean size of 18 nm, is described as 

follows: first, the mixture, stirred under a flow of nitrogen under atmospheric pressure, was 

heated at a constant rate of 2 °C/minute until a temperature about 195-200 °C. The mixture was 

kept under reaction for 1 hour, and then heated to 295 °C at 0.3 °C/minute. After waiting for 30 

minutes, the mixture was allowed to cool down to ambient temperature. The resulting black 

precipitate was collected by adding excessive ethanol and centrifugation. The precipitate was re-

dispersed into toluene. Later, particles (80 ml of 1.8 mM iron in toluene) were transferred to 

water by ligand exchange using meso-2,3-dimercaptosuccinic acid (DMSA) (2 mM) in dimethyl 

sulfoxide (20 ml), while mechanically stirring for 48 h.[43] Precipitation out of the DMSA 

solution was done with phosphate buffered saline (PBS). The supernatant was discarded; the 

pellet was washed three times with ethanol and re-dispersed in distilled water. Finally, this 

homogeneous dispersion was filtered and sterilized through a 0.22 μm pore-size syringe. For 

hyperthermia experiments, solutions were adjusted to pH 7 by dropwise addition of NaOH. 

Morphology and colloidal characterization. Transmission electron microscopy (TEM) was 

performed using a 200-keV JEOL-2000 FXII microscope. Particle size, shape and distribution 

were analyzed from TEM images [See Supporting Information]. Colloidal characterization was 

performed by dynamic light scattering (DLS) using a ZetaSizer Nano ZS (Malvern). The iron 
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concentration was determined by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES). 

AC magnetic field experiments. The hyperthermia response of magnetite nanoparticles 

dispersed in water was determined at 107 kHz by non-adiabatic calorimetric measurements, as 

described elsewhere.[44] Temperature variations after applying the field were monitored ( 0.2 

ºC) via a commercial optical fiber probe TS2/2 connected to a FOTEMP2-16 two-channel signal 

analyzer from Optocon AG. The methodology for extracting SAR values is based on repeating 

three times the time variation temperature curves of iron oxide nanoparticle dispersions at given 

iron mass concentration and field conditions. Thus, we extract the values of the maximal slope at 

initial times after switching on HAC (i.e., dT/dt|max) for determining its average value and 

standard deviation. Afterward, SAR values are determined by using the expression: 

max
dt

dT

m

mC
SAR

Fe

dd=

     (3) 

where Cd is the water specific heat, md is the mass dispersion and mFe is the mass of iron diluted 

in the sample, dT/dt |max is the average value of the maximal slope at initial times after switching 

on HAC.   
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Fig. 1. Influence of interaction conditions (depicted as increasing c/c0 values) on hysteresis 

losses for different field amplitudes HMAX (see text for details). Stoner–Wohlfarth non-interacting 

particles are represented by the case c/c0 = 0.   

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic illustration of the magnetic hyperthermia trilemma, which describes problem 

associated with reconciling nanoparticles attributes with appropriate concentration without 

sacrificing heat conversion while maintaining affordable field generator conditions. 
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Fig. 3. Dimensionless magnetic-hyperthermia scenario. Computation results of heating 

efficiency (HL/2K) vs. sample concentration (c/c0) for different field amplitudes (HMAX/HA). 
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Dashed regions account for diverse heating behaviours (detailed in Fig. 4): (a,c) describe a 

decrease in heating power when the concentration increases, while (b) exhibits an increase, and 

within (e) both tendencies are present as a function of the intensity of the applied field.  
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Fig. 4. Heating efficiency trends derived from the model predictions displayed in Fig. 3. 

Graphs (a-h) provide conditions easily comparable to experimental trends reported in the 

literature (see text for a detailed discussion).  

 

 

 

 

Fig. 5. Experimental confirmation of the non-monotonic concentration dependence of heating 

efficiency with optimum heating features. The symbols are the experimental data on the iron 

concentration dependence of the SAR values for magnetite colloids, at different HMAX  and given 
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frequency (107 kHz). Arrows depict the concentration value at which SAR value is maximum 

for each HMAX.  

 

Fig. 6. Schematic description of the magnetic-hyperthermia scenario. Dependency of magnetic 

properties on packing density (see Fig. 3). The transition from single particle to collective 

behavior with increasing volume concentration is discussed as a function of the magnetic 

anisotropy. Range (I) corresponds to the single-particle scenario, in which the particles’ response 

is determined by their magnetic anisotropy and whereas hysteresis losses decay upon increasing 

c. Ranges (II) and (III) correspond to the collective-particle scenario, in which the system 

response is determined by the interparticle coupling. The threshold between the single-particle 
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and collective-particle scenarios occurs at the minimum of the curves at about c/c0 ≈ 0.5, and is 

independently of the applied field. On the opposite, the maximum signals the concentration at 

which the field is not longer enough to saturate the sample, and therefore scales at higher 

concentrations for larger fields.  


