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A B S T R A C T

The heating performance of magnetic nanoparticles for hyperthermia is conventionally evaluated using the 
specific absorption rate (SARnano), measured under irradiation conditions specific to each laboratory. However, 
because SARnano depends strongly on magnetic field amplitude and frequency, values obtained under non- 
identical conditions may not serve as a fair metric for comparing material performance. This study examines 
additional indicators, including the heating selectivity ratio between normal tissue and nanoparticles, which 
reflects side effects, and the specific power factor, which represents device load (equivalent to the specific ab
sorption rate and intrinsic loss power). The results show that the ratio of experimentally generated heat to 
theoretical maximum heat output provides a more reliable measure of heat generating efficiency, independent of 
irradiation conditions. Furthermore, conventional measurement conditions often differ from those that maximize 
heating performance, potentially excluding nanoparticles with high potential. Therefore, a method is introduced 
to predict heating behavior over a wide parameter range using the blocking temperature and switching magnetic 
field distribution. For sparsely immobilized nanoparticles, the predicted values were found to be in good 
agreement with the experimental results, demonstrating that the method can predict the maximum potential of 
heat generation performance under ideal conditions. On the other hand, the current method could not 
adequately account for dipolar interactions or particle rotations; hence, further improvements are needed for 
applications such as nanoparticles concentrated within endosomes. The proposed performance indicators and 
predictive framework provide a more robust method for evaluating heating performance, thereby accelerating 
the development of magnetic nanoparticles for hyperthermia applications.

1. Introduction

Hippocrates stated, “Those diseases which medicines do not cure, 
iron cures; those which iron cannot cure, fire cures.” Direct heating of a 
deep-seated tumor with an external flame is impractical, yet a familiar 
analogy suggests an alternative approach. A frying pan on an induction 
cooker heats rapidly; however, placing one's hand on the cooker instead 
does not cause it to become hot, implying that selective internal heating 
may be possible if a miniature pan can be delivered to the tumor site as 
an energy absorber from an AC magnetic field. Achieving this requires a 
carrier smaller than 100 nm to enable transport through the blood
stream, which motivates the use of nanoparticles as the “pan.” At this 

scale, conventional induction currents responsible for heating macro
scopic metal pans do not arise. Instead, magnetic materials that dissipate 
energy through hysteresis loss under alternating magnetic fields, such as 
iron and iron oxides, are suitable candidates. Consequently, the hyper
thermic response of magnetic nanoparticles has been widely investi
gated as a tumor-selective therapy, commonly referred to as magnetic 
fluid hyperthermia or magnetic nanoparticle hyperthermia [1–5].

Despite its promise, this technique faces significant barriers to clin
ical translation. The injectable dose of magnetic nanoparticles is limited, 
and the resulting heat generation is often insufficient for effective tumor 
ablation. Cellular damage typically begins at 42–43 ◦C [1–3], yet 
achieving this temperature uniformly across the target region remains 
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difficult. Analytical calculations [5,6] and numerical simulations based 
on human body models [7] estimate that approximately 0.6 W/cm3 of 
heating power is required to raise the temperature of a 1 cm tumor by 
6 ◦C. For comparison, an induction heating (IH) cooker delivers 2–3 kW 
to a frying pan weighing about 1 kg, corresponding to 2–3 W/g. If the 
heating power of magnetic nanoparticles were equivalent to that of such 
a frying pan, achieving 0.6 W/cm3 would require nanoparticle density
εof approximately 0.2 g per cubic centimeter of tumor tissue, which is 
not feasible. In practice, even with advanced drug delivery methods, 
only ε= 2–3 mg/cm3 of iron oxide-based nanoparticles can be loaded 
into tumor tissue in animal studies [8,9]. Under these constraints, a 
heating power of 200–300 W/g is required to achieve therapeutic ef
fects, roughly two orders of magnitude higher than that of induction 
cookers. As a result, research on magnetic nanoparticles for hyperther
mia has primarily focused on maximizing heating power.

A wide range of nanoparticle systems has been synthesized to 
enhance heat generation, and their performance is commonly evaluated 
using the specific absorption rate of the nanoparticles (SARnano), also 
referred to as specific loss power. Fig. 1(a) summarizes SARnano values 
reported for 100 representative nanoparticle systems [5,10–50], 
[51–58]. Sustained research efforts have yielded numerous nano
particles with SARnano values exceeding 200 W/g, which are generally 
considered sufficient for hyperthermia applications. However, these 
values have been measured under different magnetic field amplitudes 
HAC and frequencies f across studies. This variation arises because the 
resonant frequency of the heating coil in each laboratory's measurement 
apparatus cannot be easily adjusted. As a result, direct comparison of 
SARnano values is difficult. Moreover, experimental conditions dictated 
by instrument-specific resonance may not correspond to those that 
maximize the heating performance of the nanoparticles. Evaluating 
materials under suboptimal conditions or using unsuitable performance 
metrics hinders material development.

Three representative sample types are selected for analysis; the 
rationale for this selection is outlined in the following discussion. When 
ferromagnetic materials such as iron and iron oxides are reduced to sizes 
on the order of several tens of nanometers, the energy required to form 
domain walls becomes relatively large, resulting in a stable single- 
domain state [2]. Under these conditions, each nanoparticle behaves 
as if it has a single magnetic moment μ of magnitude μ =MsV where Ms is 
the spontaneous magnetization and V is the particle volume. Since the 
magnetic anisotropy energy Ea rises the orientation energy of μ along 
magnetic hard planes, reversal of μ necessitates the application of an 
external magnetic field exceeding a characteristic switching field Hsw. As 
Ea decreases in proportion to V, nanoparticles in the 20–30 nm 
range—commonly used for magnetic hyperthermia—display frequent 
thermally activated reversals of μ, known as Néel relaxation [2].

Previous studies have shown that nanoparticles become immobilized 
after accumulating in tumors and being internalized by cancer cells 
[59–62]. Given that the maximum achievable intratumoral concentra
tion ε is approximately 3 mg/cm3, the average interparticle spacing, r, 
corresponds to roughly five particle diameters. If this spacing is pre
served as a result of ideal single-particle endocytosis, dipolar in
teractions of magnitude μ0μ2/r3 are negligible, where μ0 is the vacuum 
permeability. Consequently, the heating behavior can be reasonably 
described using a simplified model that includes only thermal Néel 
relaxation and magnetic field-driven moment reversal for isolated par
ticles, as considered above. To represent this idealized scenario, a model 
sample was prepared consisting of iron oxide nanoparticles with a core 
diameter of 17.4 nm (denoted SN17), encapsulated within a thick, 
nonmagnetic silica shell [63–66]. The coating ensured an interparticle 
spacing of approximately 4.5 times the core diameter (Fig. 2(d)).

In therapeutic applications, magnetic nanoparticles are administered 
as magnetic fluids. Within the bloodstream or interstitial fluid, the 
particles undergo translational and rotational motion, and larger 

Fig. 1. Representative results for 100 magnetic nanoparticle samples irradiated with an alternating magnetic field Hacsin(2πf⋅t), compiled from Ref. [5] (◯), Refs. 
[10–57] (●), and the present study (▴ and ■). The data is plotted as a function of the irradiation conditions Hac⋅f. (a) Specific absorption rate per unit nanoparticle 
mass (SARnano). Reference numbers correspond to individual data points. The dashed line shows the 200 W/g threshold (see text). The solid blue and red curves show 
the irradiation-condition dependence estimated using the method developed in this work. (b) Heating selectivity ratio (SARnano / SARbody) , where we use a SARbody 
value of 3 × 10− 20(Hac⋅f)2 (units: W/cm3). The dashed line indicates the 2000-fold threshold described in the text. (c) Specific power factor (SARnano/Papp), where 
Papp is the apparent power per unit volume. The right-hand axis is labeled according to the relation ESAR ＝πμ0SARnano/Papp. (d) Heating efficiency index, defined as 
the ratio of the observed SARnano to its theoretical upper limit. The dashed and dash-dotted lines correspond to the 200 W/g line in (a) and the 2000-fold line in (b), 
respectively. The gray triangular area enclosed by these lines is the practical target. In panels (a)–(d), the data is displayed on a logarithmic scale covering a range of 
three orders of magnitude. Therefore, when plotting SARnano values, we did not consider whether the mass of surface modification layers was included in the de
nominator, and used the values reported in the original references as they were.
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nanoparticles can gradually aggregate due to magnetic attractions at 
their closest approach, ultimately leading to precipitation [67–69]. The 
dispersion stability threshold for iron oxide nanoparticles has been re
ported to lie near 16–17 nm, assuming a surface layer of 1–2 nm [70,71]. 
Nanoparticles significantly smaller than this threshold have been widely 
used in industrial magnetic fluids, where long-term stability over 
product lifetimes of approximately 10 years is required. In contrast, 
hyperthermia applications require stability only during the short inter
val between administration and tumor accumulation. After reaching the 
tumor, partial aggregation into chain-like structures due to dipolar in
teractions can enhance heating efficiency [72–74]. Therefore, nano
particles larger than the stability threshold also remain viable 
candidates as nano thermal seeds.

Based on these considerations, we prepared a magnetic fluid (MF17) 
containing iron oxide nanoparticles with a particle size of 16.8 nm 
(slightly smaller than the critical threshold), to model particles capable 
of undergoing Brownian motion in the interstitial fluid environment. 
Since the viscosity of blood and interstitial fluid varies greatly depend
ing on its anatomical location and physiological state, low-viscosity 
kerosene—comparable to plasma viscosity—was selected as the sol
vent to provide a clear contrast with the immobilized SN17 powder.

On the other hand, various forms can be considered for aggregated 
nanoparticles whose magnetic response is influenced by dipole–dipole 
interactions. These include not only chains formed spontaneously 
through anisotropic magnetic attraction but also clusters formed spon
taneously via isotropic van der Waals forces, as well as nanoparticles 
that are densely packed within endosomes following co-endocytosis. 
However, this study focuses mainly on the behavior of clusters formed 
through dipolar interactions. To this end, we prepared a magnetic fluid 
(MF19) containing iron oxide nanoparticles with a particle size of 
19.2 nm, which is slightly larger than the critical threshold.

Based on the above discussion, the primary objective of this study is 
to identify the key considerations in comparing the hyperthermic effects 
of magnetic nanoparticles and to propose appropriate performance in
dicators and screening strategies. To achieve this, representative nano
particle systems, specifically designed to model sparsely immobilized, 
dispersed, and aggregated states relevant to magnetic hyperthermia, are 
used to evaluate the proposed performance indicator and screening 
methods.

2. Experimental

Preparation of magnetic fluids. Iron oxide nanoparticle samples MF17 
and MF19 were synthesized by dissolving 8 and 9 mmol of tris 

(acetylacetonate) iron(III) (Fe(acac)3), respectively, in a mixture con
taining equimolar oleic acid (40 mmol) and oleylamine (40 mmol) under 
continuous stirring at room temperature. Here, oleic acid was used to 
stabilize the iron complex [75], while oleylamine acted as a reducing 
agent [76]. The solution was then heated to 393 K and maintained for 
1 h under a N2 atmosphere, followed by heating to 553 K for 2 h. The 
resulting nanoparticles were repeatedly washed with toluene to remove 
excess surfactants. The dried nanoparticles were characterized using 
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray 
absorption near-edge structure (XANES) spectroscopy, and Mössbauer 
spectroscopy. Representative micrographs are shown in Fig. 1(a) and 
(b), and the size distributions are provided in Fig. S1 of the Supple
mentary Information. The mean particle diameters (dm) were 16.8 nm 
for MF17 and 19.2 nm for MF19. Analysis of the XRD patterns, XANES 
spectra, and Mössbauer data (Supplementary Information) indicated 
that the nanoparticles consist of spinel-type iron oxide, with iron pre
dominantly in the trivalent state. Magnetic fluids MF17 and MF19 were 
prepared by dispersing the surfactant-coated nanoparticles in kerosene 
at concentrations of 10 and 7 mg/mL, respectively. For MF17, the 
dispersion stability remained unchanged even after one year, whereas 
for MF19, sedimentation was observed within a few days after disper
sion. This difference is consistent with the particle size threshold for 
dispersion instability previously reported [70,71]. The magnetic 
behavior after sedimentation remained stable and generally reproduc
ible in MF19. Although it is still unclear whether the nanoparticles in 
MF19 can pass through the blood vessel wall before aggregation occurs, 
their behavior differs substantially from that of well-dispersed systems 
such as MF17. Therefore, in this study, we included MF19 as a repre
sentative example of aggregated nanoparticles.

Preparation of silica coated nanoparticle powder. Silica-coated iron 
oxide nanoparticles (SN17) were synthesized as follows. First, 8 mmol of 
Fe(acac)3 was dissolved in an equimolar mixture of oleic acid (49 mmol) 
and oleylamine (49 mmol). Here, oleic acid was used to stabilize the iron 
complex [1], while oleylamine acted as a reducing agent [2]. The so
lution was reacted at 393 K for 1 h under a N2 atmosphere, followed by 
heating to 590 K and maintaining this temperature for 2 h to form the 
iron oxide nanoparticle cores. Silica coating was then carried out using a 
microemulsion method. A surfactant phase was prepared by dispersing 
4 g of polyoxyethylene (5) nonylphenylether in 90 mL of cyclohexane 
under sonication. Subsequently, 12 mg of the washed nanoparticles was 
added under continuous stirring, followed by the dropwise addition of 
3.2 mL of 25% ammonium hydroxide and 5.6 mL of tetraethyl orthosi
licate (TEOS). Electron micrographs of the nanoparticles before and 
after silica coating are presented in Fig. 1(c) and (d). The octahedral iron 
oxide cores encapsulated within a thick, nonmagnetic silica shell are 
clearly visible. The distribution of effective diameters, defined as the 
diameter of a circle with the same cross-sectional area as the iron oxide 
core, is shown in Fig. S1 (Supplementary Information). The mean 
effective diameter was 17.4 nm, and the silica shell thickness was 
approximately 30 nm. Analysis of the XRD patterns, and XANES spectra 
(Supplementary Information) indicated that the particles consist of 
spinel-type iron oxide, with iron predominantly in the trivalent oxida
tion state.

Magnetic and hyperthermic measurements. The static magnetization 
MDC of MF17 and MF19 was measured using vacuum-tight liquid cells 
and the extraction method in a PPMS magnetometer (Quantum Design) 
under steady magnetic fields up to 125 kA/m. MDC of SN17 was 
measured using a SQUID in an MPMS3 magnetometer (Quantum 
Design) over the same field range. Isothermal remanent magnetization 
(IRM) was generated by applying a static field H for 1 min after zero- 
field cooling from the thermally demagnetized state, followed by 
switching off the field. The subsequent thermal decay of IRM was 
recorded as a function of temperature during heating.

Magnetic hyperthermia measurements for MF17 and MF19 were 
conducted using a MagneTherm™ system (Nanotherics). Samples were 
thoroughly mixed immediately before exposure to the AC magnetic 

Fig. 2. TEM micrographs of magnetic nanoparticles in (a) MF17, (b) MF19, and 
(c) SN17. (d) TEM micrograph of SN17 after silica coating.
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field. The excitation frequency (f), monitored using a frequency counter, 
ranged from 110 to 990 kHz. The field amplitude HAC, determined from 
the induced voltage of a pickup coil, did not exceed 14 kA/m. Sample 
temperatures were measured using an optical fiber thermometer, and 
the heating power was calculated from the initial rate of temperature 
increase.

Hyperthermia experiments were not performed for the silica-coated 
powder SN17 because the heat capacity and thermal conductivity of the 
silica shell cannot be reliably determined. Instead, the hysteresis loss 
was inferred from the area of the dynamic BH loop. AC magnetic fields 
were generated using an LCR series resonant circuit with an air-core 
solenoid coil driven by a 1 kW RF power supply (Thamway, T162- 
6013AHE). The maximum magnetic field amplitude HAC was 63.7 kA/ 
m when the excitation frequency f was 58 kHz. A figure-eight coil placed 
inside the solenoid detected the sample-induced electromotive force. 
The signals, recorded on a digital oscilloscope (Teledyne LeCroy 
HDO4034A), were integrated and converted into the time-dependent 
magnetization MAC.

3. Specific absorption rate and figure of merit

First, the heating characteristics of MF17 and MF19 were evaluated 
using the specific absorption rate (SARnano) per unit mass of the mag
netic nanoparticles. Fig. 3(a) shows the SARnano of MF17 measured 
across various frequencies f and magnetic-field amplitudes HAC. The 
values increased with frequency, reaching 89 W/g at 523 kHz and 
10 kA/m. For comparison with previously reported data, the SARnano 
values (10 kA/m) for MF17 at two different frequencies have been added 
to Fig. 1(a). On the other hand, MF19 exhibited substantial heating at 
high HAC, achieving 49 W/g at 110 kHz and 14 kA/m, as shown in Fig. 3
(b). Its SARnano values at 110 kHz for two field amplitudes are also added 
in Fig. 1(a). As shown in Fig. 1(a), the absolute SARnano values for both 
samples are significantly lower than those reported previously and fall 
well below the threshold of 200 W/g. These observations raise questions 
about the heat generation performances of MF17 and MF19, if they were 
inherently inferior to that of existing nanoparticles. and if they were 
unlikely to reach the threshold for practical application. To address 
these questions, the trends observed for MF17 to the upper bounds of 
previously employed experimental conditions were extrapolated; the 

basis for this extrapolation is discussed later. The results indicate that 
SARnano exceeds 200 W/g at higher frequencies. Furthermore, at the 
highest HAC⋅f values, the expected SARnano is approximately 1000 W/g, 
comparable to previously reported values shown in Fig. 1(a).

The above-mentioned example highlights two key issues when 
comparing heating performance across studies: (i) measurements are not 
conducted under uniform irradiation conditions, and (ii) experimental 
conditions are often not optimized for the specific nanoparticles. 
Therefore, we must examine whether a more appropriate performance 
metric can enable meaningful comparison of heating characteristics 
across nanoparticles evaluated under different experimental conditions. 
As seen in Fig. 1(a), previously reported SARnano generally increases 
with the product HAC⋅f. We shall consider the validity of SARnano as a 
comparative metric by investigating the origin of this behavior.

For magnetic nanoparticles, the time-averaged SARnano generated by 
an AC magnetic field H = (0, 0, Hacsin(2πf⋅t)) is defined as: 

SARnano ∼ (ρV)− 1μ0f
∫ ∮

H⋅dMdV, (1) 

irrespective of whether energy dissipation occurs through hydrody
namic viscosity or magnetic friction, where ρ, V, and M are the density, 
volume, and magnetization, of the nanoparticle, respectively (See the 
Supplementary Information for the derivation.) In the case of single- 
domain particles, the component of 

∫
MdV parallel to H is defined as 

μcos θ =MsVcos θ, where θ represents the angle between the magnetic 
moment μ and the external field H. Substituting this expression in Eq (1), 
we get: 

SARnano = ρ− 1μ0Ms(Hacf)
∮

sin(2πft)d(cos θ). (2) 

Based on this expression, SARnano is obtained as the product of the 
irradiation-dependent factor Hac⋅f, and the term 

∮
sin(2πft)d(cos θ), 

which reflects the dynamic reorientation of μ. Therefore, even if two 
samples exhibit the same rotational or reversal motion of μ driven by the 
variation in Hacsin(2πf⋅t), the measured SARnano will differ in proportion 
to Hac⋅f. This dependence explains the general trend in Fig. 1(a), where 
SARnano systematically increases with Hac⋅f. In other words, large SAR
nano values observed in the upper-right region of Fig. 1(a) do not 
necessarily indicate superior intrinsic reorientation mechanisms with 

Fig. 3. Specific absorption rate SARnano (a, b) and heating efficiency index SARnano/ SARmax (c, d) of iron oxide nanoparticles in MF17 (a, c) and MF19 (b, d), 
measured at magnetic field amplitudes Hac and frequencies f.
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high heat dissipation; they may simply reflect measurement conditions 
with exceptionally high Hac⋅f.

Consequently, reliance on SARnano as the sole figure of merit for 
nanomaterial development requires careful reconsideration, because it 
may cause optimization efforts to shift from improving the intrinsic 
dynamic response of nanoparticles to merely increasing the field 
amplitude and frequency. That being said, higher Hac and f would be 
unproblematic if they posed no risks to the human body and imposed no 
additional burden on the therapeutic systems and clinical conditions 
that impose strict constraints.

A primary concern is with using SARnano as the sole figure of merit for 
nanomaterial development is unintended heating of healthy tissue. 
Taguchi et al. [77] estimated that when Japanese adult biologically male 
models were exposed to a uniform high-frequency magnetic field 
(Hac = 1 A/m, f = 10 MHz), heat generation of up to SARbody = 20 μW/g 
occurred depending on the region of the body. This corresponds to a 
SARbody value of 2 × 10− 19 (Hac⋅f)2 (units: W/cm3). Shoshiashvili et al. 
[7] demonstrated that the heat generation in healthy tissue can be 
reduced by using an optimized coil design that spatially concentrates the 
magnetic field. Their calculation shows that the coefficient of (Hac⋅f)2 

can be reduced to as low as 3 × 10− 20. Regulatory guidelines for elec
tromagnetic exposure generally restrict the magnitude of Hac⋅f because 
exposure duration cannot be controlled in daily-life environments [78].

Similar constraints are applied in therapeutic contexts to ensure 
patient safety. A well-known example is the Atkinson–Brezovich limit, 
which constrains Hacf < 4.85 × 108 Am− 1s-1 [79]. In actual hyperther
mia clinical trials, irradiation conditions of Hacf ~1.8 × 109 Am− 1s-1 

[80] or Hacf ~ 2.3 × 109 Am− 1s-1 [81] are sometimes employed after 
weighing the risks and benefits. In clinical settings, however, intermit
tent irradiation is feasible; therefore, it would be more appropriate to 
evaluate side effects using the heating selectivity ratio, SARnano/SAR
body. Fig. 1(b) presents previously reported data re-expressed using this 
ratio, where we used the above-mentioned values 3 × 10− 20 (Hac⋅f)2 for 
SARbody. (It should be noted that the coefficient of the (Hac⋅f)2 depen
dence of SARbody varies depending on the model or device used; there
fore, as advancements are made in the field of hyperthermia apparatus, 
the vertical axis of this logarithmic graph will need to be updated 
accordingly.) In any case, regardless of whether the revision of the co
efficient causes a vertical shift of the entire plot in this logarithmic 
graph, it is evident that lower selectivity ratios occur at higher Hac⋅f 
values, indicating that nanoparticles exhibiting high SARnano under 
strong irradiation are not necessarily optimal for minimizing off-target 
heating. However, it is not straightforward to define a universal 
threshold for how much reduction in this selectivity ratio can be toler
ated. To address this issue, we assume that when the temperature of 
tumor tissue rises by 6◦C, the temperature increase in normal tissue must 
be less than 1◦C. Under the rough assumption that specific heat and 
thermal diffusivity are the same, this corresponds to the requirement 
that the heat generated in the tumor εSARnano must be at least six times 
greater than in normal tissue SARbody. Taking the previously mentioned 
ε value of 3 mg/cm3 in the tumor, the acceptable ratio of SARnano to 
SARbody would be 2000-fold. As shown in Fig. 1(b), when the Hac⋅f value 
is high, the reported ratios of SARnano/SARbody are generally low and far 
below this threshold.

On the other hand, several nanoparticles achieve selectivity ratios 
exceeding this threshold under conditions where Hac⋅f is small. Does this 
imply that these particles possess an intrinsic reorientation mechanism 
that results in minimal side effects? To clarify this question, the heating 
selectivity ratio is reformulated using Eq. (3): 

SARnano

SARbody
=

μ0Ms

3 × 10− 20ρ
1

Hacf

∮

sin(2πft)d(cos θ). (3) 

From this equation, it is evident that the heating selectivity ratio 
includes a coefficient that is inversely proportional to Hac⋅f, indepen
dently of the term 

∮
sin(2πft)d(cos θ). In other words, even if two 

samples exhibit the same rotational or reversal motion of μ driven by the 
variation in Hacsin(2πf⋅t), the measured SARnano/SARbody will differ in 
inverse proportion to Hac⋅f. Therefore, when the reduction of side effects 
is to be achieved through improvement of the dynamic reorientation 
mechanism of μ, it may not be appropriate to compare the performance 
of the synthesized nanoparticle solely based on the selective heating 
ratio.

Next, let us consider the constraints related to clinical instrumenta
tion. In therapeutic systems, large air-core coils are employed to irra
diate either the entire trunk or localized regions of the body, with typical 
coil volumes vcoil of 4 × 104 cm3 [82] and 103 cm3 [83,84] respectively. 
In comparison, the tumor volume vtumor is extremely small, and the 
volume occupied by nanoparticles within the tumor is even smaller. For 
example, in a tumor with a diameter of 1 cm (vtumor ~ 0.5 cm3), the 
amount of magnetic nanoparticles, assuming ε = 3 mg/ cm3, is only 
1.5 mg. Under such conditions, most of the electrical power supplied to 
the coil is reactive, and the apparent power can be approximated by the 
reactive power: vcoilPapp = vcoil

(
πfμ0Hac

2). Therefore, minimizing 
vcoilPapp while maximizing heat generation εvtumorSARnano is essential for 
reducing the required power supply rating. The ratio 
εvtumorSARnano/vcoilPapp corresponds to the power factor of the instru
mentation. For this reason, the ratio of SARnano/Papp, excluding 
treatment-related factors, is referred to here as the specific power factor. 
Therefore, nanoparticles with a specific power factor are desirable in 
terms of device load. Except for the constant term πμ0, the specific power 
factor is equivalent to the widely used effective specific absorption rate 
(ESAR) [85], also called intrinsic loss power (ILP) [86]. ESAR (i.e., ILP) 
has conventionally been treated as an indicator of relaxation losses 
within the linear response regime μ0μHac≪kBT. However, for 17 nm iron 
oxide nanoparticles with a typical Ms of 450 kA/m [87], the Zeeman 
energy μ0μHac already exceeds the thermal energy at room temperature 
when Hac > 3 kA/m. Consequently, ESAR (i.e., ILP) values derived from 
the current measurements at Hac > 3 kA/m do not accurately charac
terize the performance of relaxation losses. Nevertheless, as mentioned 
above, ESAR (i.e., ILP), which is identical to the specific power factor, 
remains a meaningful figure of merit because it captures the balance 
between heating efficiency and device load.

Fig. 1(c) presents the specific power factor, SARnano/Papp and the 
ESAR (i.e., ILP), which is SARnano/Papp multiplied by πμ0, for the 100 
datasets analyzed in this work. The results show that higher values are 
consistently obtained at lower Hac⋅f. To clarify the origin of this trend, 
the specific power factor was reformulated using Eq. (3): 

SARnano

Papp
=

ESAR
πμ0

=
ILP
πμ0

=
Ms

2πρHac

∮

sin(2πft)d(cos θ), (4) 

Based on this expression, the specific power factor increases as Hac 
decreases, regardless of the term 

∮
sin(2πft)d(cos θ). In other words, 

higher SARnano/Papp ratios observed in the upper-left region of Fig. 1(c) 
do not necessarily indicate superior intrinsic reorientation mechanisms 
of μ with high active power.

The preceding discussion shows that, SARnano intrinsically increases 
with higher Hac and f. In contrast, indicators related to safety and device 
burden, namely the heating selectivity ratio SARnano/SARbody and the 
specific power factor SARnano/Papp, tend to improve as Hac and f are 
reduced (and only Hac in the latter case), irrespective of the magnetic 
response of μ. Needless to say, if all the practical constraints described 
above could be satisfied solely by optimizing Hac and f, there would be 
no difficulties. Nonetheless, the directions of changing Hac and f for 
improving heating power and ensuring safety are fundamentally 
opposed. Therefore, it is challenging to simultaneously achieve thera
peutic effects via tumor heating and minimize side effects associated 
with the heating of normal tissue merely by adjusting the magnetic field 
irradiation conditions.

Reconciling therapeutic efficacy with the minimization of side effects 
would requires materials with enhanced intrinsic heat-generation 
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mechanisms, rather than nanoparticles that appear effective only under 
favorable irradiation conditions. To address this, we should draw 
attention to the term representing the dynamic reorientation mecha
nisms of μ, 

∮
sin(2πft)d(cos θ) without explicitly including the irradia

tion conditions. This term reaches a maximum value of 4 when θ 
changes abruptly from − π to +π at t = 1/4f and reverses at t = 3/ 4f . In 
other words, SARnano can be maximized at SARmax = ρ− 14μ0Ms(Hacf)
whenever ideal reorientation occurs, irrespective of factors such as the 
presence or absence of interparticle interactions, or whether energy 
dissipation occurs through hydrodynamic viscosity or magnetic friction. 
Accordingly, we propose a heating efficiency index SARnano

SARmax
= 1

4
∮

sin(2πft)d(cos θ) that reflects the intrinsic heat-generation mechanisms 
of the synthesized nanoparticles. This metric fundamentally measures 
how closely the ideal rotation or reversal motion of μ is realized under 
given irradiation conditions, thereby providing guidance for the devel
opment of magnetic nanoparticles. It should be noted that, for any 
magnetic response mechanism, the range of irradiation conditions under 
which ideal or near-ideal rotational or reversal motion is exhibited is 
limited, and it is not self-evident whether the measurement conditions 
used in experiments actually correspond to this optimal range. This 
highlights the need for evaluation across the broadest possible range of 
irradiation conditions; however, further discussion on this will be un
dertaken in the next section “Screening using blocking temperature and 
switching field distribution”. Here, irrespective of whether the optimal 
irradiation conditions were used, we first examine the distribution of 
previously reported values using this proposed metric.

Fig. 1(d) presents the heating efficiency index SARnano/SARmax 
calculated from previously reported data, where Ms and ρ are uniformly 
set to typical values of 450 kA/m and 5200 kg/m3 for bulk iron oxide 
[87] for simplifying the estimation. (At this stage, since the comparison 
is limited to a logarithmic scale, this simplification does not have any 
notable effect on the results, except for the case of metallic cores, which 
will be discussed later.) When the criteria discussed in Fig. 1(a) and (b) 
are superimposed as dashed and dotted lines, respectively, the region 
satisfying both conditions corresponds to the central triangular zone 
highlighted in gray. Magnetic nanoparticles intended for hyperthermia 
must therefore achieve SARnano/SARmax values within this region. A 
small number of reported nanoparticles already meet these re
quirements. The first group, indicated by solid arrows [11,88], consists 
of iron-based metallic nanoparticles. Because their M s values are 
significantly higher than those of iron oxide, they can generate a large 
amount of heat. (Since the current plotting uniformly uses the Ms value 
of bulk iron oxide (450 kA/m) for simplifying the calculation, the effi
ciency index appears to exceed the theoretical upper limit, although this 
is merely an apparent effect). However, the chemical instability of 
highly reactive metallic nanoparticles with large surface areas remains a 
concern for biomedical applications. The second group comprises bac
terial magnetosomes, indicated by dashed arrows [73]. These iron oxide 
nanoparticles are known to form chain-like clusters, and the collective 
magnetic response of μ, along with the resulting effective magnetic 
anisotropy arising from interparticle interactions, has been proposed as 
the origin of their high SARnano/SARmax values. However, clustering 
prior to reaching the tumor interstitial fluid can hinder vascular wall 
penetration, necessitating careful control of aggregation in hyperther
mia applications involving intravenous administration. The third group 
includes Mg-doped maghemite nanoparticles [14,51]. These oxide 
nanoparticles exhibit exceptionally high heating performance despite 
moderate Ms values of 330–350 kA/m. Although the underlying mech
anisms require further investigation, these results suggest that both 
criteria can be satisfied by optimizing the dynamic magnetic response of 
isolated, stable iron oxide nanoparticles, without relying on metallic 
iron or aggregates. The objective of this study is to examine indicators 
for the appropriate comparison of data obtained under different irradi
ation conditions. Accordingly, the 100 data points considered here do 
not represent the entirety of reported results. Setting aside the 

interpretation of individual cases, SARnano/SARmax provides insight into 
improving the efficiency of heat generation during reorientation of μ. 
The discrepancy between the theoretical maximum and the experi
mental values in Fig. 1(d) indicates the extent of potential for perfor
mance improvement in nanoparticle development by controlling the 
reorientation mechanisms of μ.

It is extremely challenging to achieve complete and instantaneous 
reorientation of μ at the optimal AC field phase in actual polydisperse 
nanoparticles within tumors. Therefore, rather than relying on seren
dipitous improvements, promoting material development aimed at 
approximating this ideal rotational or inversion motion of μ as closely as 
possible will significantly accelerate the creation of high-performance 
nanoparticles. In this context, it is desirable for development to pro
ceed along a vector connecting the current state to the target region 
defined by the practical requirements (represented by the triangular 
area in Fig. 1(d)). As discussed in last section, the proposed metric, 
SARnano/SARmax, reflects only the contribution of the dynamic response 
of μ and therefore serves as a convenient measure for comparing and 
improving intrinsic heating mechanisms. In contrast, conventional 
metrics, namely SARnano, SARnano/SARbody and SARnano/Papp, change 
with irradiation conditions even when the underlying magnetic dy
namics remain unchanged as summarized in Table 1. Consequently, 
these conventional metrics alone are not sufficient to fully evaluate the 
intrinsic heating performance of magnetic nanoparticles.

We examine the performance of the two magnetic fluids synthesized 
in this study using the metric SARnano /SARmax. As shown in Fig. 2(c), the 
ratio for MF17 increases with frequency, rising from 0.022 at 174 kHz to 
0.039 at 523 kHz under a field amplitude of 10 kA/m. In contrast, Fig. 2
(d) shows that MF19 exhibits higher SARnano/SARmax at larger Hac, 
increasing from 0.063 at 8.7 kA/m to 0.073 at 14 kA/m at 110 kHz. 
Representative values are included in Fig. 1(d). These results indicate 
that the heating efficiencies of MF17 and MF19 under the present irra
diation conditions are modest compared with previously reported 
values, suggesting that there is significant room for improvement in the 
magnetic response mechanism. If candidate materials were screened 
solely on this basis, these magnetic fluids would currently be considered 
unsuitable for hyperthermia applications. However, this is a premature 
conclusion for the reasons explained below.

Within the accessible range of irradiation parameters, SARnano/ 
SARmax for MF17 improves with increasing f, whereas that for MF19 
improves with increasing field amplitude. This suggests that, for both 
materials, there remains a possibility that they may exhibit substantially 
superior performance and fulfill the practical requirements indicated by 

Table 1 
Summary of performance metrics for magnetic nanoparticle heating.

Metric Physical Meaning Irradiation 
Condition 
Dependence

Typical Use

Specific Absorption 
Rate: 
SARnano (W/g)

Heat generated per 
unit mass of 
nanoparticles

Directly Evaluation of 
heating power

Heating Selectivity 

Ratio: 
SARnano

SARbody 

(cm3/g)

Selectivity for 
tumour vs. normal 
tissue

Directly Side effects 
evaluation

Specific Power 
Factor: 
SARnano

Papp 

(cm3/g) 
(= πμ0 
ILP=πμ0ESAR)

Heating power per 
device load

Directly Device load 
evaluation

Heating Efficiency 
index: 
SARnano

SARmax 
(Dimensionless)

Heating efficiency 
compared to 
theoretical 
maximum

Nanoparticle- 
specific

Nanoparticle 
development
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the triangular region under conditions exceeding the limits of the cur
rent measurement system. Because the excitation parameters of high- 
frequency heating devices are constrained by their resonant character
istics, the following section examines whether alternative methods can 
be used to estimate heating performance over a broader operational 
range.

Before concluding this section, it should be noted that, in Fig. 1, the 
values reported in the original literature were used directly for SARnano, 
without considering whether the denominator included the mass of the 
surface-modified layer or oxygen during the calculation. At this stage, 
since the comparison is limited to a logarithmic scale, this rough 
normalization does not significantly affect the results. More detailed 
comparisons will be undertaken as part of the future scope of this work. 
However, to do so, standardizing these factors across studies will be 
necessary.

4. Screening using blocking temperature and switching field 
distribution

Evaluation of the magnetic fluids MF17 and MF19 showed that their 
SARnano/SARmax values do not exceed previously reported values. 
However, both samples exhibit an increasing trend in SARnano/SARmax 
at the boundary of the current measurement range, suggesting the po
tential for enhanced performance under optimized irradiation condi
tions beyond this range. To confirm this possibility, it is necessary to 
determine whether these trends persist beyond the operational limits of 
the current instrumentation. As a first step, conventional models 
describing frequency- and magnetic field-dependent heating losses were 
revisited and compared with experimental data obtained from a simple 
reference system: spatially immobilized, magnetically isolated iron 
oxide nanoparticles (SN17). In this model system, dipolar interactions 
are effectively suppressed by a thick nonmagnetic shell, as confirmed by 
first-order reversal curve (FORC) analysis (Supplementary Information).

For frequency-dependent loss (relaxation loss), the standard linear- 
response model under small-amplitude magnetic fields (μ0μHac≪ kBT) 
provides the fundamental model: 

M= χʹHac sin(2πft) − χʹ́ Hac cos(2πft)

=
χ0

1 + (2πf ⋅τ)2Hac sin(2πft) −
χ0⋅2πf ⋅τ

1 + (2πf ⋅τ)2Hac cos(2πft), (5) 

where χ0, χʹ, and χ″ denote the static susceptibility, in-phase, and out-of- 
phase component of AC susceptibility, respectively, and τ denotes the 
relaxation time. In the case of immobilized nanoparticles, τ corresponds 
to the Néel relaxation time, τN: 

τN = f –1
0 ⋅exp(Ea / kBT), (6) 

where f0 is the attempt frequency typically in the range of 109 to 1011 s-1. 
Substituting Eq. (6) into Eq. (2) shows that the heating efficiency index 
SARnano/SARmax reaches its maximum value when the χ″ peaks. This 
occurs when τN is equal to (2πf)− 1. Thus, identifying that maximum 
heating efficiency requires adjusting the measurement frequency to 
match the actual relaxation time.

Fig. 4(a) presents the frequency dependence of χ″ for SN17 at 
T = 94 K under an AC magnetic field with a small amplitude 
(Hac = 0.8 kA/m, μ0μHac≪kBT). The peak in χ″ occurs around 0.27 kHz 
in the absence of a magnetic field, yielding a relaxation time τp of 1/ 
(2×π×270) = 0.6 ms. At first glance, this suggests that the optimal 
heating frequency at this temperature is 0.27 kHz. However, χ″(f) shifts 
toward higher frequencies under applied bias fields Hb, demonstrating 
that the optimal heating frequency varies with small changes in mag
netic field conditions. As shown in the inset, the measured variation in τp 
with Hb agrees with the dependence predicted by the conventional 
model, in which the relaxation time in an applied field is expressed as: 

τ− 1
N = f0

[

1 −

(
H
HK

)2][(

1 −
H
HK

)

exp
(
− Ea(H = 0)

kBT

(

1 −
H
HK

)2)

+

(

1+
H
HK

)

exp
(
− Ea(H = 0)

kBT

(

1 +
H
HK

)2)] (7) 

with anisotropy field HK [89]. This correspondence indicates that, if 
both Ea(H = 0) and HK are known, heating performance can be estimated 
over a wide range of irradiation conditions. However, another important 
feature should be noted: the χ″(f) peak measured in zero field is sub
stantially broader than the curve calculated for monodisperse particles 
with a uniform τN using Eq. (5). This broadening reflects a distribution of 
relaxation times, or equivalently of Ea(H = 0), arising from unavoidable 
variations in the size and shape of synthesized nanoparticles. A similar 
distribution also affects HK, as discussed later. These observations 
indicate that accurate prediction of the conditions that maximize the 
heating efficiency index SARnano/SARmax requires explicit consideration 
of the distributions of both Ea(H = 0) and HK, rather than relying solely 
on their mean values.

Next, we consider Hac dependent loss due to the magnetization 
reversal caused by the magnetic field, which is known as the hysteresis 
loss. In this case, Eq. (2) indicates that SARnano/SARmax = 1

4
∮

sin(2πft)d(cos θ) reaches its maximum value on the condition that the 
largest change in θ due to the reversal of μ occur when H reaches 
maxima ±Hac at 2πft = π/2, 3π/2. Based on this relationship, it is 
evident that, to maximize SARnano/SARmax, Hac must be adjusted to 
match the dynamical switching field HSW of the nanoparticle.

We now examine the switching behavior observed in SN17. Fig. 4(b) 
shows the magnetization curves at low temperatures. The demagneti
zation curves in the first quadrant match the theoretical predictions for 
single-domain particles with randomly-oriented easy axes in the 
Stoner–Wohlfarth model [5]. The coercivity Hc at 2 K was measured to 
be 25 kA/m in the third quadrant.

Does this imply that the optimal Hac is 25 kA/m? Notably, Hc de
creases with increasing temperature. These observations indicate that 
the optimal Hac is not 25 kA/m and that the probabilistic reversal 
induced by thermal fluctuations and the resulting changes in the 
dynamical switching field must be considered to estimate the optimal 
Hac at finite temperatures.

As shown in the inset, the decrease in Hc(T) with increasing T scales 
as T0.77. This behavior is consistent with phenomenological relation
ships reported for randomly oriented particles [90]: 

Hc(T)∼Hc(T=0)⋅
[
1 –(T/TB(tm,H = 0))0.77

]
, (8) 

where Hc(T = 0) is the coercivity at absolute zero and is defined as 
Hc(T = 0) = 0.49 HK in the simplest Stoner–Wohlfarth model for 
randomly oriented nanoparticles. TB(tm, H = 0) is the blocking temper
ature below which μ cannot overcome the anisotropy barrier Ea(H = 0) 
within the measurement time tm because the thermal activation is 
insufficient. Substituting the relation τN(TB)= tm into Eq. (6) shows that 
TB(tm, H = 0) is proportional to Ea(H = 0), with the proportionality 
constant given by [kBln(tm⋅f0)]− 1. The agreement between the measured 
Hc(T) affected by the probabilistic thermal reversals and the theoretical 
prediction of Eq. (8) indicates that, if both Ea(H = 0) and HK are known, 
the optimal heating conditions can be estimated over a wide range of 
irradiation parameters.

However, another behavior in the third quadrant of Fig. 4(b) should 
be noted. The decrease in magnetization during reversal is considerably 
more gradual than the dashed curve predicted by the Stoner–Wohlfarth 
model. This indicates that both the dynamical switching field HSW and 
the underlying anisotropy field HK vary from particle to particle. As 
already discussed, Ea(H = 0) is also broadly distributed. These variations 
arise from unavoidable heterogeneity in nanoparticle size and shape. 
Consequently, accurate estimation of the optimal Hac requires consid
eration of the distributions of both Ea(H = 0) and HK.
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The observational results discussed here demonstrate that the 
relaxation time for thermally activated magnetization reversal depends 
on the applied magnetic field. Whereas, the switching field governing 
field-driven reversal dynamically depends on thermal fluctuations. 
Moreover, both quantities exhibit significant distributions. Without 
simultaneously accounting for thermal activation and magnetic anisot
ropy, namely the distributions of relaxation time (or barrier height) and 
switching field (or anisotropy field), it is difficult to extrapolate the 
heating efficiency index beyond the excitation range accessible to con
ventional heat-generation measurement systems. This raises a key 
question: can the barrier height and switching-field distributions be 

determined concurrently? The following section examines methodo
logical approaches to address this issue.

Conventionally, the HSW distribution has been estimated using the 
following property: once magnetization reversal occurs upon the tem
porary application of a field Hr, the change remains irreversible after the 
field is removed. Consequently, the isothermal remanent magnetization 
(IRM) represents the cumulative magnetization of all nanoparticles with 
switching fields below Hr: IRM =

∑
HSW<Hr

μ [91].
Fig. 5(a) presents the minor hysteresis loops of SN17 obtained during 

temporary application of Hr at 2 K. The IRM increases as Hr increases 
from 30 to 40 kA/m, indicating that the increments in IRM correspond to 

Fig. 4. Magnetic properties of SN17. (a) Frequency dependence of the out-of-phase AC susceptibility component χ″ under various bias fields Hb normalized to unity. 
The inset shows the Hb dependence of the mode relaxation time τp, calculated from the peak position of χ″. (b) Temperature dependence of the magnetization curve. 
The broken line represents the Stoner –Wohlfarth model. The inset shows the coercive field Hc as a function of 0.77th power of temperature.

Fig. 5. Magnetic parameter distributions in magnetic nanoparticles. (a) Variations in isothermal remanent magnetization induced by magnetic field cycling and 
temporary heating. The inset shows the magnetic field and temperature sweep sequence. (b–d) Distributions of blocking temperature and switching magnetic field 
estimated for each nanoparticle sample.
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the magnetization of nanoparticles with HSW in this range. Accordingly, 
the HSW distribution weighted by μ can be estimated 1

Ms

∂M (Hr)
∂Hr

, normal
ized by Ms =

∑
allμ. Because the measurements were conducted near 

absolute zero, the extracted HSW values correspond to HSW(T ~ 0), 
effectively free from thermal fluctuations.

Conversely, the IRM at zero magnetic field decreases due to random 
thermal fluctuations when the nanoparticles are heated to a higher 
temperature Tm. Once reduced by thermally activated reversal, the IRM 
does not recover upon subsequent cooling [91]. This behavior was 
confirmed for SN17, as shown in Fig. 5(a), where the particles were 
repeatedly heated and cooled while sequentially increasing the 
maximum temperature between 2 K and Tm = 20, 40, and 60 K at a 
sweep rate of 1 K/min.

Using this relationship, the distribution of TB(tm, H = 0) is typically 
estimated as − 1

Ms

∂M (Tm)

∂Tm
. In relaxation experiments based on DC 

magnetization measurements, precise determination of tm from the 
temperature sweep rate is difficult. However, tm is commonly set to 100 s 
[91]. Based on the principles used in these two conventional analyses, 
we can identify that that the thermal decay of IRM from Tm to Tm + ΔTm 
at H = 0, following temporary application of Hr at absolute zero, can be 
attributed only to particles satisfying the conditions Tm < TB(tm, 
H = 0) < Tm + ΔTm and HSW(T = 0) <Hr. In other words, the joint 
TB-HSW-distribution can be evaluated by combining the established 
TB-distribution analysis derived from thermal decay curves with the 
conventional HSW-distribution analysis based on remanent 
magnetization: 

ρ(TB,Hsw)= −
1

Ms

∂2M (Tm,Hr)

∂Tm∂Hr
(9) 

This method was recently proposed and has proven useful for 
analyzing realistic polydisperse nanoparticle systems [71]. It was, 
therefore, applied to SN17, and the resulting TB(tm, H = 0) –HSW(T ~ 0) 

distribution map is shown in Fig. 5(b). This distribution extends along a 
diagonal line from the origin, consistent with theoretical expectations 
for single-domain nanoparticles, in which both TB(tm, H = 0) (or 
Ea(H = 0)) and HSW(T ~ 0) (or HK) scale with the intrinsic magnetic 
anisotropy constant, albeit with different proportionality factors.

Once the distribution of magnetic anisotropy barrier heights, 
Ea(H = 0) = kBTB(tm, H = 0)⋅ln(tm⋅f0), and the corresponding distribution 
of switching fields, HSW(T ~ 0) μ HK, has been determined, the magnetic 
response can be calculated using an appropriate model. This enables 
prediction of heat generation under irradiation conditions beyond the 
experimentally accessible range. In this study, a simple Preisach model 
[92] was employed, where the magnetization curve is computed as the 
sum of hysterons representing individual nanoparticles that reverse 
their magnetic moment μ at their respective dynamical switching fields 
HSW(T). This model also accounts for probabilistic reversal induced by 
thermal fluctuations at finite temperatures using the empirical relation 
HSW(T) ~ HSW(T ~ 0)⋅[1 –(T/TB(tm, H = 0))0.77]. Because our objective 
is to evaluate hyperthermic performance at room temperature, SARnano 
at 300 K was calculated using kBTB⋅ln

(
f0τm

)
= kB(300 K)⋅ln

(
f0 /2πf

)

derived from Eq. (6).
As shown in Fig. 6(a), the resulting SARnano/SARmax map generated 

from the TB–HSW distribution in Fig. 5(b) indicates that the heating ef
ficiency index of SN17 increases with f, while its dependence on Hac 
exhibits a peak at a specific amplitude, approximately 30 kA/m at 
f = 58 kHz, as indicated by the cross section along the dashed line 
(f = 58 kHz) in the inset of Fig. 6(b).

Direct quantification of heat generated by the trace iron oxide cores 
within the silica shells was impractical due to lack of accuracy in 
determining the heat capacity and thermal conductivity of the silica 
coating. Therefore, we were unable to validate the prediction made 
above using the magnetic hyperthermia measurements. Instead, we 
measured the high-frequency, high-amplitude magnetization curves. As 
shown in Fig. 6(b), the resulting magnetization loop exhibits a distinct 

Fig. 6. Heating efficiency index SARnano/SARmax of magnetic nanoparticles estimated from blocking temperature and switching-field distributions, shown as a 
function of irradiation frequency and magnetic field amplitude: (a) SN17, (c) MF17, and (d) MF19. The regions enclosed by white dashed lines in panels (c) and (d) 
represent the range in which the heating amount was directly measured experimentally. (b) Field-amplitude Hac dependence of the dynamic magnetization curve 
measured for SN17 at f = 58 kHz. The inset shows the cross-section along the dashed line (f = 58 kHz) in panel (a), together with SARnano/SARmax estimated from the 
dynamic magnetization curves (denoted by white circles).
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hysteresis. Using Eq. (2), the heat generation of SN17 was estimated 
from the hysteresis loop area. The values, plotted as open circles in the 
inset of Fig. 6(b), show good agreement with the calculated curve 
(broken line) derived from the TB–HSW distribution in Fig. 5(b). This 
clearly demonstrates that the proposed method can reliably estimate 
SARnano/SARmax of sparsely immobilized nanoparticles, as in SN17, after 
intracellular accumulation, under a remarkably wide range of irradia
tion conditions.

In contrast to such ideal systems, it should be recalled that magnetic 
nanoparticles used for therapy are administered as magnetic fluids and 
remain suspended in the blood or interstitial fluid, undergoing Brownian 
motion until they are taken up by cells. Furthermore, as mentioned 
earlier, magnetic nanoparticles can aggregate through various mecha
nisms, which can result in strong dipolar interactions between the 
nanoparticles. The proposed methodology was then applied to magnetic 
fluids MF17 and MF19, which serve as model systems for these effects. 
Fig. 5(c) presents the TB(tm, H = 0)–HSW(T ~ 0) distribution map for 
MF17, obtained using the same procedure as for SN17. The distribution 
forms a diagonal line from the origin, similar to that observed for SN17, 
indicating behavior characteristic of magnetically isolated nano
particles. This interpretation is consistent with the absence of detectable 
interaction fields in the FORC analysis of MF17 (see Supplementary 
Information). The result suggests that the particle size remains below the 
critical threshold for aggregation, preventing the formation of densely 
packed nanoparticle clusters in the bloodstream or interstitial fluids.

Fig. 6(c) presents the heating efficiency index SARnano/SARmax maps 
derived from the TB–HSW distribution in Fig. 5(c). For MF17, higher 
SARnano/SARmax values are predicted at elevated frequencies beyond the 
experimental range of direct heating measurements, as indicated by the 
dashed lines. This trend is broadly consistent with the measured heating 
behavior of MF17 shown in Fig. 3(c), although quantitative discrep
ancies remain. To enable extrapolation based on this qualitative agree
ment, the estimated relative increase at higher frequencies was plotted 
after adjusting its absolute magnitude to match the experimental values, 
as shown by the solid blue line in Fig. 1(d). The results indicate that 
when the frequency is increased 20-fold, the SARnano/SARmax ratio 
approximately doubles, as shown by the blue arrow in Fig. 1(d).

However, this increase occurs in the MHz range, which is signifi
cantly different from the frequencies (100 kHz, 310 kHz [80,81]) of 
alternating magnetic field devices currently used in clinical trials. While 
this initial screening is not intended to assess suitability for specific 
devices, it is important to note that increasing the frequency in MF17 
causes the data point in Fig. 1(d) to move farther from the gray trian
gular region indicating practical requirements, as indicated by the blue 
arrow. In other words, the predicted improvement has no clinical sig
nificance for any type of hyperthermia device.

Next, we consider the MF19, for which the interaction field is non- 
negligible, as shown in the FORC diagram (see Supplementary Mate
rials). Fig. 5(d) shows the TB(tm, H = 0)–HSW(T ~ 0) distribution esti
mated using the same method applied to the other samples. In contrast 
to SN17 and MF17, the distribution for MF19 is concentrated in the low 
TB region, and HSW(T ~ 0) spans a wide range from 20 to 80 kA/m. In 
addition, a tail appears in the high TB-region around 150 K at approxi
mately HSW(T ~ 0) ~ 50 kA/m. These differences can be attributed to 
interparticle interactions in MF19.

Fig. 6(d) demonstrates the SARnano/SARmax map for MF19 derived 
from the TB-HSW distribution in Fig. 5(d). Larger SARnano/SARmax values 
are predicted at larger magnetic field amplitudes beyond the measure
ment range, as indicated by the white dashed lines. This behavior is 
consistent with the general trend observed in the MF19 heating mea
surements shown in Fig. 3(d). For extrapolation, the estimated relative 
change with increasing field amplitude is plotted as a red solid line in 
Fig. 1(d), scaled to match the experimental values. According to this 
curve, doubling the magnetic field amplitude leads to a substantial in
crease in the heating efficiency index, although further increases are 
unlikely to yield additional gains. Unlike MF17, the MF19 showed a 

tendency for the SARnano/SARmax to temporarily approach practical 
target area, indicating that systematic measurements at higher field 
amplitudes are warranted for this class of nanoparticles.

However, a quantitative mismatch is observed between the predicted 
and measured values for MF17 and MF19, in contrast to the agreement 
obtained for the sparsely immobilized SN17 sample. Although the pre
dicted trends with respect to irradiation conditions are qualitatively 
consistent, these discrepancies arise from applying a simplified model 
based solely on the Néel relaxation of magnetically isolated particles, as 
in SN17, to systems that also undergo Brownian rotation and exhibit 
interparticle interactions. Consequently, an extended model that in
corporates these effects is required to achieve accurate quantitative 
predictions for nanoparticles dispersed in blood or interstitial fluid, as 
well as for aggregated nanoparticles. However, the current under
standing of magnetic fluids, including their interaction dynamics and 
Brownian motion, remains insufficient to support such refinements. 
Further investigation of the fundamental properties of magnetic fluids is 
therefore necessary in future studies.

5. Conclusion

Magnetic fluid hyperthermia is a promising methodology for selec
tive tumor treatment that exploits heat generated by magnetic nano
particles under alternating magnetic fields. Conventional development 
of such nanoparticles has relied primarily on the specific absorption rate 
(SARnano), a metric that depends strongly on the applied magnetic field 
amplitude and frequency. However, as irradiation conditions vary 
across studies and are often constrained by available instrumentation, 
comparisons based on SARnano are inherently limited and do not 
necessarily reflect the intrinsic heating efficiency of the nanoparticles. 
This study proposes and evaluates alternative performance indices and 
demonstrates that the ratio of experimentally obtained SARnano to its 
theoretical maximum provides an effective, condition-independent 
measure of intrinsic heating efficiency.

In addition, a methodology is introduced in this study to predict 
heating performance over a broad parameter range by jointly analyzing 
blocking-temperature and switching-field distributions. Application of 
this approach to silica-coated nanoparticle powders and two magnetic 
fluids is conducted and offers several insights. For sparsely immobilized 
iron oxide nanoparticles, such as those intracellularly accumulated with 
sufficient interparticle spacing, as a result of ideal single-particle 
endocytosis, the predicted heating efficiencies match the experimental 
measurements, confirming the method's ability to identify optimal 
irradiation conditions and estimate maximum heating capacity.

For model samples of nanoparticles with Brownian motion in blood 
or interstitial fluid, as well as that for aggregated nanoparticles exhib
iting interparticle interactions, the predicted results were only in qual
itative agreement with experimental trends. Extrapolating these 
relationships to predict irradiation conditions favorable for enhanced 
heating with enough reliability, further improvements that fully account 
for Brownian motion and interparticle interactions are considered 
necessary. In the future, as our understanding of magnetic fluids with 
significant interparticle interactions advances and the predictive accu
racy of this approach for real, complex systems improves, it will help to 
prevent the premature exclusion of nanoparticle formulations that could 
exhibit high heating efficiencies under irradiation conditions beyond the 
practical limits of initial screening.

Overall, the efficiency metric and predictive framework proposed in 
this study are expected to contribute to building a more robust foun
dation for guiding the development of magnetic nanoparticles for hy
perthermia applications.
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Y. Piñeiro, J. Rivas, Role of dipolar interactions on the determination of the 
effective magnetic anisotropy in iron oxide nanoparticles, Adv. Sci. (Weinh.) 10 
(2023) 2203397, https://doi.org/10.1002/advs.202203397.

[67] H. Mamiya, I. Nakatani, T. Furubayashi, Phase transitions of iron-nitride magnetic 
fluids, Phys. Rev. Lett. 84 (2000) 6106, https://doi.org/10.1103/ 
PhysRevLett.84.6106.

[68] J.G. Ovejero, D. Cabrera, J. Carrey, T. Valdivielso, G. Salas, F.J. Teran, Effects of 
inter- and intra-aggregate magnetic dipolar interactions on the magnetic heating 
efficiency of iron oxide nanoparticles, Phys. Chem. Chem. Phys. 18 (2016) 10954, 
https://doi.org/10.1039/C6CP00468G.

[69] N.A. Usov, O.N. Serebryakova, V.P. Tarasov, Interaction effects in assembly of 
magnetic nanoparticles nanoscale, Nanoscale Res. Lett. 12 (2017) 489, https://doi. 
org/10.1186/s11671-017-2263-x.

[70] P.C. Scholten, How magnetic can a magnetic fluid be? J. Magn. Magn Mater. 39 
(1983) 99, https://doi.org/10.1016/0304-8853(83)90409-2.

[71] H. Mamiya, H. Sudo, J.L.C. Huaman, K. Suzuki, H. Miyamura, J. Balachandran, 
Macroscopic and microscopic structural analyses of needle-shaped condensed 
phases in magnetic fluids under external magnetic fields, J. Phys. Chem. C 125 
(2021) 740, https://doi.org/10.1021/acs.jpcc.0c08648.

[72] H. Gavilán, K. Simeonidis, E. Myrovali, E. Mazarío, O. Chubykalo-Fesenko, 
R. Chantrell, L. Balcells, M. Angelakeris, M.P. Morales, D. Serantes, How size, shape 
and assembly of magnetic nanoparticles give rise to different hyperthermia 
scenarios, Nanoscale 13 (2021) 15631–15646, https://doi.org/10.1039/ 
D1NR03484G.

[73] R. Hergt, R. Hiergeist, M. Zeisberger, D. Shuler, U. Heyen, I. Hilger, W. Kaiser, 
Magnetic properties of bacterial magnetosomes as diagnostics and therapeutic 
tools, J. Magn. Magn Mater. 293 (2005) 80–86, https://doi.org/10.1016/j. 
jmmm.2005.01.047.

[74] E. Myrovali, K. Papadopoulos, I. Iglesias, M. Spasova, M. Farle, U. Wiedwald, 
M. Angelakeris, Long-range ordering effects in magnetic nanoparticles, ACS Appl. 
Mater. Interfaces 13 (2021) 21602–21612, https://doi.org/10.1021/ 
acsami.1c01820.

[75] R.A. Harris, P.M. Shumbula, H. Walt, Analysis of the interaction of surfactants oleic 
acid and oleylamine with iron oxide nanoparticles through molecular mechanics 
modeling, Langmuir 31 (2015) 3934–3943, https://doi.org/10.1021/acs. 
langmuir.5b00671.

[76] Zhichuan Xu, Chengmin Shen, Yanglong Hou, Hongjun Gao, Shouheng Sun, 
Oleylamine as both reducing agent and stabilizer in a facile synthesis of magnetite 
nanoparticles, Chem. Mater. 21 (2009) 1778–1780, https://doi.org/10.1021/ 
cm802978z.

[77] K. Taguchi, I. Laakso, K. Aga, A. Hirata, Y. Diao, J. Chakarothai, Relationship of 
external field strength with local and whole-body averaged specific absorption 

rates in anatomical human models, IEEE Access 6 (2018) 70186, https://doi.org/ 
10.1109/ACCESS.2018.2880905.

[78] The International Commission on Non-Ionizing Radiation Protection (ICNIRP), 
Guidelines for limiting exposure to electromagnetic fields (100 KHZ TO 300 GHZ), 
Health Phys. 118 (2020) 483–524, https://doi.org/10.1097/ 
HP.0000000000001210.

[79] W.J. Atkinson, I.A. Brezovich, D.P. Chakraborty, Useable frequencies in 
hyperthermia with thermal seeds, IEEE Trans. Biomed. Eng. 31 (1984) 70–75, 
https://doi.org/10.1109/TBME.1984.325372.

[80] K. Maier-Hauff, R. Rothe, R. Scholz, et al., Intracranial thermotherapy using 
magnetic nanoparticles combined with external beam radiotherapy: results of a 
feasibility study on patients with glioblastoma multiforme, J. Neuro Oncol. 81 
(2007) 53–60, https://doi.org/10.1007/s11060-006-9195-0.

[81] Sarah Kraus, Boaz Shalev, Shir Arbib, Pazit Rukenstein, Moshe Eltanani, Udi Ron, 
Shaul Atar, Ofer Shalev, Tumor necrosis in a breast cancer case as a result of a 
novel systemic magnetic nanoparticle hyperthermia "Firstin-Human" safety and 
feasibility trial, J. Clin. Case Rep. 14 (2024) 2, https://doi.org/10.37421/2165- 
7920.2024.14.1596.

[82] U. Gneveckow, A. Jordan, R. Scholz, V. Brüß, N. Waldöfner, J. Ricke, A. Feussner, 
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