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Concentration‑dependent 
oscillation of specific loss 
power in magnetic nanofluid 
hyperthermia
Ji‑wook Kim, Jie Wang, Hyungsub Kim & Seongtae Bae* 

Magnetic dipole coupling between the colloidal superparamagnetic nanoparticles (SPNPs) depending 
on the concentration has been paid significant attention due to its critical role in characterizing the 
Specific Loss Power (SLP) in magnetic nanofluid hyperthermia (MNFH). However, despite immense 
efforts, the physical mechanism of concentration-dependent SLP change behavior is still poorly 
understood and some contradictory results have been recently reported. Here, we first report that the 
SLP of SPNP MNFH agent shows strong concentration-dependent oscillation behavior. According to 
the experimentally and theoretically analyzed results, the energy competition among the magnetic 
dipole interaction energy, magnetic potential energy, and exchange energy, was revealed as the main 
physical reason for the oscillation behavior. Empirically demonstrated new finding and physically 
established model on the concentration-dependent SLP oscillation behavior is expected to provide 
biomedically crucial information in determining the critical dose of an agent for clinically safe and 
highly efficient MNFH in cancer clinics.

Magnetic nanofluid hyperthermia (MNFH) has been paid significant attention as a potential treatment modality 
in cancer clinics due to its biotechnical advantages such as deep tissue penetration of AC magnetic heat induc-
tion power [specific loss power (SLP)] with minimal attenuation and unexpectedly lower “side effects”1–3 etc. 
Accordingly, a great deal of research activities to practically apply MNFH for cancer clinics including the design 
of high performance magnetic nanoparticles (MNPs) enabling to generate high SLP for completely killing tumors 
and the development of highly enhanced biotechnology to effectively improve the in-vitro/in-vivo biocompat-
ibility etc., have been intensively conducted for the last two decades. As the result, it was demonstrated that the 
optimized selection of size, shape, and composition of MNPs is a crucial factor to improve the SLP, chemical, 
physical, biochemical, and magnetic characteristics of nanofluid agents for clinically safe MNFH applications2,4,5. 
Additionally, it was verified that the control of MNP’s surface and coating process conditions are critical for the 
enhancement of biocompatibility6,7.

Theoretically, SLP cannot be controlled by the concentration of MNFH agents, because it does not have any 
obvious dependence on the concentration8,9. However, according to several studies recently reported, it was 
surprisingly observed that the change of SLP has a dependence on the concentration of MNFH agent10–21. This 
observation is not only scientifically interesting but also medically important since this unexpected behavior can 
result in the severely wrong prediction of heat generation performance of MNFH agents in clinical applications. 
Therefore, some scientific efforts to interpret the unexpected concentration-dependent SLP change behavior 
have been intensively made for the recent few years. According to the results, it was understood that magnetic 
dipole interaction caused by MNPs in nanofluids with different interparticle distances, dc–c, could be the main 
reason for the unexpected phenomenon. The strong magnetic dipole interaction, i.e. supposed to be caused by a 
short interparticle distance, may result in the decrease of SLP due to a chain-like shaped arrangement of MNPs 
under AC magnetic field10,11,14. However, the physical mechanism of SLP change is still poorly understood, and 
some contradictory results have been recently reported15,16. This may be thought to be due to the variation of 
experimental conditions such as the magnetic nature of MNPs, the degree of colloidal stability, the condition 
of applied AC magnetic field, and the wrongly selected magnetic parameters in theoretical analysis. Moreover, 
owing to the tiny size and the dynamic motion of colloidal MNPs in water (nanofluids), it would be more dif-
ficult to physically interpret the nature of magnetic dipole interaction compared to typical solid systems such as 
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magnetic thin film systems. Therefore, systematically well-designed direct/indirect experimental conditions of 
nanofluids, i.e. accurately controlled dc–c with minimized aggregations, are essentially needed to systematically 
analyze the concentration-dependent magnetic dipole interaction behavior and interpret its physical effects on 
the change behavior of SLP.

In this study, dc–c-dependent magnetic dipole coupling energy induced in nanofluids and their physical 
contribution to the SLP change behavior were investigated and analyzed by measuring the intrinsic/extrinsic 
magnetic parameters of nanofluids as a function of concentration. Mg shallow doped γ-Fe2O3 superparamagnetic 
NPs (SPNPs) (Mgx–γFe2O3, d = 25 nm) with a narrow size distribution (< 10%) and a high colloidal stability 
were employed to measure the AC magnetic heat induction characteristics at the different concentrations varied 
from 0.12 mg(Fe)/mL to 40 mg(Fe)/mL. The heating-up rate, dT/dt, was determined from the AC heat induction 
curves for SLP calculation. To study the effects of magnetic dipole moment, m, of each Mgx–γFe2O3 SPNP on 
the physical characteristics of magnetic dipole interaction in Mgx–γFe2O3 SPNP nanofluid, the dependence of 
SLP on the concentration was investigated at the applied AC magnetic fields, HAC,appl, with a fixed frequency of 
fappl = 100 kHz and the different field strength changed from 70 to 140 Oe. This is because the m of Mgx–γFe2O3 
nanofluid is typically proportional to the strength of HAC,appl at this range. Moreover, to further study the effects 
of m on the magnetic dipole interaction and its induced magnetostatic energies, Ems , different kinds of shallow 
doped SPNP nanofluids (Mgx–γFe2O3, NixZn1−x–γFe2O3, and Kx–γFe2O3 nanofluids) with different magnetiza-
tion, M, were considered because M is defined as the volume density of m. To comprehensively understand the 
underlying physics of dc–c-dependent SLP change behavior and the induced Ems in SPNP nanofluids, concen-
tration-dependent M, initial susceptibility, χ0 , and coercivity, Hc, were systematically measured at the HAC,appl/
DC magnetic field, HDC,appl, using a vibrating-sample magnetometer (VSM) and a AC magnetic susceptometer. 
From all the experimental and analyzed results, a concrete physical model was built up and the concentration 
dependent-SLP change behavior was interpreted in terms of dc–c-induced competition of Ems in nanofluid for 
clinically safe MNFH applications.

Result and discussion
Theoretical background of magnetic dipole interaction between the colloidal SPNPs.  The 
mutual potential energy, which is a kind of “magnetostatic energy”, Edip, resulted from magnetic dipole interac-
tion between two sphere SPNPs under an external magnetic field, is well-known to have a dependence on the m 
of each SPNP and the mean center-to-center dc–c. If each SPNP has m and the two SPNPs are separated by dc–c, 
the Edip can be expressed by Eq. (1) based on the “Stoner–Wöhlfarth model”12,13.

where θ1 and θ2 are the angles between two magnetic dipoles as depicted in Fig. 1a. To investigate the contribu-
tion of magnetic dipole (interparticle) interaction induced by the SPNPs in nanofluid to the AC heat induc-
tion characteristics, the concentration-dependent dc–c and the strength of m directly relevant to the magnetic 
anisotropy as well as the Nèel relaxation time, τN are considered as the most crucial parameters in analyzing 
the dipole interaction behavior and its induced Ems in nanofluids. The dc–c between the SPNPs can be calculated 
by considering the number of particles in different concentrations of nanofluids to interpret the SLP change 
behavior8,22. Additionally, considering the Brownian relaxation time, τB , given by Eq. (2), nanofluids with a 
narrow hydrodynamic size distribution along with minimized aggregation are inevitably required to obtain a 
uniform m and explore the effects of concentration-dependent change of effective hydrodynamic volume, Vh,eff  , 
on the SLP for reliable interpretation. The τB is proportional to the Vh,eff  , of the colloidal SPNPs.

where KB is Boltzmann constant, T  is the absolute ambient temperature in Kelvin, and η is the viscosity of 
nanofluids, respectively.

Preparation and characterization of nanofluids.  By considering all the physical, chemical, and mag-
netic experimental conditions preliminarily required, Mgx–Fe2O3 nanofluids with a narrower size distribution 
(25 ± 2.4 nm in diameter, Fig. 1b) were prepared as a testing sample. Another reason is because it has superior AC 
heat induction performance2,23 allowing for obvious observation of SLP change depending on the concentration. 
The detailed information on the structural, magnetic, and chemical properties of Mgx–γFe2O3 SPNPs and its 
nanofluids can be found in Supplementary Figs. 1a,b, and Refs. 2, and 23. Polyethylene glycol (PEG) was coated 
on the surface of Mgx–γFe2O3 SPNPs to fully prevent aggregation from HAC,appl and HDC,appl during measure-
ment. A VSM measurement using a liquid sample was conducted to investigate the magnetic dipole (interpar-
ticle) interaction and the intrinsic/extrinsic magnetic properties of the nanofluids with different concentrations 
(Fig. 1c). The saturation magnetization, Ms, of Mgx–γFe2O3 nanofluid was determined at a 110 emu/g(Fe atom) 
(4.07 × 10–15 emu/particle@140 Oe) by DC M–H loop at the sweeping field of ± 5 kOe (Fig. 1d). The Hc obtained 
from the DC minor M-H loop (inset in Fig. 1d, sweeping field: ± 150 Oe) was smaller than 0.05 Oe indicating 
that it has superparamagnetic property with minimized aggregation. The hydrodynamic sizes before (Fig. 1e, 
top) and after applied HDC,appl (5 min@0.5 T, Fig. 1e, bottom) were 31.3 nm, and 32.2 nm, respectively (Fig. 1f). 
The polydisperse index (PDI) were 0.18, and 0.19, respectively (Fig. 1g). All the results shown in Fig. 1 demon-
strate that PEG-coated Mgx–γFe2O3 nanofluid is ideal to study the effects of magnetic dipole interaction on the 

(1)Edip =
m1m2

d3c−c

[cos (θ1 − θ2)− 3cosθ1cosθ2],

(2)τB =
3ηVh,eff

KBT
,
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SLP change behavior due to its superparamagnetic property, uniform size, and superior colloidal stability against 
the externally HAC,appl and HDC,appl.

Investigation on the concentration‑dependent SLP change behavior.  To systematically explore 
the concentration-dependent SLP change behavior, Mgx–γFe2O3 SPNPs nanofluid with different concentrations, 
0.12, 0.25, 0.5, 1.0, 2.5, 5.0, 10, 20, and 40 mg(Fe)/mL, were prepared. The volume was constant at 1 mL for all 
the experiments. Since the molecular weight of 25 nm Mgx–γFe2O3 SPNP core is 2.6 × 107 g/mol, the estimated 
number of SPNPs in a 1  mL of solution is to be 4.5, 9.3, 18, 37, 93, 180, 370, 740, and 930 × 1012 particles, 
respectively. Assuming that individual SPNP is occupied in the same volume of solution, the dc–c numerically 
calculated is to be 600, 480, 380, 300, 220, 175, 140, 110, and 90 nm, respectively. The AC magnetic heat induc-
tion was characterized at the biologically and physiologically safe range of HAC,appl (fappl·Happl < 5.0 × 109 Am−1 s−1 
or fappl < 120 kHz, Happl < 190 Oe)24,25 to investigate the effects of magnetic dipole (interparticle) interaction on 
the SLP change behavior. The HAC,appl was fixed at a 100 kHz and the field strength was varied from 70 to 140 
Oe. Figure  2a shows the AC heat induction curves of Mgx–γFe2O3 nanofluids with different concentrations 
(0.12 ~ 10 mg(Fe)/mL) measured at the fixed HAC,appl of fappl = 100 kHz and Happl = 140 Oe. It was clearly observed 
that the temperature was proportionally increased up to 80  °C by increasing the concentration from 0.12 to 
10 mg(Fe)/mL. The AC heat induction curves for the higher concentrations, i.e. 20 and 40 mg(Fe)/mL, was shown 
in Supplementary Fig. 2. The dT/dt determined from Fig. 2a is shown in Fig. 2b. The first 30 s of heat change (30 
data points) was considered to calculate SLP for the reliable determination26. Figure 2c shows the dependence 
of concentration on the change of SLP. Similar to the previous reports11,14,15, the SLP was decreased from 135 to 
75 W/g by increasing the concentration from 0.12 to 0.5 mg(Fe)/mL (380 < dc–c < 600). As previously reported, this 
can be similarly understood that the appearance of magnetic dipole interaction induced by the dc–c < 600 nm in 
Mgx–γFe2O3 nanofluids would be the primary physical/chemical reason for the obvious degradation. However, 
it was interesting that the SLP was increased and then decreased again, like an “oscillation behavior”, by further 
increasing the concentration. At a 0.5 ~ 40 mg(Fe)/mL (90 nm < dc–c < 380 nm) range of concentration, the SLP 
was suddenly increased with a maximum value of 118 W/g (10 mg(Fe)/mL), and then it was decreased again. 
This oscillation behavior of SLP in a certain range of concentration is an uncommon physical phenomenon and 
has not been observed yet in MNFH studies. According to Eq. (1), Edip must be theoretically proportional to 

Figure 1.   Dipole–dipole interaction model and nanofluid characterization. (a) A schematic model of dipole–
dipole interaction between two SPNPs. dc–c, m, and θ represent center-to-center interparticle distance, the 
magnetic moment of each MNP, and angle between tow dipole induced by the SPNPs, respectively. (b) A TEM 
image of 25 nm Mgx–γFe2O3 SPNP (inset, the size distribution of Mgx-γFe2O3 SPNP measured from TEM 
image). (c) A liquid VSM measurement of magnetic properties of Mgx-γFe2O3 nanofluids. (inset, a picture of 
Mgx–γFe2O3 nanofluid sample mounted on the VSM holder). (d) M–H major loop of Mgx–γFe2O3 nanofluids 
measured at the sweeping field of ± 5 kOe (inset, minor M–H loop). (e) The hydrodynamic sizes before (top) and 
after (bottom) applied HDC,appl (5 min@0.5 T). (f,g) Measured hydrodynamic size (f) and polydispersity index 
(PDI, g) of the nanofluids before and after the applied HDC,appl.
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d3c−c . However, SLP change behavior shown in Fig. 2c does not follow by Eq. (1). This indicates that not only Edip 
but also other concentration-dependent or dc–c dependent magnetostatic energies, Ems, which are competitive 
with Edip activated by the HAC,appl and HDC,appl, are associated with characterizing the SLP oscillation. To further 
investigate the physical nature of concentration-dependent “oscillation behavior” of SLP, the M of Mgx–γFe2O3 
nanofluid was systematically controlled by applying different HAC,appl of 70, 100, 120, and 140 Oe at the fixed fre-
quency of fappl = 100 kHz. The strength of HAC,appl was varied within the saturation magnetic field of Mgx–γFe2O3 
nanofluids (inset, Fig. 1d), because a linear and power-law relationship are co-existed in the between M and the 
HAC,appl. As can be seen in Fig. 2d, the concentration-dependent “oscillation behavior” of SLP become obvious by 
increasing the HAC,appl strength. The concentration-dependent oscillation period of SLP change are very similar 
independent of HAC,appl, but the amplitude of local minimum and maximum SLP had a clear dependence on the 
strength of HAC,appl. This indicates that Edip is closely related to the concentration-dependent “oscillation behav-
ior” of SLP changes. Moreover, the slightly different appearance of SLP change at the different strength of HAC,appl 
illustrates that not only Edip but also other Ems are involved in the “oscillation behavior” of SLP as described in 
Fig. 2c.

To further confirm the effects of strength of m on the concentration-dependent “oscillation behavior” of 
SLP change characteristics and to investigate what other Ems could be involved in characterizing the “oscillation 
behavior”, well-designed MNFH experiments with different M values of nanofluids were conducted. As can 
be seen in Fig. 3a, 25 nm (NiZn)x–γFe2O3 and 25 nm Kx–γFe2O3 nanofluids with a higher (120 emu/g(Fe atom), 
4.49 × 10–15 emu/particle@140 Oe), and a lower (50 emu/g(Fe atom), 2.70 × 10–15 emu/particle@140 Oe) M value 
than that of Mgx–γFe2O3 nanofluids were used for comparison. Moreover, a 13 nm Mgx–γFe2O3 nanofluids 
(0.48 × 10–15 emu/particle@140 Oe) with a much smaller M value than that of 25 nm Mgx–γFe2O3 nanofluids were 
prepared (Supplementary Fig. 4a,b) for further investigation. As shown in Fig. 3b, (NiZn)x–γFe2O3 nanofluid had 
a higher dT/dt than that of Kx–γFe2O3 nanofluid due to its higher M@ ± 140 Oe. The concentration-dependent 
AC heat induction characteristics and SLP change behavior (Fig. 3c,d, and Supplementary Fig. 3) of those two 
nanofluids were similar to those of Mgx–γFe2O3 nanofluids shown in Fig. 2a,d, respectively. Additionally, the 

Figure 2.   Concentration-dependent AC magnetic heat induction characteristics of Mg–γFe2O3 nanofluids. 
(a) AC heat induction curves of Mgx–γFe2O3 nanofluids with different concentrations (0.12 ~ 10 mg(Fe)/mL) 
measured at HAC,appl of fappl = 100 kHz and Happl = 140 Oe. (b,c) Concentration-dependent dT/dt (heating up rate) 
(b) and SLP changes (c). (d) Concentration-dependent SLP changes measured at the different strength of HAC,appl 
of 70 (blue), 100 (green), 120 (orange), and 140 Oe (gray).
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SLP oscillation period of the two nanofluids were almost identical to the Mgx–γFe2O3 nanofluids, but the oscil-
lation amplitude of SLP was different due to their different M@ ± 140 Oe values. It is interestingly noted that 
the SLP change behavior of Kx–γFe2O3 nanofluids was also similar to that of Mgx–γFe2O3 nanofluids measured 
at the HAC,appl of 70 Oe. This is thought to be due to the lower M@ ± 140 Oe (or relative magnetic hardness) of 
Kx–γFe2O3 nanofluids. Similar oscillation behavior, i.e. smaller oscillation amplitude, was also observed in 13 nm 
Mgx–γFe2O3 nanofluids due to the lower M@ ± 140 Oe, but local SLP maximum peak at 10 mg(Fe)/mL was not 
observed (Supplementary Fig. 4c,d). Approximately ~ 10 times smaller M@ ± 140 Oe, i.e. 100 times smaller Edip, 
is thought to be the main reason for the disappearance of local SLP maximum peak at a higher concentration. 
All the results shown in Fig. 3 and Supplementary Figs. 3, 4, empirically demonstrate again that Edip plays a 
crucial role in characterizing the concentration-dependent SLP “oscillation behavior”. However, as described in 
Eq. (1), since Edip could be infinitely increased at a higher concentration due to the shorter dc–c, it is impossible 
to elucidate the SLP “oscillation behavior” with only Edip at high concentrations. Therefore, other Ems, which can 
be generated by both concentration-dependent change of dc–c in nanofluids and externally HAC,appl and HDC,appl, 
such as (1) magnetic potential energy ( Ep = 2mHcosθ)27 directly related to magnetic stray field coupling energy 
and uniaxial anisotropy energy, and (2) exchange energy (Eex = −2Jex

−→
Si ·

−→
Sj )

27, which is formed between the 
SPNPs (or two spins) and partially contribute to the magnetization reversal of spins in nanofluids, i.e. coherent 
or incoherent fanning mode, must be considered to reasonably and fully explain the SLP “oscillation behavior”.

Magnetic analysis of concentration‑dependent SLP “oscillation behavior”.  To deeply under-
stand the nature of concentration-dependent SLP “oscillation behavior” and to study in details on the contribu-
tion of Ems to the SLP oscillation characteristics, intrinsic and extrinsic magnetic parameters, i.e. Hc, M@ ± 140 
Oe (linear region), saturation magnetization (Supplementary Table 1), initial magnetic susceptibility, χ0 , and 
AC hysteresis related to out-of-phase susceptibility, χ ′′ , of three nanofluids were measured using a VSM and an 
AC magnetosusceptometer. Figure 4 shows the intrinsic and extrinsic magnetic parameters of the nanofluids 
measured at the different concentrations varied in a range of 0.12 ~ 40 mg(Fe)/mL. As shown in Fig. 4a–e and Sup-
plementary Fig. 5, the three nanofluids surprisingly exhibited very similar concentration-dependent M@ ± 140 
Oe “oscillation behavior” to that of SLP. This indicates that the concentration-dependent SLP “oscillation behav-
ior” is directly related to the M@ ± 140 Oe of the nanofluids. Furthermore, considering the relationship between 
M@ ± 140 Oe and m of each SPNP given in Eq. (1), it could be clearly thought that Edip is primarily responsi-
ble for the concentration-dependent SLP “oscillation behavior”. As shown in Fig. 4f and Supplementary Fig. 6, 
the concentration-dependent Hc (an extrinsic magnetic parameter) had very similar change behavior to that of 
M@ ± 140 Oe and SLP. However, there is no close similarity in the between χ0 (an intrinsic magnetic parameter) 
and M@ ± 140 Oe change behavior. This analyzed result indirectly demonstrates that not only Edip but also other 
Ems participated in the magnetization reversal of spins in the SPNP nanofluids are closely related to the SLP 
“oscillation behavior”. Either coherent or incoherent spin reversal resulted from the concentration-dependent 
change of dc–c can be responsible for both M@ ± 140 Oe and SLP “oscillation behavior” along with Edip. It is well 
known that the M, especially χ ′′, measured by AC hysteresis at the HAC,appl is proportional to the SLP, because the 
area of AC hysteresis is proportional to the χ ′′2,28,29. To verify the coincident relationship between SLP and M(χ ′′) 
under HAC,appl, AC hysteresis was measured at the HAC,appl of fappl = 100 kHz and Happl = 140 Oe, which is the same 
condition for the AC heat induction measurement. According to results, Mgx–γFe2O3 nanofluid had a larger AC 
hysteresis area than that of K–γFe2O3.

Figure 3.   Effects of magnetization (M), volume density of magnetic dipole moment, of nanofluids on the 
concentration-dependent SLP changes and its behavior. (a) M of Mgx–γFe2O3, (NiZn)x–γFe2O3, and Kx–γFe2O3 
nanofluids determined from M-H minor loops at the sweeping field of ± 140 Oe. (b) Concentration-dependent 
dT/dt of (NiZn)x–γFe2O3 and Kx–γFe2O3 nanofluids. (c,d) Concentration-dependent SLP change behavior of 
(NiZn)x–γFe2O3 (c) and Kx–γFe2O3 (d) nanofluids.
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Establishing a physical model to elucidate the concentration‑dependent SLP “oscillation 
behavior”.  Based on the analyzed AC/DC magnetic parameters of the three nanofluids at the different 
concentrations, a physical model, which can successfully elucidate the concentration-dependent SLP “oscil-
lation behavior”, was proposed and built up as shown in Fig. 5. The model interprets the oscillation charac-
teristics by dividing four specific regions depending on the concentrations: Region I: < 0.1  mg(Fe)/mL, Region 
II: 0.1 ~ 1.0  mg(Fe)/mL, Region III: 1.0 ~ 10  mg(Fe)/mL, and Region IV: > 10  mg(Fe)/mL. Additionally, it explains 
the physical principle of SLP “oscillation behavior” in terms of the energy competition between the concentra-
tion (dc–c)-dependent change of Edip and interparticle distance-induced Ems = Ep + Eex. The magnetization rever-
sal of each SPNP in nanofluids by HAC,appl and HDC,appl is assumed to be spin rotation based on the “Stoner-
Wöhlfarth model”27. At Region I, the lowest concentration (~ 0.1 mg(Fe)/mL, dc–c > 600 nm), as shown in Fig. 5a(i), 
the nanofluids showed the highest SLP, the high (intrinsic) M, the largest Hc, and medium (almost intrinsic) 
χ0 . In this region, SPNPs in nanofluids are supposed to have randomly aligned spins due to the longest dc–c 
expecting to lead no/negligibly small Edip and no magnetic stray field coupling between the SPNPs caused by 
no induced Ep even at the HAC,appl and HDC,appl. This makes the nanofluids have the largest Hc due to strong spin 
incoherency under HDC,appl, the medium (almost intrinsic) χ0 , and the high (intrinsic) M. Figure 5b (i) shows 
a well-described schematic diagram for the lowest concentration of nanofluid. At Region II (0.1–1.0 mg(Fe)/mL, 
300 nm < dc–c < 600 nm), as can be seen in Figs. 5a (ii) and b (ii), the nanofluids exhibited a remarkable drop in 
M and SLP, a slight decrease in Hc, and medium (almost intrinsic) χ0 . The remarkable drop in M including χ ′′ is 
thought to be due to the appearance of Edip and the magnetic stray field coupling energy, Ep, between or among 
the SPNPs under HAC,appl and HDC,appl caused by a shorter dc–c compared to Region I. Additionally, the increase of 
τN due to the weak spin incoherency and the reduction of M induced by a shorter dc–c as well as the increase of τB 
due to the possibly increased Vh,eff  of partially existed magnetically-coupled SPNPs caused by Ep are supposed to 
result in the drop in SLP. The physical relationship between the AC/DC M, especially χ ′′ and the AC heat induc-
tion power directly related to SLP is well describe in Eq. (3)2,8,30.

where µ0 is permeability in equilibrium condition, χ0 is equilibrium (or natural) susceptibility of SPNPs, and 
τ ( 1

τ
= 1

τN
+ 1

τB
 ) is relaxation time constant. According to Eq. (3), a shorter dc-c can be expected to induce a rela-

tively weak incoherent mode of spin rotation during the magnetic reversal compared to Region I. Moreover, by 
combining with a widely used phenomenological expression for the coercivity given in Eq. (4)31,32, the slightly 
decreased Hc can be understood that it is due to the reduction of M dominantly caused by the generation of Ep 
and Edip because the calculated Ku of solid Mgx–γFe2O3 nanoparticles using ZFC–FC measurement is constant 
at a 1.21× 104J/m3(data not shown).

(3)P = πµ0H
2
appl fapplχ

′′
= πµ0H

2
appl fapplχ0

2π fapplτ

1+ (2π fapplτ)2

Figure 4.   Magnetization (M), magnetic coercivity (Hc), and magnetic initial susceptibility (χ0) of Mgx–
γFe2O3, (NiZn)x–γFe2O3, and Kx–γFe2O3 nanofluids. (a,b) Major (a) and minor (b) M–H loops of Mgx–γFe2O3 
nanofluids with 0.25, 2.5, and 5 mg(Fe)/mL concentrations. (c–e) Concentration-dependent change behavior 
of M in Mgx–γFe2O3 (c), (NiZn)x–γFe2O3 (d), and Kx–γFe2O3 (e) nanofluids. (f,g) Concentration-dependent 
change behavior of Hc (f) and χ0 (g) for Mgx–γFe2O3, (NiZn)x–γFe2O3, and Kx–γFe2O3 nanofluids.
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where αK is the Kronmuller parameter, Deff  is the a magnetic interaction parameter, �H is the fluctuation-field 
contribution caused by thermal activation, and η is the the sweep rate (dH/dt). The negligibly small change of χ0 
illustrates that a shorter dc–c-induced Edip at Region II alone is not strong enough to change the intrinsic χ0 of the 
nanofluids. The more increase of nanofluids concentration will further develop Edip and Ep together due to a much 
shorter dc–c. At the further shorter dc–c (< 300 nm), it is expected to generate another Ems, [weak (short-range) or 
strong (long-range)] Eex, among the SPNPs in the nanofluids depending on dc–c. The energy competition of these 
three energies, Edip, Ep, Eex, lead to make two different chain-like spin rotation modes, fanning incoherent mode 
and strongly coherent mode, in nanofluids (Region III and Region IV) under HAC,appl and HDC,appl. At Region III 
(1.0–10 mg(Fe)/mL, 150 nm < dc–c < 300 nm), as shown in Figs. 5a (iii) and b (iii), the SLP and M were interestingly 
re-increased and surprisingly χ0 was increased from intrinsic value. These interesting phenomena would be due 
to the formation of a chain-like incoherent fanning mode of spins in the adjacent SPNPs caused by the much 
shorter dc–c. Although Edip is stronger compared to Region II, Ep along with weakly generated Eex are comparable 
or larger than Edip that is why a chain-like incoherent fanning mode of spins can be formed adjacent SPNPs. As 
shown in Fig. 5b (iii), the north and south poles are closer together, but Ep + Eex > Edip. This causes the easy spin 
rotation of adjacent SPNPs due to a lowered total Ems barriers under HAC,appl and HDC,appl

27. Accordingly, it leads to 
a decrease in Hc, the large increase in M ( χ ′′ ), and the re-increase in SLP due to the faster τN and τB caused by the 
fanning mode of spin rotation compared to Region II. The increased χ0 = χ intrinsic

0 + χ
extrinsic,increased
0  compared 

to Regions I and II demonstrate that a stronger Edip and weakly formed Eex resulted from the much shorter dc-c 
is existed in this range of concentration. Moreover, from the physical definition, χ0 = χ

′

0(in-phase)+χ
′′

0(out-of-
phase), it can be understood that a stronger Edip and weakly formed Eex induced increase of χ ′′ is another physical 
evidence for the re-increase of SLP. At Region IV (the highest concentration and the shortest dc–c (> 10 mg(Fe)/

(4)HK (Hc) = αK
2Ku

µ0Ms
− Deff Ms −H(T , η)

Figure 5.   Physical model of particle interaction. A physical model of particle interaction as a function of the 
concentration of nanofluids during MNFH considering magnetic dipole interaction energy (Edip), magnetic 
potential energy (Ep), magnetic exchange energy (Eex), and magnetization reversal of each nanoparticle under 
AC magnetic field by spin rotation enabling to elucidating concentration-dependent oscillation behavior of 
SLP changes. (a,b) Summary of experimental results (a) and possible particle interaction models (b) at the AC 
magnetic field interpreted by means of interparticle distance (dc–c).
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mL, dc–c < 150 nm), the SLP and M were re-decreased and χ0 was strangely decreased as shown in Fig. 5a (iv). 
The Edip and Ep are expected to be maximized and the Eex will be minimized in this region due to the shortest 
dc–c. Therefore, the highest Edip and Ep make all the spins of adjacent SPNPs coherently align in the nanofluids 
and can lead to form prolate spheroids due to strong spin coherency as illustrated in Fig. 5b (iv). The coherently 
aligned spins in chain-likely contacted SPNPs will produce a large magnetostatic stray field. This can demagnetize 
adjacent SPNPs (or prolate spheroids). Additionally, the long-chain like SPNPs (or prolate spheroids) can gener-
ate themselves a shape anisotropy-induced demagnetizing field in the nanofluids at the steady state/non-steady 
state conditions. These cause the re-reduction of M and correspondingly the re-increase of Hc when they were 
exposed to the HAC,appl and HDC,appl for magnetic reversal and AC magnetic excitation. Accordingly, the SLP was 
re-decreased due to the reduction of M ( χ ′′ ) (or increased AC magnetic hardness) under HAC,appl. In addition, 
the existence of a prolate spheroid type of SPNPs (SPNPs clusters) in the nanofluids makes the Vh,eff  much larger 
causing the decrease in SLP due to the longer τB . The decrease of χ0 is thought to be attributed to the increase of 
DC/AC magnetic hardness of the nanofluids resulted from the stronger Edip and Ep induced by the shortest dc–c.

Conclusion
It was first observed that the AC heat induction power (SLP) of SPNP MNFH agent exhibits strong concentra-
tion-dependent oscillation behavior. According to the experimentally and theoretically analyzed results, it was 
demonstrated that not only generally well-known Edip but also the other two Ems , i.e. Ep and Eex, activated by the 
concentration-dependent change of dc–c under the HAC,appl and HDC,appl are directly involved in the SLP oscillation 
behavior. Moreover, the concentration-dependent energy competition among the Edip, Ep, and Eex was revealed 
as the main physical reason for the SLP oscillation. The empirically demonstrated new finding and physically 
established model on the concentration-dependent SLP oscillation behavior is expected to provide biomedically 
and technically crucial information in determining the bioavailable critical dose of agent for clinically safe and 
highly efficient MNFH in the future nanomedical cancer clinics. According to the experimentally demonstrated 
results, the ideal concentration of nanofluid for efficient MNFH will be a 5 ~ 10 mg(Fe)/mL locating at the second 
maximum peak of SLP because the temperature increase of 0.12 mg(Fe)/mL nanofluid (< 2 °C) is not sufficiently 
enough for killing the cancer tumors.

Methods
Preparation of nanofluids.  For the synthesis of Mgx-γFe2O3 MNP, Mg acetate tetrahydrate (0.13 mmol), 
Fe acetylacetonate (2.0 mmol), oleic acid (1.2 mmol), and benzyl ether (20 mL) were mixed and magnetically 
stirred in a 250 mL round-bottom flask. The mixed reaction solutions were heated up to 200 °C for 30 min (~ 8 °C 
/min, the first ramping up rate) and maintained for another 60 min under N2 gas at the flow rate of ~ 100 mL/
min. Then, the solutions were heated again up to 300 °C for 30 min (~ 5 °C /min, the second ramping rate) and 
maintained for 60 min. After removing the heat source, the product was cooled down to room temperature. For 
the water dispersion of pre-synthesized particles, Mgx–γFe2O3 MNP was coated with PEG. 50 mg of Mgx–γFe2O3 
MNP was dissolved in 5 mL of 0.8 M TMAOH-Methanol solution. Then, 1.5 mL of 2-[methoxy(polyethylene
oxy)9–12 propyl] trimethoxysilane (m.w. = 591–723 g/mol) was added to the mixture solution and sonicated for 
8 h at 70 °C. After the sonication, PEG-coated Mgx–γFe2O3 MNP was collected with NbFeB magnet and the 
supernatant was discarded. Collected PEG-coated Mgx–γFe2O3 MNP was rinsed 2 times with 20 mL of toluene 
and acetone, respectively. Finally, PEG-coated Mgx–γFe2O3 MNP was dispersed in 5 mL of deionized water. Ni/
Zn- and K-doped γ-Fe2O3 MNPs were prepared using the same protocol.

AC heat induction and SLP measurement of Nanofluids.  AC Heat induction of nanofluid was char-
acterized using an AC magnetic field induction system consisting of AC coils, capacitors, DC power supplies, 
and wave generators. The tubes containing nanofluids (1 mL) were placed in the center of AC coil. The fappl was 
fixed at 100 kHz for this study. HAC,appl was controlled from 70 to 140 Oe. The temperature of the nanofluid was 
measured by a fiber-optic thermometer (sampling rate: 1 point/s). The SLP values of all the nanofluids were 
calculated based on the following equation.

(C is the volumetric specific heat capacity, Vs is the sample volume, m is the a mass of magnetic material, dT/dt 
is the initial slope of the graph of the change in temperature versus time). dT/dt was obtained from temperature 
changes during the first 30 s of the heating curve.

VSM measurement of nanofluids.  To measure a DC hysteresis loop of nanofluids, an 80 μL of nanofluid 
(concentration: 0.12 ~ 40  mg(Fe)/mL) was loaded to the VSM sample holder and a cap was closed carefully to 
avoid air bubbles. Then, the sample was mounted to VSM. To test magnetic colloidal stability of MNPs under 
DC magnetic field, 5000 Oe DC magnetic field was applied to sample for 5 min. After the application of magnetic 
field, the hydrodynamic size was measured. Major and Minor hysteresis loop of nanofluids were measured at the 
sweeping field of ± 140 Oe and ± 5000 Oe, respectively. All measurement and analysis protocols were basically 
the same as the typical VSM measurement method.
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