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ABSTRACT: The ability to generate heat under an alternating magnetic
field (AMF) makes magnetic iron oxide nanoparticles (MIONs) an ideal
heat source for biomedical applications including cancer thermoablative
therapy, tissue preservation, and remote control of cell function.
However, there is a lack of quantitative understanding of the mechanisms
governing heat generation of MIONs, and the optimal nanoparticle size
for magnetic fluid heating (MFH) applications. Here, we show that
MIONs with large sizes (>20 nm) have a specific absorption rate (SAR)
significantly higher than that predicted by the widely used linear theory of
MFH. The heating efficiency of MIONs in both the superparamagnetic
and ferromagnetic regimes increased with size, which can be accurately
characterized with a modified dynamic hysteresis model. In particular, the
40 nm ferromagnetic nanoparticles have an SAR value approaching the
theoretical limit under a clinically relevant AMF. An in vivo study further
demonstrated that the 40 nm MIONs could effectively heat tumor tissues at a minimal dose. Our experimental results and
theoretical analysis on nanoparticle heating offer important insight into the rationale design of MION-based MFH for
therapeutic applications.
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Upon exposure to an alternating magnetic field (AMF),
magnetic nanoparticles (MNPs) dispersed in a solution
can convert electromagnetic energy to heat, a

phenomenon referred to as magnetic fluid heating (MFH).1,2

This intriguing feature creates tremendous opportunities for the
development of biomedical applications that can benefit from
controlled supply of thermal energy to the tissue/organ. For
example, focal heating of tumor tissues with MNPs delivered in
vivo can increase the efficacy of cancer hyperthermia and
thermoablative therapy.3 MNPs fabricated with drug loading
capacities have the potential to facilitate synergistic cancer
hyperthermia and chemotherapy.4 MNPs infused in tissue can
provide homogeneous warming and improve tissue viability
during the freeze−thaw cycle in organ preservation.5,6 Recent
studies have also shown that MNPs can regulate glucose
metabolism or neuronal activities in vivo via heat-mediated signal
transduction in cells.7,8 A major challenge in the applications of
MFH is the low heating efficiency of commercially available
MNPs. The heating efficiency, characterized by specific
absorption rate (SAR), of most MNPs reported to date ranges
from a few to a few hundred watts per gram, making it difficult to
reach the desired temperature at a relatively low dose of MNPs,
as is the case in most therapeutic applications. Optimizing MFH
for high heat induction is thus critical for developing nanoparticle

heating-based therapeutics. Here, we present a comprehensive
analysis of the size dependence of MFH, aiming to establish a
better understanding of the mechanisms leading to efficient heat
induction.
Heat induction of MNPs originates from the work done by an

AMF exerted on nanocrystals, which depends on the AMF and
the properties of MNPs. Although the heat generation of MNPs
increases with the frequency ( f) and the field strength (H) of
AMF, a safety limit, H·f < 5 × 109 Am−1 S−1, is empirically
imposed on the AMF to avoid inducing eddy current in the body
fluid in clinical applications.9,10 It is, therefore, essential to
increase the heating efficiency of MNPs by modulating their
geometric and material properties under a clinically relevant
AMF.1,11−15 Among all magnetic materials, magnetic iron oxide
nanoparticles (MIONs) have attracted the most attention owing
to its biocompatibility in biomedical applications.16 Theoretical
analysis has shown that the heating efficiency of MIONs depends
on their properties such as the saturation magnetization,
anisotropy energy, and rate of magnetic relaxation.1,15,17 For
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both magnetite (Fe3O4) and maghemite (γ-Fe2O3) nano-
particles, these properties are intrinsically associated with the
size of nanocrystals.18,19 In this regard, size is a controlling factor
for increasing the heating efficiency of MIONs.
Over the last two decades, a number of theoretical and

experimental studies have been focused on the size dependence
of the heat induction of MIONs. In a cyclic AMF, the heat (A)
generated by MIONs in each cycle can be written as

∮μ= −A MdH0 (1)

where μ0 is the magnetic permeability of vacuum and M is the
magnetization of MIONs. SAR can be calculated as the product
of A and f. A can be obtained analytically with simplifying
assumptions on the magnetic properties of MIONs. The most
influential analytic solution for A was derived using a linear
response theory (LRT) for superparamagnetic MIONs.1

Assuming that the nanocrystals are uniaxial and of single
magnetic domain, and the magnetic susceptibility is linearly
proportional to the inductive field, LRT shows that

μ π χ= ″A H0
2

(2)
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where χ″ is the out-of-phase susceptibility, χ0 is the equilibrium
susceptibility, and τ is the relaxation time of MIONs determined
by two size-dependent processes, Neél relaxation and rotational
Brownian motion, represented by τN and τB, respectively (1/τ =
1/τN + 1/τB).

1 Conversely, large ferromagnetic nanoparticles
show magnetic hysteresis loops at room temperature, which are
beyond the scope of the LRT model. The heat generation of
ferromagnetic nanoparticles has been calculated from eq 1 using
the Stoner−Wohlfarth model of hysteresis or the hysteresis loop
measured experimentally.15

The LRT model has been widely accepted by the researchers
in the field ofMFH.20 An important prediction of the LRTmodel
is that MIONs attain the maximum heating efficiency when the
relaxation time of MIONs approaches the period of AMF (see eq
2).1,21 As a result, MIONswith∼14 nm diameter are predicted to
be optimal with an AMF of 300 kHz, a frequency often used in
MFH studies.1,21 Numerous experimental studies on MION-
induced MFH in the superparamagnetic size regime (≤20 nm)
reported that the maximum SAR was achieved with MIONs of
∼15 nm, whereas SAR decreased rapidly as the size either

increased or decreased, consistent with the predicted trend using
the LRT model.12,19,21−25 These results, however, contradict
with the fact that some of the highest SAR values were found with
MIONs > 20 nm.14,26 Further, the classic LRTmodel for MFH is
based on certain assumptions of the magnetic properties of
MIONs, which may not be applicable to MIONs with a wide
range of sizes. Therefore, there is an unmet need for a better
understanding of the size-dependent heat generation by MIONs
and more robust design guideline for MFH with both
superparamagnetic and ferromagnetic nanoparticles. Through a
combined experimental study and theoretical analysis on heat
generation by MIONs of 6−40 nm in size, we reveal that,
contrary to the LRT model, the heating efficiency of MIONs
increases with size far beyond 14 nm, and the 40 nm
ferromagnetic nanoparticles have an SAR value approaching
the theoretical limit under a clinically relevant AMF.

RESULTS

Synthesis of MIONs. The lack of systematic comparison of
MFH in the superparamagnetic and ferromagnetic size regimes is
mainly attributable to the difficulties in synthesizing MIONs of
different size regimes with consistent conformation, uniform size
distribution, and adequate aqueous dispersity. Here, we
combined the thermodecomposition-based nanocrystal syn-
thesis with a highly efficient dual solvent exchange coating
method to generate MIONs with desirable properties (uniform
size distribution, good aqueous dispersity, and reproducibility). It
has been shown that magnetite nanocrystals with small size
variations and high magnetic susceptibility can be synthesized
through thermodecomposition of Fe(acac)3 in a mixture of oleic
acid, oleylamine, and long acyl chain diols in benzyl ether.27,28 In
this study, we utilized two synthesis methods to produce MIONs
that cover superparamagnetic to ferromagnetic size regimes:
nanocrystals with sizes of 6, 8, 11, and 15 nm were synthesized
through seed-mediated growth;27 those with sizes of 19, 25, 33,
and 40 nm were synthesized using a similar method, but the ratio
between oleic acid and oleylamine was increased to promote the
growth of large crystals (Figure 1).28 As-synthesized nanocrystals
had a hydrophobic surface and were dispersed in toluene. The X-
ray diffraction patterns of all nanocrystals are characteristic of the
cubic spinel structure of magnetite (Supporting Figure S1).
Using the dual solvent exchange method,29 we coated all the

nanocrystals with amphiphilic copolymer DSPE-PEG2000,
rendering them monodisperse in water (Table 1). To ensure
consistent coating, the ratio between the DSPE-PEG2000 and

Figure 1. Transmission electron microscopy images of magnetic iron oxide nanocrystals. Scale bars equal 100 nm.
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the surface area of the nanocrystals was fixed among all MIONs.
The average size increase of MIONs after coating is consistent
with the estimated size of DSPE-PEG2000.30 The uniform
thickness of the coating layer across nanocrystals with different
sizes is advantageous for controlling the influence of Brownian
relaxation on MFH.1,31 Coated MIONs with core sizes of 6−19
nm remained well-dispersed in water for more than a year. In
contrast, coated MIONs with core sizes of 25−40 nm showed a
low level of precipitation after a few days of static storage,
presumably due to their remanent magnetization and high
density. However, precipitated MIONs could be dispersed by
vortex, and redispersed MIONs showed similar size distribution
in dynamic light scattering (DLS). We found that 40 nm was the
size limit in synthesizing monodisperse MIONs using this
method. Therefore, we opt to focus on MIONs of 6−40 nm in
studying heating of monodisperse nanoparticles under AMF.
Magnetic Heating of MIONs. The heating efficiency of

MIONs can be characterized by the specific absorption rate. For
SAR measurement, MIONs dispersed in water were exposed to
an alternating magnetic field generated by two different inductive
coils at a fixed frequency (325 kHz). The average field strengths
exerted on the ferrofluid were 20.7 and 9.35 kA/m according to
numerical simulations, which yieldH·f values of 6.7× 109 and 3.0
× 109 Am−1 S−1 (Supporting Figure S2). The temperature of the
ferrofluid was measured as a function of time, and the slopes of
the heating profiles were used to calculate the SAR values
(Supporting Figure S3). All MIONs showed nearly linear
temperature increase with time, indicating that the effect of
solution temperature on the heat induction was negligible. The
40 nmMIONs at a low concentration (0.5 mg Fe/mL) increased
the solution temperature by more than 30 °C in 150 s,
demonstrating extremely efficient heating for thermoablative
therapy and other applications.
In sharp contrast to theoretical predictions using the LRT

model, the measured SAR values of MIONs increased
monotonically with nanocrystal size at both field strengths, and
the most dramatic increases occurred between 11 and 33 nm,
where SAR increased by ∼50-fold (Figure 2A). SAR is very low
for MIONs below 11 nm and reaches a plateau around 33−40
nm.With the 40 nmMIONs, the maximum SARwas found to be
1026 and 2560 W/(g Fe) at 9.35 and 20.7 kA/m field strength,
respectively, which represents some of the highest SAR values
measured to date.22,32 Themonotonic increase in SAR is in sharp
contrast with previous findings that SAR decreased when the size
of MIONs becomes >20 nm.21,22,33 Guardia et al. reported that
for iron oxide nanocubes, the relationship between edge length
and SAR is dependent on the AMF field strength; a shift occurs
between 12 and 24 kA/m, resulting in a large increase in SAR for
33 nmMIONs compared with smaller nanoparticles.26 However,
this phenomenon with nanocubes did not occur with theMIONs

we synthesized because the trends of size dependence of SAR at
9.35 and 20.7 kA/m are similar (Figure 2A). By increasing the
field strength from 9.35 to 20.7 kA/m, there was a 2.62-fold
average increase in SAR, roughly corresponding to the increase in
field strength (2.21-fold).
To examine the role of rotational Brownian relaxation in heat

generation, we measured SAR for the MIONs dispersed in a
high-viscosity solution of glycerol (Figure 2B) as higher viscosity
may decrease the rotational Brownian relaxation of particles in
solution.21 Interestingly, for MIONs from 6 to 25 nm, SAR
remained roughly the same in the glycerol solution, whereas for
larger MIONs, SAR increased. These findings were further
confirmed with a series of glycerol solutions with different
viscosity (Figure 2C). Therefore, the SAR of large MIONs
increased as the rotational Brownian relaxation decreased due to
increased solvent viscosity. This finding contradicts with the LRT
model which predicts that a 6-fold decrease in Brownian
relaxation would dramatically reduce the out-of-phase suscept-
ibility and thus the heat output (eq 2).

Magnetic Properties of MIONs. To gain a better
understanding of the results shown in Figure 2 and establish a
more comprehensive theoretical modeling of magnetic nano-
particle heating, we examined the size dependence of the
equilibrium and dynamic magnetic properties of MIONs using a
superconducting quantum interference device (SQUID). The
nanocrystals were dispersed in a solid matrix of hexatriacontane
in order to prevent the reorientation of nanocrystals and reduce
interparticle interactions. As shown in Figure 3A, the magnet-
ization curves measured at a magnetic field strength of up to 4 ×
106 A/m have similar trends among MIONs with different sizes.
The saturation magnetization (Ms) of the MIONs in each group
synthesized (6−15 nm and 19−40 nm) increased slightly with

Table 1. Properties of Magnetic Iron Oxide Nanoparticles

MION
size

saturation
magnetization,
Ms (emu/g Fe)

core
diameter
(nm)

hydrodynamic
diameter (nm) polydispersity

6 107. 2 5.6 ± 0.9 21.2 0.01
8 109.2 7.9 ± 1.1 20.8 0.04
11 110.1 10.6 ± 1.0 19.5 0.05
15 117.3 14.7 ± 1.4 35.8 0.08
19 97.8 19.1 ± 1.6 32.4 0.11
25 115.3 24.9 ± 2.4 37.2 0.16
33 119.4 33.3 ± 4.0 48.2 0.14
40 116.1 40.4 ± 6.3 52.4 0.01

Figure 2. SAR measurements for MIONS of 6−40 nm in different
solutions. The SAR values of MIONs were determined according to
the temperature profiles in MFH experiments (see Supporting
Figure S3). (A) SAR of MIONs dispersed in DI water with a field
strength of 9.35 and 20.7 kA/m. The frequency of the AMF was fixed
at 325 kHz. (B) SAR of MIONs dispersed in water vs 50% glycerol,
measured under AMF of 20.7 kA/m and 325 kHz. (C) SAR of 15 and
40 nmMIONs dispersed in glycerol solutions at designated viscosity,
measured under AMF of 20.7 kA/m and 325 kHz. Data represent
mean ± standard deviation; n = 3 per group.
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size (Table 1), which is typical of magnetite nanocrystals
synthesized in the organic phase.34 In most MFH studies, the
dependence of magnetic response on the scanning field is
overlooked. Here, we measured the magnetization curves of the
nanocrystals at the same low field strength used in the SAR
measurement. Indeed, the MIONs showed strongly size-
dependent microhysteresis curves (Figure 3B,C). Specifically,
6−15 nm nanocrystals have negligible remanent magnetization,
which is characteristic of superparamagnetic nanoparticles
(Figure 3B). The susceptibility of the nanocrystals increased
>3-fold as their size increased from 6 to 15 nm (Figure 3B). In
contrast, the nanocrystals of 19−40 nm had hysteresis loops that
widen with their size (Figure 3C). The shape of the
microhysteresis curves indicates that the low field linear
approximation in the LRT model is only valid for 6−11 nm
MIONs. The coercivity and remanent magnetization also
increased with the size of MIONs (Supporting Figure S4). The
hysteresis loss per cycle calculated using eq 1 initially increases
with size but reaches a plateau at 33 nm (Figure 3D). Further, the
hysteresis loss per cycle increases with the field strength up to 48
kA/m (Supporting Figure S5). The zero-field-cooled (ZFC) and
field-cooled (FC) magnetization curves show that the blocking
temperature increases from 70K for 6 nmMIONs to above room
temperature whenMION size is >15 nm (Supporting Figure S6).
AC susceptibility of the nanocrystals is often used to deduce

the anisotropy constant and the out-of-phase magnetization
(M″) in the LRTmodel. We found that the temperature at which
the peak M″ occurs shifted toward higher temperature as the
MION size increased from 6 to 15 nm (Figure 4A−C and
Supporting Figure S7), whereas larger nanocrystals did not show
recognizable peaks. The peak intensity increased when the size of
MIONs increased from 6 to 15 nm with the exception of 8 nm
but decreased drastically when MION size increased from 19 to
40 nm because the scanning field was smaller than the coercive
field of the large nanocrystals. The anisotropy constant calculated

using either the Neél law (6−11 nm) or Vogel−Fulcher law (15
nm) decreased from 1.9 × 105 to 2.1 × 104 J/m3 with size, which
is in good agreement with that reported in previous publications
(Supporting Figure S8).18,19 Note that the anisotropy constant
includes the contributions from crystalline anisotropy, surface
anisotropy, and shape anisotropy. In most published studies, the
shape effect was implicitly included in the measured apparent
anisotropic constant.18,19 Likewise, we calculated the anisotropic
constants of 6−15 nm MIONs based on the AC susceptibility
measurements, which included the contribution of surface,
crystallinity, and shape anisotropy. A number of studies have
shown that the anisotropy constants of spherical versus cubic
magnetic nanoparticles are similar.14,35,36 Therefore, the
variation in the anisotropy constant for the nanoparticles used
in this study is mainly attributable to changes in their size. It is
likely that the shape effect becomes significant only for
nanoparticles with a large aspect ratio, such as nanorods. The
anisotropic constants for large MIONs (>20 nm) could not be
derived from the AC susceptibility measurements. As shown in
several studies, the anisotropy constant of large nanoparticles
approaches that of bulk magnetite, which is dominated by the
crystalline anisotropy.18,19 Therefore, we opted to use the
anisotropy constant of bulk magnetite (1.35 × 104 J/m3) for
MIONs from 19 to 40 nm, which neglected the shape effect of
large nanoparticles. The relaxation time was calculated for all
MIONs using fitted attempt time, anisotropy constants, and the
hydrodynamic diameter fromDLS (Table 1). As shown in Figure
4D, Neél relaxation dominates for MIONs of 6−11 nm, whereas
for MIONs of 15−40 nm, rotational Brownian relaxation has a
significant contribution to the total relaxation time.

Comparison with Theoretical Models of MFH. To
establish a better understanding of the size dependence of heat

Figure 3. Equilibrium magnetic properties of MIONs. (A) Magnet-
ization of MIONs measured from−4× 106 to 4× 106 A/m. Only the
positive portions of the magnetization curves are shown in the plot.
(B,C)Magnetization of MIONsmeasured within±25× 103 A/m for
MIONs of 6, 8, 11, and 15 nm (B) and MIONs of 19, 25, 33, and 40
nm (C). (D) Loss per cycle measured from magnetization curves
shown in B and C according to eq 1.

Figure 4. AC susceptibility of MIONs. AC susceptibility of MIONs of
(A) 6, (B) 15, and (C) 19 nm core size, respectively. A complete set
of AC susceptibility plots is given in Supporting Figure S7. (D) Neél
relaxation time and Brownian relaxation time calculated using
parameters derived from AC susceptibility and DLS measurements.
The attempt time and the anisotropy energy constant of MIONs
from 19 to 40 nm were assumed to be 10−12 S and 1.3 × 104 J/m3,
respectively. The dashed line marks the “ideal” relaxation time for an
AMF of 325 kHz.

ACS Nano Article

DOI: 10.1021/acsnano.7b01762
ACS Nano XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01762/suppl_file/nn7b01762_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b01762


generation and to have a predictive model for MFH, the
measured SAR values were compared to the predictions of
several existing models (Figure 5B) at a field strength of 9.35 and
20.7 kA/m. Based on the LRT model, SAR is predominantly
determined by the relaxation time because the saturation
magnetization of all MIONs studied here are approximately
the same (see eq 2). The LRT model predicts that among the
MIONs we tested, the 15 nm MION is the only one that has a
meaningful out-of-phase magnetization and has the largest SAR
(Figure 5B, orange dashed line), which clearly contradicts with
our SAR measurements shown in Figure 2A. The comparison
between LRT model prediction and our experimental measure-
ments in Figure 5B indicates that the LRT model is applicable
only for iron oxide nanoparticles ≤15 nm. Further, using quasi-
static hysteresis loops (Figure 3B,C), the SAR values calculated
using eq 2 show a trend similar to the measured SAR except that
the values are much lower (Figure 5B, green dashed line). It is
clear that the LRT model fails to predict heating of MIONs not
because of the difference between superparamagnetic and
ferromagnetic nanoparticles but because of the linear assumption
made. It is reasonable to assume that the LRTmodel is applicable
for magnetic nanoparticles that respond linearly to the applied
magnetic field.
Using a statistical physics approach, Carrey et al. established a

dynamic hysteresis model (DHM) and showed that hysteresis
changes with the field strength as well as the frequency of the
magnetic field,17 which is consistent with our experimental
measurements (Supporting Figure S5). In particular, the
hysteresis loop widens with frequency, as shown in the
simulation for 19 nm MIONs, which explains the under-
estimation of SAR in the quasi-static hysteresis model
(Supporting Figure S9B). It should be noted that, when the
peak field strength equals 20 kA/m, numerical simulations using
the DHM yield flat hysteresis loops for the 33 nmMIONs due to
the extremely high energy barrier between different energy levels
(Supporting Figure S9C). The simulations with a higher field
strength (30 kA/m) showed a hysteresis loop wider than the one
measured at the quasi-static condition (Figure 3C and
Supporting Figure S9D). This reflects a fundamental limitation
of the MFHmodels due to the assumption that nanoparticles are
uniaxial with only two energy levels, which contradicts with the
energy profile of the cubic spinel crystal of magnetite. Assuming
the nondimensional parameter κ in the dynamic hysteresis model
is less than 0.7 and the easy magnetic axis of the nanocrystals is
aligned with the field, Carrey et al. provided the following
empirical equation17

μ κ= −A M H1.92 (1 )0 s k
0.8

(3)

κ
μ τ

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟k T

K V
k T

M VHf
ln

4
B

A

B

0 s 0 (3a)

where Hk = 2KA/μ0Ms is the anisotropy field, KA the anisotropy
constant, Ms the saturation magnetization, kB the Boltzmann
constant, T the temperature, V the volume of the nanocrystal,
and τ0 the attempt time, which is set at 10−10 s. Using the
parameters obtained in this study, we found that κ < 0.7 implies
that the MIONs are larger than 19 nm. In this size range, the
DHMpredictions are in good agreement with the measured SAR
at 20.7 kA/m but not 9.35 kA/m (Figure 5B, orange dotted and
purple dashed lines, respectively). This is due to the use of the
anisotropy field in DHM which is a constant for each core size,

Figure 5. Comparison of model predictions and experimental results
of the heat induction of MIONs. Experimental data were compared
with theoretical predictions based on parameters derived from
measurements of magnetic properties. (A) Plots showing the
normalized hysteresis loss, A/μ0MsHmax, vs the nondimensional
parameter κ calculated based on experimental data and a linear
fitting for MIONs from 15 to 40 nm to establish a modified dynamic
hysteresis (MDH) model. The point from the 11 nm MIONs was an
outlier and excluded from the fitting. (B) Experimental measure-
ments and theoretical predictions of SAR. LRT denotes the linear
response theory. SHM denotes heat generation calculated using
quasi-static hysteresis loops measured with SQUID at a scanning rate
of approximately 30 min per cycle. The DHM curves are calculated
based on a dynamic hysteresis model assuming the easymagnetic axis
of the nanocrystals is aligned with the magnetic field (eq 3). The
MDH curves are calculated based on the MDH model (eq 4). (C)
Comparison of measured SAR in terms of a nondimensional
parameter α calculated from SAR = αAmax f. The numbers in the
plot indicate the cited references (Supporting Table S1).
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giving rise to underestimation of the dependence of SAR on the
field strength.
To obtain a better predictive model for SAR for MIONs in

clinically relevant AMF, we plottedA/μ0MsHmax as a function of κ
using the material properties and SAR values measured
experimentally in this study. As can be seen from Figure 5A,
there is a linear dependence on κ for MIONs from 15 to 40 nm at
both field strengths (9.35 and 20.7 kA/m). We thus established a
modified dynamic hysteresis (MDH) model based on the linear
fitting

μ κ= −A M H3.53 (1 0.7 )0 s max (4)

and found that the MDH model is in good agreement with our
SAR measurements for MIONs ≥15 nm at both field strengths
(Figure 5B). Note that the values of κ for 33 and 40 nm MIONs
are 0.104 and 0.047, respectively. Note also that A in eq 4 reaches
its maximum 3.53μ0MsHmax when κ = 0, which is fully determined
by the saturation magnetization of MIONsMs and the maximum
field strength Hmax of AMF and sets the limit for designing MFH
applications. Our MDH model indicates that the SAR values of
33 and 40 nm MIONs are, respectively, 92.7 and 96.7% of the
maximum SAR value at 20.7 kA/m and 325 kHz. It implies that
for MIONs with single magnetic domain, further increasing the
size will not lead to significant gain in the heating efficiency.
For all magnetic nanoparticles, the hysteresis loop is confined

by a rectangle defined byMs and Hmax, which yields a theoretical
magnetic heating limit of Amax = 4μ0MsHmax.

17 Shown in Figure
5C and Supporting Table S1 are the experimentally measured
SAR values for MIONs studied here as well as those with the
highest SAR reported elsewhere,12,13,22,26 expressed in terms of a
nondimensional parameter α, defined by SAR = αAmax f. Note
that α = 1 represents the theoretical magnetic heating limit. For
MIONs smaller than 20 nm, the α values obtained in this study
are consistent with that from previous studies.12,13 However,
there is a large discrepancy when the MIONs are larger than 20
nm. In a pilot study, we found that the aggregated 33 nm
ferromagnetic MIONs had an SAR value less than 1/3 of that of
the well-dispersed counterpart (data not shown), which may
explain why much lower SAR values were reported for
ferromagnetic MIONs. Importantly, the α values of MIONs
synthesized in this study increase with size and approach 0.88
(with a field strength of 20.7 kA/m), close to the theoretical limit
of 1.0. Although SAR measurements exist on MIONs having
heterogeneous size distributions, such as EMG308 (ferrofluid.
ferrotec.com) and Micromod (www.micromod.de), we did not
include them in Figure 5C due to the requirement of MION
monodispersity in this study.
In Vivo Tumor Heating. To illustrate the potential

applications of MFH, we tested three MIONs encompassing
the size range in this study (6, 19, 40 nm) using a mouse
xenograft tumor model for glioblastoma multiforme (GBM).
GBM is an aggressive and invasive brain cancer of which surgical
resection is difficult to perform, and thus alternative treatment
strategies such as local hyperthermia/thermoablative therapy are
sought after.37 The tumor tissue represents a heterogeneous
microenvironment for MFH due to the complex tissue structure
and homeostatic temperature regulation mechanisms. U87
tumors grown subcutaneously were injected intratumorally
with 50 μg of Fe of MIONs. T2-weighted magnetic resonance
(MR) images acquired before and after injection display the
sharp contrast of the MIONs inside the tumor, which could
provide an estimate of the affected region (Figure 6A and
Supporting Figure S10). Note that T2-weighted MR contrast

would saturate at a concentration above 0.1 mg Fe/mL.38 Amore
accurate dosimetry of the spatial temperature profiles during
MFH treatment can be obtained by in vivo quantitative MR
imaging of MIONs.39,40 Following imaging, the mice were
exposed to an AMF (9.35 kA/m, 325 kHz) for 1 h (Supporting
Figure S11). The tumors injected with the 6 nmMIONs did not
exhibit a temperature increase compared to the control, whereas
the 19 and 40 nm MIONs generated a temperature increase of
2.5 and 10.1 °C, respectively (Figure 6B and Supporting Figure
S12). The increases in the temperature attained in vivo
correspond well with the SAR values measured in solution.
The 40 nm MIONs were able to reach 43.4 ± 1.5 °C during the
course of the treatment, which suffices the temperature
requirement of many cancer thermal therapies.41,42 We were
able to achieve substantial in vivo heating using only 50 μg of
MIONs and an AMF of 9.35 kA/m at 325 kHz, much lower than
that used in previous studies (e.g., with a few milligrams of irons
or with field strengths up to 56 kA/m).43−45 Note the
measurements only reflect the bulk temperature of the tumor.
The cellular uptake of nanoparticles is size-dependent, which
could affect the intratumoral distribution of MIONs and
consequently the therapeutic outcome of heating.46 Never-
theless, our promising in vivo results set the stage for designing an
effective magnetic nanoparticle-based strategy for MFH
thermotherapy of cancer.

CONCLUSIONS
We present a systematic study of the size dependence of heat
generation by magnetic iron oxide nanoparticles under AMF.
Through careful measurement of the equilibrium and dynamic
magnetic properties of MIONs, we analyzed the mechanisms
governing MFH of MIONs with different sizes, compared our

Figure 6. In vivoMFH in tumor tissue. Phosphate-buffered saline or
solutions containing 50 μg of Fe/mL ofMIONs were infused into the
center of U87 tumors on the flank of mice. MFH was applied for 1 h
at 9.35 kA/m and 325 kHz. (A) MRI images of the cross section of
the mouse bodies before and after infusion of MION solution. (B)
Maximum temperature reached during 1 h of heating. For complete
temperature profiles, see Supporting Figure S12. Data represent
mean± SEM; n = 4 per group; *p < 0.05 and **p < 0.01 according to
one-way Student’s t test.
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SAR measurements with different MFH theories, and identified
the optimal MION size. Our results suggest that Brownian
motion is not a major contributing factor in MFH, and there is a
nonlinear dependence of the hysteresis on the frequency and
field strength of the applied AMF, consistent with the dynamic
hysteresis model of MFH. In particular, monodisperse MIONs
larger than 20 nm are more effective in heat induction, contrary
to the widely accepted prediction by the LRT model. In
particular, 14 nm is not the optimal nanoparticle size for
magnetic heating, suggesting that the linear theory developed by
Rosensweig1 is not accurate for predicting the heating efficiency
of MIONs, be they ferromagnetic or superparamagnetic (>14
nm). Through combined experimental and theoretical analysis,
we derived a more accurate phenomenological model for SAR
under a clinically relevant AMF. These findings have significant
implications on engineering MIONs for biomedical applications
of MFH.

METHODS
Chemicals. Iron acetylacetonate (Fe(acac)3 99%), 1,2-tetradecane-

diol (technical grade, 90%), oleic acid (technical grade, 90%),
oleylamine (technical grade, 70%), benzyl ether (98%), hydrochloric
acid (>37%), hydroxylamine HCl, sodium hydroxide, ammonium
acetate, ferrozine, and iron standard (1000 mg/L Fe in nitric acid) were
purchased from Sigma-Aldrich and used as received. 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG2000) were purchased from
Avanti Polar Lipids.
Synthesis of Magnetite Nanocrystals. Magnetite nanocrystals

were synthesized by thermodecomposition of iron acetylacetonate using
the protocols established according to the literature.27,28 To synthesize
the nanocrystals of 6 nm in diameter, a mixture of iron acetylacetonate
(12 mmol), 1,2-tetradecanediol (60 mmol), oleic acid (72 mmol),
oleylamine (72 mmol), and 60 mL of benzyl ether was incubated at 100
°C for 1 h under vacuum. Then, the solution was heated at 200 °C for 2 h
and at 300 °C for 1 h with argon flow. The temperature ramping rate was
set at 5 °C/min among steps. After the reaction, the nanocrystals were
collected by repeated precipitation with ethanol and dispersion with
toluene. Highly uniform nanocrystals (<15 nm) could be synthesized by
sequential seed-mediated growth from the 6 nm nanocrystals. In each
step, small nanocrystals were mixed with iron acetylacetonate (6 mmol),
1,2-tetradecanediol (30 mMol), oleic acid (18 mMol), and oleylamine
(18 mMol) in 60 mL of benzyl ether and the heating at 200 and 300 °C
was reduced to 1 h and 30 min, respectively. The size increase in each
step was determined by the iron ratio between the seeds and the
precursor compound.
Larger nanocrystals (19−40 nm) were obtained by reducing the iron

precursor concentration, increasing the ratio between oleic acid and
oleylamine, and reducing the temperature ramping rate from 200 to 300
°C. In a typical synthesis, iron acetylacetonate (6 mmol), 1,2-
tetradecanediol (24 mmol), oleic acid (48 mmol), and oleylamine (12
mMol) were mixed in 60 mL of benzyl ether. Heating at 200 and 300 °C
were maintained for 30 and 120 min, respectively. The ramping rate was
set between 2 and 5 °C/min with slower ramping facilitating the
formation of larger nanocrystals.
Characterization of Nanocrystals. The size, structure, and

magnetic properties of the nanocrystals were characterized by
transmission electron microscopy (TEM), X-ray diffraction (XRD),
and SQUID magnetometry. TEM images were acquired using a
transmission electron microscope (Hitachi H-7500) connected to a
CCD camera. TEM procedures were conducted by the Robert P.
Apkarian Integrated Electron Microscopy Core at Emory University.
The average diameter of the nanocrystals was measured using an image
processing software (ImagePro Plus). For XRD measurement, the
nanocrystals dispersed in toluene were precipitated with ethanol and
dried under vacuum overnight. Powder XRD measurements were
performed with an X-ray diffractometer (Rigaku SmartLab).

Magnetic properties were measured using a superconducting
quantum interference device (Quantum Design MPMS). The nano-
crystals were dispersed in hexatriacontane at a weight ratio of
approximately 5% to prevent sample movement and to reduce magnetic
coupling among the nanocrystals. The equilibrium magnetization of the
nanocrystals was measured from−4× 106 to 4× 106 A/m at 300 K. The
microhysteresis of the nanocrystals was measured from −23.8 to 23.8
kA/m at 300 K. Zero-field-cooled and field-cooled measurements were
performed with a magnetic field of 796 A/m (10 Oe). AC susceptibility
was measured from 1 to 1000 Hz within a temperature range of 10 to
320 K and with a magnetic field of 332 A/m (4 Oe). To calculate the
mass magnetization accurately, the iron content of the samples was
directly measured from the pellets after the measurements. In brief, the
pellets were digested with 5 mL of 12 M hydrochloric acid, and the iron
concentration of the solutions was measured by a ferrozine assay.

Synthesis of Water-Dispersible Magnetic Iron Oxide Nano-
particles. As-synthesized nanocrystals were dispersed in toluene.
Water-dispersible MNPs were synthesized by coating the nanocrystals
with an amphiphilic copolymer, DSPE-PEG, through a dual solvent
exchange procedure described previously.29 In brief, the nanocrystals
were mixed with 20mg of DSPE-PEG in chloroform. The amount of the
nanocrystals was determined based on a ratio of 4 DSPE-PEG
molecules/nm2 surface area of the nanocrystals. Twenty milliliters of
DMSO was incrementally added to the mixture, followed by removal of
toluene and chloroform via vaporization. After that, 32 mL of deionized
water was slowly added to the solution. DMSO was removed through
two rounds of centrifugation in centrifugal filter tubes (Vivaspin 20, 100
kDa cutoff size). Free DSPE-PEG in the solution was further removed
by two rounds of ultracentrifugation. Finally, the solution was passed
through a 0.2 μm syringe filter and stored at 4 °C. The hydrodynamic
diameter of the MIONs was measured by dynamic light scattering
(DynaPro Nanostar, Wyatt Technology). The mass-weighted diameter
and polydispersity index were reported.

Iron Concentration Measurement. The iron content of samples
was determined using a ferrozine assay. Briefly, 50 μL of sample was
mixed with 50 μL of 12 M HCl and incubated at room temperature for
10 min. Then, 240 μL of 2 M NaOH, 50 μL of 4 M ammonium acetate,
110 μL of 5% hydroxylamine HCl, and 500 μL of water were added to
the solution sequentially. After 30 min of incubation, 50 μL of the
solution was mixed with 0.01% ferrozine solution in a 384-well plate.
Light absorption was read at 562 nm with 810 nm as the reference
wavelength using a microplate reader. The iron concentration was
determined by comparison to a standard curve created with an iron
standard.

Magnetic Fluid Heating. The magnetic fluid heating experiments
were conducted with a 1 kW EASYHEAT induction heating system
(Ameritherm), which could generate an AMF at a fixed frequency (325
kHz). The system was equipped with two coils that were either 7.5-turn,
2.54 cm inner diameter or 5-turn, 5.00 cm inner diameter. The height of
both coils was 3 cm. The peak field strengths of the AMF generated by
the two coils were 23.8 and 13.3 kA/m as reported by the manufacturer.
The distribution of the magnetic field and the average field strength
exerted on the sample were computed using a mathematic model
developed with the Comsol Multiphysics software (Supporting Figure
S2).

For the SARmeasurement, 1.5 mL ofMIONs dispersed in designated
solvents was added to a 2 mL of cryovial insulated with Styrofoam. The
cryovial was placed in the center of the inductive coil, and the induction
heating system was turned on for 150 s. The temperature increase in the
solution was recorded in real time with a fiber-optic temperature probe
(Lumasense m3300). The experiment was carried out under close to
adiabatic conditions. The average slope of the temperature versus time
plot during the first 20 s of heating was calculated by forward linear
fitting for each sample and subtracted by that of the solvent alone to
compensate for the heat exchange with the environment. SAR was
calculated with the following equation

= ⎜ ⎟⎛
⎝

⎞
⎠m

C m
T
t

SAR
1 d

dFe
sol sol

(5)
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wheremFe is the mass of the iron in the sample, Csol is the specific heat of
the solvent (CH2O = 4.184 J K−1 g−1, Cglycerol = 2.41 J K−1 g−1), msol is the
mass of the solvent, and dT/dt is the slope of the temperature versus
time. To evaluate the effect of Brownian motion on heating, SAR was
measured for the MIONs dispersed in a series of glycerol solutions. The
glycerol solutions were generated by mixing glycerol with water at
designed weight ratios. The specific heat of the resulting solutions were
calculated as the averaged specific heat of glycerol and water based on
the weight ratio.47 The viscosities of the solutions were reported in a
previous publication.48

In Vivo Tumor Hyperthermia. All animal procedures were
approved by the Institutional Animal Care and Use Committee at the
Georgia Institute of Technology. Female athymic nude mice 4−5 weeks
old were purchased from Charles River. U87 glioblastoma cells were
purchased from ATCC and cultured according to the distributor’s
instructions. Xenograft tumors were induced in nude mice by
subcutaneous injection of 3 × 106 U87 cells into the right flank.
Tumors were monitored until reaching ∼500 mm3 in size. The mice
were anesthetized with 1.5% isoflurane and injected with 10 μL of either
6, 19, or 40 nmMIONs (50 μg Fe) or saline intratumorally over 10 min
using a syringe pump. The mice were placed on a polycarbonate mouse
cradle inside an inductive coil (5 turns, 5.00 cm inner diameter) with the
tumor centered with the coil in the axial direction (Supporting Figure
S11). A fiber-optic temperature probe was bluntly inserted into the
center of the tumor. The animal was then exposed to an AMF (9.35 kA/
m, 325 kHz) for 1 h while recording the intratumoral temperature. MR
imaging was performed using a Bruker 7 T small animal MRI instrument
with a 38 mm coil (Pharmascan, Bruker). Images were acquired using a
spin−echo sequence (TR = 2000 ms; TE = 13.5 ms; matrix size = 256 ×
256, FOV = 30 mm) before and after intratumoral injection of MIONs
and following the 1 h AMF treatment.
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