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ABSTRACT: Biomedical magnetic colloids commonly used in magnetic hyperthermia experiments often display a bidisperse
structure, i.e., are composed of stable nanoclusters coexisting with well-dispersed nanoparticles. However, the influence of
nanoclusters in the optimization of colloids for heat dissipation is usually excluded. In this work, bidisperse colloids are used to
analyze the effect of nanoclustering and long-range magnetic dipolar interaction on the magnetic hyperthermia efficiency. Two
kinds of colloids, composed of magnetite cores with mean sizes of around 10 and 18 nm, coated with oleic acid and dispersed in
hexane, and coated with meso-2,3-dimercaptosuccinic acid and dispersed in water, were analyzed. Small-angle X-ray scattering
was applied to thoroughly characterize nanoparticle structuring. We proved that the magnetic hyperthermia performances of
nanoclusters and single nanoparticles are distinctive. Nanoclustering acts to reduce the specific heating efficiency whereas a peak
against concentration appears for the well-dispersed component. Our experiments show that the heating efficiency of a magnetic
colloid can increase or decrease when dipolar interactions increase and that the colloid concentration, i.e., dipolar interaction, can
be used to improve magnetic hyperthermia. We have proven that the power dissipated by an ensemble of dispersed magnetic
nanoparticles becomes a nonextensive property as a direct consequence of the long-range nature of dipolar interactions. This
knowledge is a key point in selecting the correct dose that has to be injected to achieve the desired outcome in intracellular
magnetic hyperthermia therapy.

■ INTRODUCTION
Magnetic hyperthermia (MH) treatment using magnetic
nanoparticles (MNPs) is a promising cancer therapy, currently
in clinical trials.1,2 The mechanisms involved in MNPs heat
dissipation under an alternating magnetic field are well
understood for homogeneous colloids in which MNPs are
widely separated so that the dipolar interaction between them is
negligible.3,4

However, magnetic suspensions often used for biomedical
applications are bidisperse systems, i.e., single nanoparticles
coexisting with nanoclusters, instead of being composed of
nanoparticles of nearly the same size. The particles inside the
clusters are almost in contact, so they are highly interactive.

Aggregation may occur in the suspension depending on the
competition between attractive interactions (dipolar and van
der Waals) and repulsive interactions (electrostatic and
steric)5,6 or during the chemical process of ligand exchange
frequently carried out in hydrophobic nanoparticles to achieve
hydrophilic character.7 Furthermore, in biological applications,
the interactions of MNPs with cells induce aggregation. During
the endocytosis process, a large number of particles are
enclosed in vesicles of 1 to 2 μm size.8−10 The particles
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enclosed in cellular endosomes are highly concentrated, and the
magnetic interactions among them become very strong. For
this reason, an understanding of the effects of aggregation and
dipolar interaction on MH is crucial.
Heat dissipation under a radio-frequency (RF) field of an

ensemble of homogeneously dispersed nanoparticles has been
widely studied from theoretical11−13 and experimental14−16

points of view. However, how MNPs belonging to a
nanocluster behave magnetically in a highly interactive
environment and how this behavior influences their heating
efficiency are still open questions.
Magnetocalorimetric17 and electromagnetic18 experiments

have been carried out to address the influence of dipolar
interactions on colloid response under RF fields, but there is
not full agreement on this influence. Increases and decreases in
MNP performance with increasing dipolar interaction strength
have been reported.19−24 Other authors have reported a peak in
MNP performance against colloid concentration.25,26

For an ensemble of single-domain MNPs, the specific
absorption rate (SAR) is a parameter commonly used as a
figure of merit to characterize the goodness of a given
combination of colloidal suspension and field characteristics
to transduce the field energy into heat. An analytical expression
of the SAR parameter11for a polydisperse ensemble of MNPs
characterized by a volumetric size distribution gV(D) is given
within the linear response regimen by
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is the out-of-phase component of the magnetic susceptibility; f
(ω = 2πf) and Ho are the field frequency and amplitude,
respectively; Ms, V, ρ, and τ are the MNP specific saturation
magnetization, magnetic volume, density, and relaxation time,
respectively; and μo is the permeability of free space. The
relaxation time characterizes the dynamics of the MNP
coherent magnetization reversal that is governed by Neél and
Brown relaxation mechanisms. For noninteracting particles of
uniaxial anisotropy when the MNP magnetic moment jumps to
the opposite direction without particle rotation, the time spent
by the magnetic moment in a specific projection before
jumping is the Neél relaxation time τN = τoe

KV/kBT, where τo is
usually 10−10−10−9 s and K is the magnetic anisotropy energy
density. When the magnetic moment orientates by particle
rotation, the Brown relaxation time is given by τB = 3ηVH/kBT,
where η is the medium viscosity and VH is the nanoparticle
hydrodynamic volume. Within the assumption of independence
between Brown and Neél phenomena, relaxation times add in
parallel and the effective relaxation time is τ = (τN

−1 + τB
−1)−1.

When τN ≪ τB or τN ≫ τB, the effective time is the smaller one.
The effects of interparticle interaction in colloidal suspen-

sions are usually taken into account by a relaxation time
modification. For weak interacting MNPs, an increase in Neél
relaxation time was first proposed by Dormann et al.27 within
mean-field theory. More recently, Landi,28,29 using a random
dipolar-field approximation, also proposed an increase in the
Neél relaxation time for an ensemble of monodisperse MNPs,
with this being a case where the mean first-order fluctuating
dipolar field contribution averages to zero. The author showed

that changes in the interparticle distances might have
substantial effects on the magnetization dynamics, with these
effects being capable of increasing or decreasing the amount of
heat released under RF; i.e., this model has theoretically
predicted a peak in SAR depending on the dipolar interaction
strength, unifying the different behaviors that were exper-
imentally observed. These observations were recently sup-
ported by kinetic Monte Carlo simulations30 of the magnetic
dynamic hysteresis loop area of magnetite particles against
volume concentration. The simulation displays a peak in SAR
against concentration that was explained as being due to a
change in the dipolar field character from demagnetizing to
magnetizing.
Here, we analyze the influence of aggregation and magnetic

dipolar interaction on SAR using two kinds of colloids
composed of MNPs synthesized by thermal decomposition.
The nanoparticles have mean sizes in the range from 10 to 18
nm and a very low size dispersion. The colloids consist of
Fe3O4 nanoparticles coated with oleic acid (OA) and dispersed
in hexane in the first case and coated with meso-2,3-
dimercaptosuccinic acid (DMSA) and dispersed in water in
the second case. The colloidal suspensions and their dilutions,
as 1:2, 1:10, 1:50, and 1:100, were structurally characterized
using small-angle X-ray scattering (SAXS). This technique
allows us to carry out data acquisition under the same ambient
conditions of SAR experiments and to sense various length
scales, i.e., particles and clusters can be simultaneously
observed. The diluted colloids are used to determine the
stability of the aggregates. The colloids were magnetically
characterized with dc magnetometry, and their SAR properties
were determined in a wide range of field amplitudes from 16 to
52 kA/m at 145 and 260 kHz. Magnetization loops were
measured at several temperatures to determine the saturation
magnetization and coercive fields. From the dependence of the
coercive field with temperature, the effective anisotropy
constant and blocking temperature were derived. Zero-field-
cooled (ZFC) and field-cooled (FC) protocols were used to
establish the presence of magnetic interactions, and isothermal
remanent magnetization (IRM) and dc demagnetization
(DCD) protocols were used to analyze the nature of these
interactions. The analysis proved that in our colloids, the
magnetic interactions between MNPs have dipolar demagnet-
izing character and are too strong to be neglected in SAR data
analysis.
Once nanoparticle structuring in the colloidal state was fully

characterized, establishing the presence of nanoclusters and
their sizes, shapes, and fractions, the dependence of SAR on
these parameters was analyzed. SAR data were semiempirically
modeled, with the input of structural and magnetic data
measured with SAXS, transmission electron microscopy
(TEM), and dc magnetometry, with the analytical expression
given by eq 1 and taking into account dipolar interactions
through a modification of the single-particle relaxation time.
Finally, we chose the suspensions displaying the larger SAR and
lower aggregation to carry out SAR measurements against
colloid concentration. The analysis of the experimental SAR
concentration dependence combined with structural and
magnetic characterizations provided an experimental confirma-
tion of the SAR behavior proposed by a random dipolar-field
approximation model.29

New information about the heat dissipation of bidisperse
suspensions is presented. We point out that the knowledge of
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the effect of MNP aggregation on SAR may be used to select
excitation field parameters to improve intracellular MH therapy.

■ MATERIALS AND METHODS
Synthesis of Magnetic Colloids. Monodisperse MNPs were

synthesized by the thermal decomposition of the iron oleate complex
(Fe(oleate)3) in 1-octadecene (boiling point 315 °C) using oleic acid
and oleylamine as stabilizers. The synthesized oleic acid-coated
magnetite particles were finally dispersed in hexane.33

Briefly, precursor Fe(oleate)3 was first prepared by dissolving 10.8 g
of FeCl3·6H2O and 45 g of sodium oleate in a mixture of water (60
mL), ethanol (80 mL), and hexane (140 mL). The mixture was heated
to reflux at 70 °C for 4 h with vigorous magnetic stirring. Then the
system was allowed to cool to room temperature. The aqueous phase
was separated from the organic phase by washing three times with a
water−ethanol mixture. The organic phase was placed in a rotavapor at
60 °C for 1 h and then in an oven at 50 °C for 3 days to evaporate the
organic solvent and to obtain a reddish-brown oily product. For the
synthesis of oleic acid-coated MNPs, 4.5 g of the prepared Fe(oleate)3
was mixed with 0.71 g of oleic acid in 50 mL of 1-octadecene in a
round-bottomed flask.33 The mixture was stirred (100 rpm) and slowly
heated with a heating mantle (2 °C/min 1 for T < 100 °C and
3 °C/min for T > 100 °C) until reflux (315 °C) and left at this
temperature for 1 or 2 h depending on the desired final particle size. In
the first case, MNPs of 10 and 11 nm were obtained, and in the second
case, the MNP sizes were larger (17 and 18 nm). The resulting black
mixture was washed several times with ethanol, and the particles were
separated using a magnet. The resulting black solid was redispersed in
hexane for long-term storage.
Oleic acid-coated MNPs were transferred to water by a ligand-

exchange technique, substituting the oleic acid with a hydrophilic
molecule, meso-2,3-dimercaptosuccinic acid (DMSA). In a typical
experiment, 50 mg of oleic acid-coated MNPs suspended in hexane
was washed a few times with ethanol, precipitated by a magnet, and
resuspended in 20 mL of toluene. This suspension was added to
DMSA dissolution in dimethylsulfoxide (DMSO) (90 mg of DMSA in
5 mL of DMSO) and gently stirred for 72 h. After this, the MNPs
attached to the glass reaction bottle were resuspended in ethanol,
sonicated, and then centrifuged at 9000 rpm for 20 min. This process
was repeated four or five times. After that, the MNPs were
resuspended in water and the pH was increased to 10 to improve
the MNP stability by electrostatic repulsions of COO− and thiol
groups. The thiol groups that do not form disulfide bonds are
deprotonated at this pH. This suspension was dialyzed for 3 days in a
12−14 kDa membrane to eliminate the excess DMSA.
The aqueous colloids concentration [x] was determined by

inductively coupled plasma-optical emission spectrometry (ICP-OES,
PerkinElmer Optima 2100 DV ICP). For organic colloids, the mass
concentration was determined from saturation magnetization values
assumed to be equal to those measured in the corresponding aqueous
colloids.
Structural Characterization. The MNP morphology and size

distribution were determined by TEM microscopy on OA-coated
nanoparticles using a TEM JEOL 2000FXII with an accelerator
potential of 200 kV that allows a resolution of 0.14 nm. Samples were
prepared by drying 1 drop of a diluted suspension on a carbon-coated
copper grid.
The hydrodynamic size (DH) was measured by dynamic light

scattering (DLS) from a dilute suspension of nanoparticles in water at
pH 7 in a standard cuvette using a Zetasizer NanoZS device (Malvern
Instruments).
SAXS measurements were conducted at room temperature at the

D01B-SAXS beamline of the National Synchrotron Radiation
Laboratory (LNLS, Campinas, Brazil) using an X-ray wavelength of
λ = 1.822 Å and sample-to-detector distances of 610 and 1976 mm.
This allowed us to determine the scattering intensity I(q), with q being
the modulus of the scattering vector, over a q range extending from
0.07 to 5.55 nm−1. Prior to SAXS measurements, the liquid colloidal
solutions were sonicated and then injected into a 1-mm-thick sample

holder for liquids between two parallel 25-μm-thick ruby mica disks.
Another set of SAXS measurements under different dilution conditions
were carried out using a NanoStar SAXS camera equipped with a
Xenox X-ray source with a wavelength of λ = 1.541 Å and a sample-to-
detector distance equal to 1070 mm, covering a q range from 0.08 to
3.50 nm−1. For SAXS measurements, the as-prepared colloids were
diluted, sonicated, and immediately injected into a 2-mm-thick quartz
capillary sample holder. An alloy of glassy carbon and aluminum was
used as a standard (TCvAl = 0.009294) to determine the sample
transmittance.

A correction for background and solvent scattering was achieved by
subtracting from the data, previously corrected by absorption, the
scattering registered from a sample holder filled with solvent. Water
was used as a secondary standard to express data as a differential cross
section dΣ/dΩ and to combine data acquired with two different
camera lengths.

Magnetic Characterization. Magnetic measurements were
performed on liquid or frozen colloids depending on the measurement
temperature. A 50 μL colloidal suspension were sealed in a heat-
shrinkable tube to prevent sample evaporation and spills. Specific
magnetization (M) was obtained against the applied magnetic field H
at different temperatures using a superconducting quantum interfer-
ence device (SQUID) magnetometer with a maximum field of
μoHmax = 2.5 T. Data were plotted after subtracting the diamagnetic
contribution due to the solvent and sample holder. Zero-field-cooled
(ZFC) and field-cooled (FC) protocols were carried out under a dc
field of 8 kA/m at 5 K/min. To avoid the jump in magnetization close
to the solvent melting point,21,31 measurements were performed from
5 to 170 K and from 5 to 250 K for hexane and water-based colloids,
respectively.

The isothermal remanent magnetization (IRM) and dc demagnet-
ization (DCD) were measured at 5 K.32 To carry out the IRM
measurement, the sample is cooled at zero field and then a field H is
applied for a short time; after the field is removed, the remanent
magnetization is measured. This procedure was repeated with
increasing H values until a saturation field of 4000 kA/m was reached.
DCD measurements begin in the fully magnetized state at 5 K. The
sample is subjected to a saturation field of 4000 kA/m. Then a
negative field H is applied for a short time and turned off, and the
magnetization is measured. The process was iterated by varying the
negative field from −4 to −4000 kA/m.

Magnetocalorimetric Determination of SAR. Time-dependent
calorimetric experiments for determining SAR were conducted by
exposing 1 mL of the aqueous suspensions, held in a clear glass dewar,
to alternating magnetic fields of 145 and 260 kHz and several field
amplitudes in the range from 16 to 52 kA/m. The field generator, a
Hüttinger (2.5/300), consists of a resonant RLC circuit holding a
water-refrigerated five-turn coil of 5 cm inner diameter. An optical
fiber sensor connected to a calibrated signal conditioner (Neoptix)
with an accuracy of 0.1 °C was used. During the experiment, the
sensor was held in the center of the sample. The colloid temperature
was kept below 50 °C in order to minimize solvent evaporation and
prevent its destabilization. Measurements were made in triplicate.

Experimental SAR was determined from the initial slope dT/dt of
the heating curve as

=S
c
x

T
t

AR
[ ]

d
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where c is the volumetric heat capacity of the liquid carrier.

■ RESULTS AND DISCUSSION
To analyze the influence of aggregation and magnetic dipolar
interaction on SAR, we have chosen to work with colloidal
suspensions of Fe3O4 nanoparticles displaying very low size
dispersity, high uniformity in shape, and saturation magnet-
ization as close as possible to the bulk value. To this end,
magnetite nanoparticles of 10, 11, 17, and 18 nm were
synthesized by the thermal decomposition of an iron

Langmuir Article

DOI: 10.1021/acs.langmuir.5b03559
Langmuir 2016, 32, 1201−1213

1203



coordination complex, Fe(oleate)3 in 1-octadecene.33 In this
way, hydrophobic particles of magnetite coated with oleic acid
were obtained and resuspended in hexane. These colloids were
labeled as O10, O11, O17, and O18. These suspensions are not
suitable for biomedical applications, but their study helps us to
understand the structuring and magnetic behavior of the
hydrophilic particles that were later derived from them by
ligand exchange.7 The surfaces of the oleic acid-coated MNPs
were modified with meso-2,3-dimercaptosuccinic acid (DMSA)
to achieve hydrophilicity for water transfer. These colloids were
labeled as DMSA10, DMSA11, DMSA17, and DMSA18.
Colloid concentrations are listed in Table 1.
Bidisperse Structure of Magnetic Colloids. TEM

microscopy, carried out on samples of dried colloids, was
used to determine the MNP morphology and size distribution.
Representative TEM images of O10, O18, and DMSA10 dried

samples are shown in Figure 1. (For a TEM image of O11
MNPs, see Figure 1 in Supporting Information.) The MNPs
show spheroidlike shape and size uniformity. Histograms
obtained by counting over 100 particles were well fitted using
Gaussian distributions (Figure 1b,d). Fitted mean size value
DTEM and standard deviation sdTEM are listed in Table 1. The
inset in Figure 1c displays one of the electron diffraction
patterns. This pattern indicates good crystallinity and was
indexed by assuming a cubic spinel structure (space group
Fd3m of magnetite and maghemite phases). The synthesis
process used in this work was earlier optimized to obtain
magnetite nanoparticles, to avoid the formation of core/shell
structures, and to yield highly crystalline particles.34,47

However, we cannot discard some oxidation of magnetite
nanoparticles to maghemite, with this effect taking place mainly
at the nanoparticle surface and being particularly important for

Table 1. Colloid Structural Parametersa

colloid [x] (mgFe3O4
/mL) DTEM(nm) sdTEM (nm) Dsaxs (nm) σ sdsaxs (nm) df ξ (nm) α Δηe(1011 cm−2) DH (nm) nξ

p

O10 4.57 10.07 0.92 11.46 0.06 0.72 2.96 54.70 0.199 2.9 50 46
O11 10.78 0.94 14.02 0.01 0.07 2.99 78.45 0.152 45 85
O17 16.60 2.18 17.24 0.17 2.94 2.45 60.20 0.060 60 23
O18 4.81 17.77 3.66 16.90 0.17 3.03 2.3 60 0
DMSA10 14.83 10.98 0.08 0.92 2.90 57.70 0.280 2.1 80 88
DMSA11 6.92 13.44 0.07 0.93 2.85 29.92 0.600 2.5 65 7
DMSA17 2.88 16.88 0.17 2.99 2.77 53.85 0.319 0.4 80 23
DMSA18 6.50 16.02 0.21 3.57 2.93 43.20 0.130 2.2 80 14

a[x] is the colloid concentration and DTEM and sdTEM are the mean particle size and standard deviation calculated from Gaussian fits of TEM

histograms, respectively. Dsaxs = 2RoRoe
σ2/2 is the mean particle diameter, and sdsaxs = Dsaxs(e

σ2 − 1)1/2 is the standard deviation calculated from SAXS
fitted data using the number LogNorm radii distribution, with σ being the standard deviation of the ln(R/R0) variable and R0 being the median
particle radius. ξ and df are the size and fractal dimension of the nanoclusters, and α is the fraction of nanoclustered MNPs. Δηe is the scattering-
length difference per unit volume between magnetite and the dispersing liquid phase. DH is the hydrodynamic diameter, and nξ

p is the mean particle
number per nanocluster (quotient between nanocluster volume and particle volume).

Figure 1. TEM images and size histograms. (a, b) O10 sample. Inset: TEM image of the DMSA10 sample. (c, d) O18 sample. Inset: electron
diffraction pattern.
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very small particles (smaller than 5 nm).35 Mossbauer
spectroscopy analysis has shown that particles larger than 10
nm preserve the magnetite core for years.36 Besides, the
magnetic properties of both phases are quite similar, including
saturation magnetization. Therefore, if some degree of
oxidation has occurred, then no noticeable effect on dipolar
interactions is to be expected.
SAXS was applied to determine the structuring features of

colloidal suspensions of magnetite nanoparticles under the
same ambient conditions of the SAR experiment. In Figure 2, a
double-logarithmic plot of the scattering curves of aqueous and
hexane colloids is shown. The scattering intensity, expressed as
the differential cross section, displays power law behavior for
the low-q range (q < 0.4 nm−1) instead of the typical Guinier
behavior of a single particle, revealing the presence of
nanoclusters, and oscillatory behavior (fringes in the 2D
SAXS pattern) damped with the Porod law for the 0.4 nm−1 ≤
q ≤ 2 nm−1 characteristic of single particles. The oscillations are
somehow smooth due to the finite size distribution.
These oscillations are characteristic of spherical nanoparticles

with narrow radii dispersions. For a narrower particle size
distribution, sharper fringes are expected. The oscillations are
better defined in O10, DMSA10, O11, and DMSA11 (Figure 2a
and Figure 2a in the SI, respectively) than in O17, DMSA17
and O18, DMSA18 SAXS curves (Figure 2b in the SI and
Figure 2b, respectively). This qualitatively indicates that smaller
MNPs display narrower size dispersions than larger MNPs.
A knowledge of the first-minimum positions q1mn of the

SAXS curves plotted in Figure 2a and Figure 2a of the SI
allowed us to obtain preliminary estimates of the average sphere
radius as R = 4.50/q1min, which results in ⟨R⟩ ≈ 5.7 nm for O10
and DMSA10 samples and ⟨R⟩ ≈ 7.0 nm for O11 and
DMSA11 samples. For q values larger than 2 nm−1, the Porod
law behavior is somehow masked by a q-independent
incoherent background.
To retrieve structural information from both nanoclusters

and single particles, SAXS data were fitted using a spherical
form factor, in agreement with TEM observations, and a log-
normal size distribution. This distribution was chosen instead
of the Gaussian one to avoid ad hoc symmetry impositions.
Aggregation was taken into account using an analytical form

for the structure function S(qξ, Ro) derived within a fractal
model of aggregation in which the power law form of the
scattering function is limited by a finite cluster size ξ,
introduced in the pair correlation function as an exponential

cutoff h(R, ξ) = exp[−R/ξ]37,38 and by the particle finite size
(radius Ro) as

ξ
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where df is the fractal dimension of the nanoclusters and Γ is
the gamma function.
Scattering arising from a bidisperse system composed of a

fraction α of particles inside nanoclusters coexisting with a
fraction 1 − α of non-nanoclustered single particles is
considered by expressing SAXS curves as
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with Ns being the particle number density, Δηe being the
scattering-length difference per unit volume between particles
and the liquid phase, and f(R) being the log-normal number
distribution of particles characterized by the median radius Ro

(Dsaxs = 2Roe
σ2/2) and by the standard deviation σ of the

variable ln(R). The theoretically calculated Δηe values are 3.23
× 1011 and 3.52 × 1011 cm−2 for Fe3O4 MNPs dispersed in
water and hexane, respectively. The SAXS curves were well
fitted by modeled functions defined by eq 3, which take into
account the contributions of both isolated nanoparticles and
nanoclusters.
The SAXS intensity functions defined by eq 3 that best fit the

experimental SAXS curves are plotted as solid lines in Figure 2
and Figure 2 of the SI, and the fitted size distribution is plotted
as the inset in Figure 2. Relevant associated parameters are
listed in Table 1. The mean particle sizes DSAXS are in good
agreement with the average DTEM values, and cluster sizes ξ are
the same order of magnitude as DH values derived from DLS
measurements. The hydrodynamic size of the nanoparticles, i.e.,
the diameter of a diffusing particles in suspension, is always
larger than the nanoparticle core diameter, even when particles
are isolated. DLS measurements include the coating on the
nanoparticle surface and the hydration layer. The reported DLS

Figure 2. log−log representation of colloid scattering curves expressed as the differential cross section (dΣ/dΩ) vs scattering vector modulus q of (a)
O10 and DMSA10 colloids and (b) O18 and DMSA18 colloids. Solids lines are the modeled functions (eq 3) that best fit the experimental SAXS
curves. Inset: Fitted log-normal size distributions.
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mean values are weighted averages that are generally dominated
by nanoclusters and/or large particles.
We have determined nonvanishing number fractions (α > 0)

for all SAXS curves with the exception of the O18 colloid.
Nonvanishing α values indicate the coexistence of isolated
particles with nanoclusters (eq 3). The value α = 0 for sample
O18 implies that the nanoparticles in this particular case are
well dispersed in the liquid; i.e., the entire curve was well fitted
with S(qξ, Ro) = 1. In spite of being composed of the same
magnetite core as O18 where no aggregation occurs, the
aggregation observed for sample DMSA18 indicates that the
surface modification employed favors MNP aggregation. This
kind of aggregation was previously inferred for the present type
of colloidal suspension and was explained on the basis of
chemical arguments by Roca et al.15

Fractal dimensions derived from fitting procedure are
between 2.45 and 3.00, indicating that MNPs are nanoclustered
in partially compacted three-dimensional structures. Less-
compacted chainlike structures would have been characterized
by 1 < df < 2. For all of the samples, the fraction of
nanoclustered MNPs is larger for DMSA-coated nanoparticles
than for OA-coated nanoparticles, supporting the idea that the
surface-modification process induces aggregation.
To evaluate the stability of the nanoclusters, samples O10,

O17, DMSA10, and DMSA17 were selected to perform SAXS
measurements at different colloid concentrations. Aliquots of
the as-prepared colloids of concentration [x], listed in Table 1,
were sonicated for 15 min before and after dilution to 1:2, 1:10,
1:50, and 1:100 and immediately injected into the sample
holder and measured. Scattering curves of O10 and DMSA10
diluted samples are shown in Figure 3. Similar results for the
other samples are shown in Figure 3 of the SI. It is observed
that the shape of the scattering curves remains unchanged after
sonication and dilution, indicating that the aggregation is stable.
The values of dΣ/dΩ extrapolated to q = 0 decrease with
dilution, evidencing its dependence on NξΔηe2, with Nξ being
the number of nanoclusters in the sample. The mean number of
particles, nξ

p, in the nanoclusters, listed in Table 1, was
calculated as the ratio between the nanocluster volume Vξ and
particle volume including the coating, as 1.91 and 1.00 nm for
the OA and DMSA molecules, respectively.
In summary, our SAXS analysis demonstrated that all studied

colloids, with the exception of O18, are bidisperse, i.e.,
composed of nanoclusters coexisting with individual particles,
and this aggregation is stable and independent of concentration
(within the limits of our measurements). The surface

modification of OA-coated nanoparticles for the water-transfer
procedure favors aggregation.

Magnetic Behavior. To analyze SAR, besides structural
characterization, complete magnetic characterization is also
needed. Then, magnetic nanoparticle properties, such as the
mean magnetic moment ⟨μ⟩, saturation magnetization Ms,
effective magnetic anisotropy energy density Keff, and blocking
temperatures were measured and used to simulate SAR
behavior using eq 1 for comparison with experimental results.
To this end, specific magnetization M vs applied field H

curves were measured at several temperatures between 5 and
300 K. Figure 4 shows the magnetic loops measured at 300 K
for samples DMSA10 and DMSA18. These curves display
typical superparamagnetic behavior.

The magnetic loop of this ensembles of nearly monodisperse
particles can be described by M = MsL(x), where L(x) is the
Langevin function and x = μ0μH/kBT, with μ being the particle
magnetic moment and Ms = Npμ being the saturation
magnetization corresponding to Np particles per mass unit.
To describe the particle size distribution, a log-normal
distribution of magnetic moments g(μ) with median μm and
standard deviation σμ was chosen, instead of the Gaussian
distribution, to avoid ad hoc symmetry impositions, in the same
way that we have proceeded for SAXS data analysis.
Experimental data was fitted with

∫ μ
μμ

μμ
μ μ χ= − +

∞ ⎡
⎣
⎢⎢

⎛
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⎞
⎠⎟

⎤
⎦
⎥⎥M H N

H

k T
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H
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Figure 3. log−log representation of colloid scattering curves expressed as the differential cross section (dΣ/dΩ) vs scattering vector modulus q
obtained at various dilutions. (a) O10 colloid and (b) DMSA10 colloid.

Figure 4. Specific magnetization M vs applied magnetic field H
measured at 300 K for samples DMSA10 and DMSA18. Continuous
red lines represent the best fits obtained using eq 4.
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where χp is the high field susceptibility. The last term of eq 4
combines negative contributions due to the diamagnetic
response of the liquid with positive contribution due to a
magnetically frustrated layer around the MNP. The parameters
that resulted from the best fits using eq 4 are listed in Table 2,
and fitted curves are shown in Figure 4. Ms values of DMSA-
coated magnetite nanoparticles are within the reported range
(70−80 A m2/kg).33

Strong dipolar interactions are visualized in M vs T curves
obtained under ZFC−FC protocols shown in Figure 5 for
DMSA10, DMSA17, O10, and O17 samples. At low field
values, the magnetic anisotropy energy and the dipolar
interaction among particles determine the magnetization
temperature dependence observed in FC and ZFC curves.
The ZFC curves of O10 and DMSA10 exhibit a maximum at
temperature Tm, and ZFC bifurcates from the FC curve at the
irreversibility temperature Ti. At temperatures higher than Ti,
all of the MNPs are unblocked. The absence of Ti in the ZFC−
FC curves of O17 and DMSA17 samples indicates that not all
of the MNPs become unblocked in the temperature range of
our measures. This fact reveals that aggregation and strong
dipolar interaction between particles results in higher blocking
temperatures. As the temperature decreases from Ti, the FC
magnetization displays only a slight variation. The constancy of
M over almost the whole FC curve is also a signature of a highly
interacting system.39 The formation of glasslike peaks and
magnetic anomalies in ZFC−FC data has been reported for
Fe3O4 nanoparticles, mean size ∼14 nm, suspended in hexane
and dodecane at a concentration of 20 mg/mL, with these
features related to the liquid carrier melting transition and the
particle blocking influenced by dipolar interactions.31 No cusp
was observed for our suspension in either hexane or water. We

have observed a sharp magnetization jump as reported in ref 21
for 13 nm γ-Fe2O3 nanoparticles dispersed in hexane because of
coupling with the solvent melting transition. When this occurs,
the MNPs can rotate and align their anisotropy axes easily in
the direction of the field. As a consequence, ZFC would
correspond to a system with random anisotropy orientations;
meanwhile, FC would correspond to a system with some
degree of order. If the melting temperature of the solvent is
crossed in the upward direction, then magnetization jumps
within a region close to this temperature (177 and 273.15 K for
hexane and water, respectively), owing to easy axis rotation.
Because the aim of our ZFC and FC measurements was just to
prove that the dipolar interaction among the MNPs is not
neglectable and to determine the anisotropy constant, our
ZFC−FC measurements were performed at temperatures
below the liquid carrier melting points. The irreversibility
temperatures Ti are reported in Table 2.
To determine the anisotropy energy density, the behavior of

Hc against temperature was analyzed. At T = 0 K, the Stoner−
Wohlfarth model predicts for an arrangement of noninteracting
MNPs a coercive field equal to the anisotropy field HK = 2Keff/
Ms. For the thermally activated process,40 the coercive field Hc

tends to zero when the temperature increases and becomes null
at the blocking temperature TB

H. For higher temperatures, the
MNPs display superparamagnetic behavior. For an assembly of
randomly oriented single-domain MNPs displaying polydisper-
sity, TB

H is replaced by its mean value ⟨TB
H⟩, and the effects of

dipolar interactions are considered through an effective
anisotropy energy density Keff as

Table 2. Magnetic Propertiesa

colloid ⟨μ⟩ (μB) Ms (Am
2/kgFe3O4

) Keff (kJ/m
3) Ti (K) ⟨TB

H⟩ (K) Hint (kA/m) SARe (W/g) ILP (10−12J m2/g A2) SARR (W/g) KRF (kJ/m
3)

O10 25836 22.11 153 60.48 70.9c 0.100 16.38 32.27
DMSA10 21159 76.71 19.18 202 58.64 −11.93 22.6c 0.032 30.04 17.60
DMSA11 19477 78.71 19.10 204 86.30 −11.37 21.0d 0.114 163.41 12.89
O18 32209 21.50 256b 161.40 383.9d 2.089 2943.4
DMSA18 31772 75.99 17.00 256b 155.90 −17.80 67.7d 0.368 2101.7 6.14

a⟨μ⟩ is the mean magnetic moment, and Ms is the saturation magnetization at 300 K. Keff and ⟨TB
H⟩ are the anisotropy constant and the mean

blocking temperature determined from Hc vs T analysis, respectively. Ti is the irreversibility temperature determined from the ZFC−FC curves, and
SARe and SARR are the specific absorption rates determined from magnetocalorimetric measurements and calculated with eq 1, respectively. KRF is
the anisotropy constant derived from SARe values.

bTi values derived from Hc vs T analysis. cSAR measured at 260 kHz and 52.0 kA/m. dSAR
measured at 145 kHz and 35.6 kA/m.

Figure 5. ZFC and FC curves measured at 8 kA/m and 5 K/min for samples (a) DMSA10 and DMSA17 and (b) O10 and O17. The black arrows
indicate blocking ⟨TB

z⟩, maximum Tm, and irreversibility Ti temperatures in the curves of DMSA10 and O10 frozen colloids.
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Examples of the temperature dependence of Hc corresponding
to samples O18 and DMSA18 are shown in Figure 6. The

temperature dependence of Hc corresponding to samples O10
and DMSA10 is shown in Figure 4 of the SI. In the Hc vs T

1/2

plot, the intercept of a linear fit is proportional to the Keff/Ms
ratio and the intercept at Hc = 0 is proportional to the mean
blocking temperature ⟨TB

H⟩. Deviations from linear behavior are
due to the size dispersion. For this reason, the data show a null
Hc value at a Ti larger than ⟨TB

H⟩, with Ti being the irreversible
temperature, i.e., the temperature at which the largest
nanoparticles unblock.
Best fits are represented by continuous red lines in Figure 6,

and fitted parameters are listed in Table 2.
The mean blocking temperatures deduced from Hc vs T data

are consistent with those obtained from the ZFC−FC curves.
The Keff values of OA-coated MNPs are larger than for the
DMSA-coated MNP. This fact may be related to the small
shape anisotropy contribution.
Next, a quantitative determination of the dipolar field

originating in the magnetic interaction between particles was
obtained from IRM and DCD measurements carried out at 5 K.
In Figure 7, the remanent magnetization, measured at null field,

plotted vs magnetizing (IRM) or demagnetizing (DCD) fields
is shown for the DMSA10 colloid. Similar data for DMSA11
and DMSA18 are shown in the SI.
For noninteracting MNPs, the normalized remanent magnet-

izations mIRM = MIRM(H)/M(∞) and mDCD = MDCD(H)/
M(∞) can be described by the Wohlfarth relation:41 mDCD = 1
− 2mIRM. Deviations from this behavior are due to interactions.
Plots of the magnitude δM = mDCD − (1 − 2mIRM), which

quantify such deviations, are shown in Figure 7b. Typically,
negative δM peaks are associated with demagnetizing magneto-
static (dipolar) interactions and positive peaks are related to
exchange interactions.42 For all of the samples, δM values
smaller than zero are observed at low H values, indicating
demagnetizing dipolar interactions, i.e., the ensemble of MNPs
is more easily demagnetized than magnetized.43 When the
applied field overcame the dipolar field, δM tended to zero.
Alternatively, the Wohlfarth relation can be expressed in

terms of irreversible susceptibilities as = 2m
H

m
H

d
d

d
d

DCD IRM (insets of

Figure 7). The distance between peaks is related to the mean

interaction field44,45 = −H H H
int 2

DCD IRM where HDCD and HIRM

are the fields at which dmDCD,IRM/dH curves display a
maximum. For all of our samples, HDCD is larger than HIRM,
in agreement with dipolar interactions having demagnetizing
character. Values of Hint are listed in Table 2. The largest
magnetic dipolar energy appears for the DMSA18 sample.

SAR Measurements. SAR was experimentally determined
by measuring the temperature increase of the colloidal
suspension exposed to a radio-frequency field. Typical heating
curves are shown in Figure 8a for O10 and DMSA10 colloids
exposed to fields of 260 kHz and 52.0 kA/m and for O18,
DMSA11, and DMSA18 colloids exposed to fields of 145 kHz
and 35.6 kA/m. SARe values were calculated from dT/dt using
eq 2, concentration [x] values listed in Table 1, and liquid
carrier volumetric heat capacities c of 4.184 J/mL °C for water
and 1.438 J/mL °C for hexane. SARe values are listed in Table
2. The SARe field-amplitude dependence is shown in Figure 8b,
which is consistent with a quadratic law (red lines in Figure
8b), as predicted by eq 1.
Using parameters determined by the structural and magnetic

characterizations (D, sd, DH, Ms, and Keff), viscosity values at
300 K (η = 0.7978 × 10−3 Pa·s for water and η = 2.94 × 10−4

Pa·s for hexane46), and τo = 10−10 s, τN and τB were calculated
for all of the colloids. It was found that τN ≪ τB for all of the
samples except for O18, consistent with the occurrence of the

Figure 6. Plot of the coercive field Hcvs T
1/2 for O18 and DMSA18

colloids. Lines represent the best fit achieved with eq 5. Inset: Detail of
the fitted range data.

Figure 7. (a) IRM and DCD diagrams for DMSA10 colloid. Inset: irreversible susceptibility dmDCD/dH and dmIRM/dH curves. (b) δM plots derived
as δM = mDCD − (1 − 2mIRM).
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Neél relaxation mechanism and in agreement with data
previously reported for similar particles.47 Calculated τB and
τN values are listed in Table 1 of SI. SAR values calculated at
the measuring condition ( f and Ho) using eq 1, labeled as
SARR, are listed in Table 2. The SARR values do not agree
neither with the SARe values nor with the observed trend. This
fact indicates that it is not enough, with respect to reproducing
SARe results, to take into account dipolar interactions and
aggregation by just a modification of the nanoparticle relaxation
time using the effective anisotropy value. As was discussed
above, the MNPs interact among them, with the more
interactive particles composing nanoclusters. To compare
measurements performed at different field frequencies and
amplitudes, the intrinsic lost power, ILP = SAR/f H0

2,
parameter14 is commonly used. The ILP values of our samples
range from 0.04 to 2.89 nH m2/kgFe, which are of the same
order as those previously reported in the literature.14

Experimentally, a decrease in ILP is observed when the
nanocluster size and number of particles in the nanoclusters
increase (Figure 9a,b). Because the ILP parameter disregards
the out-of-phase susceptibility frequency dependence, the
effective anisotropy constant KRF was estimated from SARe
through eq 1. The KRF values, listed in Table 2, were used to
extrapolate SAR measured at a given f and Ho condition to
other conditions (effective relaxation times calculated with KRF
are shown in Table 1 of the SI). This procedure can be applied
because only structural and magnetic parameters that do not
change with f and Ho are used. Both measured and extrapolated
SAR values and the experimental ILP ones are plotted in Figure
9a−c against parameters determined by SAXS that characterize
aggregation. These results indicate that aggregation lowers the
SAR.
Data previously acquired for similar MNPs,47 where the

hydrodynamic size was used as an estimate of the degree of
aggregation, showed that experimental SAR values decrease
with increasing DH, which is consistent with our present results.
SAR (or ILP) values, reported in ref 47 when plotted vs the
number of particles per nanocluster (estimated from the
quotient of hydrodynamic and particle volume), display
decreasing behavior. Nanoclustering effects on SAR have
been analyzed by comparing SAR values of confined and
unconfined assemblies of 10 nm Fe3O4 nanoparticles.24 The
confined systems consisted of nanoparticles uniformly
embedded in the matrix of 100 nm polystyrene spheres, both

uncoated and covered with a thin layer of silica. The
unconfined ones were free nanoparticles, both uncoated and
coated with poly(acrylic acid), well dispersed in water. The
authors show that well-dispersed MNPs display larger SARs
than nanospheres, in aggreement with our results. However,
increasing SAR with increasing nanocluster size has also been
reported22 for iron oxide nanoflower-like structures. These
nanoflowers are composed of several single grains that exhibit
the same crystalline orientation, giving evidence of a unique
magnetic organization of all of the particles in the nanocluster,
i.e., the alignment of the MNPs’ anisotropy axes. As observed in
the inset of Figure 1c, electron diffraction patterns demonstrate
that our colloids exhibit randomly distributed crystalline
orientation consistent with randomly oriented anisotropy axes.
Next, because our colloids are composed of stable clusters

and single MNPs, SAR measurements were carried out in
diluted colloids to analyze the effect of dipolar interaction on
the SAR of the single MNP component. We have selected O18
and DMSA18 colloids for this analysis (Figure 10a,b) because
of their high SARe and low aggregation. In Figure 10a, the SARe
of DMSA18 colloid shows a peak at around [x] = 2 mg/mL,
proving that SAR can be increased or reduced by dipolar
interactions. This result unifies the different viewpoints on the
behaviors experimentally observed by other authors, claiming
an increase and decrease in SAR19−23,31 with an increasing
strength interaction. The nonmonotonic behavior of SAR with
nanoparticle concentration at a frequency of 107 kHz and field
amplitudes of 4, 8, and 40 kA/m were recently measured in
similar particles26 and were earlier proposed for Fe-MgO core−
shell single magnetic domain nanoparticles with mean sizes in
the range from 37 to 65 nm.25

For O18 colloids, increasing SARe behavior with increasing
concentration is observed in the studied concentration range. A
similar SAR dependence monotonously increasing with [x] for
an excitation field of 104 kHz and 32 kA/m has been reported
for 22 nm DMSA-coated MNP.47 A decreasing variation of
SAR with respect to the nanoparticle concentrations was
reported for well-dispersed 10 nm Fe3O4 MNP, uncoated and
PAA coated, as well as for 100 nm composite nanospheres of
polystyrene of the same MNPs embedded, as measured at ∼13
MHz and 4.5 kA/m.31

The observed SAR dependence on concentration suggests
the use of concentration as a variable parameter to control
dissipation at a fixed excitation field.

Figure 8. (a) Heating curves (T vs t) of samples O10 and DMSA10 measured at 260 kHz and 52.0 kA/m and of samples O17, O18, DMSA11, and
DMSA18 measured at 145 kHz and 35.6 kA/m with the concentrations listed in Table 1. (b) SARe calculated from heating curves registered at 145
kHz vs field amplitude Ho. Continuous red lines represent the best quadratic fit.
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Numerical values for the frequency factor ωτ
ω τ+1 2 2 were

derived from SARe, using eq 1, as

ωτ
ω τ
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2

s
2

o
2 e

(6)

with ⟨V⟩ being the MNP mean volume and β being a constant
adjusted so that the frequency factor is equal to 0.5 at the
maximum,48 which occurs for ωτ = 1. This approximation holds
for particles displaying a very low size dispersity. The thus-
derived frequency factor was plotted against [x] in Figure 10c
with the corresponding relaxation times solved from eq 6.
We have analyzed the effects of interparticle interaction on

SAR through a modification of the nanoparticle relaxation time

using the analytical expression for the Neél relaxation time with
the modification proposed by Landi:28,29
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6 , N being the total number of MNPs

in the system, μ being the magnetic moment of the MNP, μo
equal to 4π × 10−7 H/m, and L being the interparticle distance.
The relaxation time, as given by eq 7, was derived from a mean-
field model where the dipolar interaction produced by a
random spatial arrangement of MNPs was interpreted as a
random field acting on a reference particle. In this calculation,
the mean value of the random dipolar field contribution is null,
irrespective of the magnetization values, so the second term in
eq 7 comes from the second-order correction. A null mean
value of a fluctuating dipolar field is valid only for an ensemble
of monodisperse MNPs.
When bidisperse colloids are diluted, nanoclusters do not

change their size, as established with SAXS measurements.
Therefore, for MNPs belonging to nanoclusters, L in eq 7
remains constant and so do their SARs. However, mean
interparticle distances of the single-MNP component depends
on colloid concentration [x] as L = (ρV/[x])1/3. Thus, SAR
changes observed in Figure 10a,b can be due to an increase in
interparticle distance (decrease in dipolar interaction) between
non-nanoclustered MNPs and to a decrease in the total number
of particles contributing to the fluctuating dipolar field with
increasing dilution. Structural and magnetic parameters, listed
in Tables 1 and 2 with Keff retrieved from Hc vs T
measurements, were again used to simulate SAR against colloid
concentration considering the modified Neél relaxation time
(eq 7). Simulations shown in Figure 10d corresponding to O18
and DMSA18 colloids are labeled as SARL. In the same figure,
the concentration dependence of simulated relaxation times is
plotted for both colloids. For the DMSA18 colloid, the
crossover between τN and τB behaviors occurs at a
concentration larger than the largest sample concentration, in
agreement with the occurrence of the Neél mechanism over the
whole studied colloid concentration range. For colloid O18, τB
is smaller than τN, and there is no crossover indicating the
occurrence of the Brown mechanism. Moreover, SARL
calculated from Keff values, measured in a frozen colloid and
labeled as SARL O18 Neél in the figure, displays decreasing
behavior with concentration, whereas SARL calculated by
considering an effective relaxation time (within the assumption
of independence between Brown and Neél phenomena),
labeled as SARL O18, displays an increasing trend with
concentration. The absence of a peak for sample O18 may be
due to the occurrence of Brown instead of Neél relaxation.
It can be observed that the relaxation time as given by eq 7

depends on N, and then the power dissipated (P) by an
ensemble of N particles becomes a nonextensive quantity. P as
a function of N is not a homogeneous function of degree 1 as
expected. This is a direct consequence of the long-range nature
of the dipolar interaction. Due to the fact that all of the particles
in the colloid contribute to the relaxation time of a given MNP
as proposed in eq 7 but not with the same intensity, closer
particles should have a stronger effect than those further away,
we have used a value of N = 5 × 105 for SARL. This N value is
close to that used for a rough estimate of γ in ref 28.

Figure 9. SAR and experimental ILP as a function of (a) cluster
volume Vξ, (b) particle fraction in nanoclusters α, and (c) volume
fraction ϕaggregated of aggregated MNP. Closed symbols stand for
experimental SARs values, and open symbols stand for extrapolated
SARs values as explained in the text.
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From the analysis with eq 7 of the experimental SAR, we
conclude that the relaxation time as deduced by Landi28 from
the mean-field model under a random dipolar field approx-
imation constitutes a theoretical improvement in the under-
standing of colloid SAR and in the development of analytical
expressions for SAR data analysis. However, we believe that the
τ dependence on N has to be revised because by using N as the
total number of MNPs in the system relaxation time diverge. In
the case of a long-range order interaction, all MNPs contribute,
but eq 7 suggests that all MNPs contribute equally, which
cannot be the case, and closer ones contribute more than far
away ones. The SAR concentration (interparticle distance)
dependence is experimentally verified, but SARe could not be
quantitatively reproduced by replacing τ with the modified
relaxation time (eq 7) in eq 1.
As already mentioned, a null mean value of a fluctuating

dipolar field refers only to ensembles of monodisperse MNPs.
Then the τN approximation given by eq 7 does not apply either
to a colloid displaying a large size dispersion or to any MNPs
configuration resulting in a static dipolar field. For these cases,
the issue of SAR dependence on concentration is still an open
question. We also point out that even for the Brown
mechanism, magnetic interparticle interactions affect the
magnetic-moment dynamics and thus the SAR in a nontrivial
way that must be investigated in future work.
Our results demonstrating that nanoclustering highly reduces

the SAR may help to understand the different characteristics of
magnetic hyperthermia in in vitro and in vivo experiments.
Notice that the endocytosis mechanism during MNPs’
interaction with cells may induce clustering. Furthermore, the
knowledge that power dissipated by well-dispersed MNPs is a
nonextensive property would help to foresee changes in heat

dissipation associated with variations in concentration after
injection into living tissues. This effect should be properly taken
into consideration for real therapeutic applications.

■ CONCLUSIONS

Magnetite nanoparticles, coated with oleic acid and sub-
sequently modified with meso-2,3-dimercaptosuccinic acid to
allow their aqueous suspension, were used to analyze the
influence of aggregation and dipolar interactions on the specific
absorption rate of bidisperse colloids. The studied colloids,
based on 10 and 18 nm sizes, and two dispersions (oleic acid
coated and dispersed in hexane and meso-2,3-dimercaptosuc-
cinic acid coated and dispersed in water) are composed of
stable nanoclusters coexisting with isolated nanoparticles. Both
components dissipate heat under a radio frequency excitation in
a distinctive way. It is shown that the nanoclustering of particles
with randomly oriented easy axes is detrimental to the SAR. On
the other hand, the contribution to SAR from individual
nanoparticles determined for various colloid concentrations
displays a peak for an 18 nm size aqueous suspension, i.e., SAR
increases for increasing concentration, reaches a maximum, and
then decreases for higher concentration. The power dissipated
by an ensemble of randomly oriented magnetic nanoparticles
became a nonextensive property. Then at a fixed field excitation
parameter, the colloid concentration can be used to optimize
the fluid SAR. Experimental SAR data could not be
semiempirically reproduced with the analytical expression
deduced from the linear response theory, using as input
structural and magnetic properties measured with SAXS, TEM,
and dc magnetometry. However, the tendency of colloids to
exhibit higher SAR is reproduced when the single-particle
relaxation time is modified (in order to account for dipolar

Figure 10. Experimental specific absorption rates SARe vs colloid concentration [x] for (a) DMSA18 colloid and (b) O18 colloid. (c) Frequency
factor and relaxation time τ calculated from SARe for DMSA18 colloid. (d) Brown (τB) and Neél (τN) relaxation time simulations for O18 and
DMSA18 samples and SAR values simulated with eq 7 and replaced in eq 1 using Keff listed in Table 2. SARLO18 Neél stands for simulation using
only τN.
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interactions among nanoparticles) following the expression
derived by Landi29 for a random dipolar-field approximation.
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