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Magnetic nanoparticles with a high specific absorption rate �SAR� have been developed and used in
mouse models of cancer. The magnetic nanoparticles are comprised of predominantly iron oxide
magnetic cores surrounded by a dextran layer for colloidal stability. The average diameter of a single
particle �core plus dextran� is 92�14 nm as measured by photon correlation spectroscopy. Small
angle neutron scattering measurements under several H2O /D2O contrast conditions and at varying
nanoparticle concentrations have revealed three length scales: �10 �m, several hundred
nanometers, and tens of nanometers. The latter corresponds to the particle diameter; the several
hundred nanometers corresponds to a hard sphere interaction radius of the core/shell nanoparticles;
�10 �m corresponds to the formation of long-range, many-particle structures held together by
magnetic interactions and dextran. The long-range collective magnetic behavior appears to play a
major role in enhancing the SAR. For samples having nominally equal concentrations and similar
saturation magnetizations, the measured SAR is 1075 W/�g of Fe� for tightly associated
nanoparticles and 150 W/�g of Fe� for very loosely associated nanoparticles at an applied field of
86 kA /m �1080 Oe� and 150 kHz. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2837647�

INTRODUCTION

The biological processes in cells, including cancer, are
particularly susceptible to changes in temperature. In fact, a
change in temperature of 6 °C, from 37 to 43 °C, is suffi-
cient to kill a cancer cell provided the cell is exposed to this
temperature for a sufficient period of time.1,2 While the biol-
ogy of thermal damage is well understood, this knowledge
has translated poorly into clinical application for cancer
therapy, although some success has been achieved for classic
hyperthermia3,4 treatment. One reason is the absence of tech-
nology that effectively localizes heat to the tumor without
heating surrounding healthy tissues.5 A second limitation is
the inability to accurately measure the heat dose deposited
into the tumor relative to surrounding tissue.6,7 One technol-
ogy being developed to address these limitations is the acti-
vation of susceptor materials such as magnetic iron oxide
nanoparticles by excitation with an external alternating mag-
netic field. However, the lack of information on which char-
acteristics are important for delivering the maximum heat
dose per gram of injected material8,9 is a significant issue. It
is the objective of this paper to address this issue; in particu-
lar, to identify one characteristic that is important for deliv-
ering the maximum heat dose per gram of injected material.

EXPERIMENTAL METHODS

The system studied here is based on iron oxide magnetic
cores that are coated with dextran to form a shell, and have a
diameter less than 50 nm. The samples were synthesized by
high-pressure homogenization according to the core/shell
method, as outlined previously.10 Two different sample
batches were studied here. Although these two systems are
nominally identical in their cores, the dextran layer itself
varies: Lot 0020784G �20784G� was coated with dextran
once yielding a single dextran layer while Lot 01350684G
�50684G� was coated twice for a double dextran layer.

A variety of analytical techniques have been applied to
physically characterize these two systems. Analytical ultra-
centrifugation �AUC� was used to determine a density for the
nanoparticles and an accurate size and size distribution for
the iron oxide core. Photon correlation spectroscopy �PCS�
was used to determine an average size and size distribution
of the entire core/shell structure. The hysteresis loops were
measured with a superconducting quantum interference de-
vice �SQUID� magnetometer from Quantum Design.11 All of
the measurements were made at room temperature �298 K�
using a Kel-F liquid capsule holder from LakeShore
Cryotronics11 to hold the colloid, and the field range was
from �3.98 MA /m ��50 000 Oe�.

The small angle neutron scattering �SANS� experiments
were conducted at the NG-3 beam line at the NIST Center
for Neutron Research �NCNR� using neutrons with a wave-a�Electronic mail: cindi.dennis@nist.gov.
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length of 8.4 Å. Data were collected with a two-dimensional
detector at three different sample-to-detector distances, in or-
der to span the range of scattering vectors Q from 7
�10−4 to 5�10−1 Å−1. The data were corrected for instru-
mental and empty cell backgrounds. To probe smaller Q val-
ues, ultra-SANS �USANS� experiments were performed us-
ing the BT5 thermal neutron double-crystal instrument at
NCNR.12 The samples were run for 8 h each at a neutron
wavelength of 2.4 Å. A background from an empty beam run
was subtracted from all the data, and the subtracted data
processed to absolute scale. The Q �wave vector component
in the horizontal plane� range corresponds to probing length
scales from 500 to 20 000 nm. All of the SANS and USANS
measurements were made at room temperature and in zero
field. A series of concentrations were also used in order to
help constrain the parameters for the fitting. All SANS and
USANS reductions and fits were performed by the use of
interactive IGOR11 procedures.13

Specific absorption rate �SAR� measurements, to deter-
mine the heat dose of the nanoparticles, were made in a
modified alternating magnetic field �AMF� calorimeter under
varying field amplitudes at a frequency of 150 kHz. SAR
values were calculated from the rate of temperature rise mea-
sured in the water when the particle suspension was heated
by the AMF generated in a solenoid coil, after correction for
the thermal properties of the calorimeter, coil, and water. The
values were normalized for iron content.

RESULTS AND DISCUSSION

AUC yielded a density of 3.20 g /cm3, which is slightly
less than that of bulk iron oxide at 5.18 g /cm3, and a size
distribution of 44�13 nm for the nanoparticle core. PCS
yielded a larger size and size distribution of 92�14 nm. This
number is the same whether it is determined by intensity or
by volume. However, the PCS instrument estimates a hydro-
dynamic radius based on a Stokes–Einstein sphere moving
through the solvent and thus includes an estimate of the
thickness of the dextran layer infiltrated with solvent. A dex-
tran length of 24 nm is reasonable for the 40 000 Da dextran
used. The AUC data also agree with the TEM images �not
shown� that show a core diameter of �50 nm. The dextran
layer thickness cannot be determined from the TEM as �a� it
is a dried sample and �b� it is difficult to separate the amor-
phous dextran from the amorphous carbon film coating the
TEM grid at this excitation energy.

The SANS/USANS data are also in reasonable agree-
ment with these numbers. The 50684G data, both H2O and
D2O, are shown in Fig. 1. �The concentration series is not
shown for space reasons.� H2O and D2O each highlight dif-
ferent features of the system by varying the sample contrast.
In the case of H2O the scattering is dominated by the large
contrast between iron oxide and H2O, whereas there is less
contrast with dextran. In D2O the intensity of scattering from
the core is much reduced while the contrast with dextran is
enhanced. The 50684G in D2O data show a strong scattering
intensity at low Q that may be due to the presence of a
dextran network acting to bind particles in large scale
aggregates.14 This interpretation agrees with other observa-

tions of dextran solutions.15 A polydispersed core-shell
model was used to fit the H2O data by keeping the ratio of
core to shell sizes constant. The hard sphere interaction ra-
dius is determined to be 69.5�0.2 nm, indicating that there
is an interaction on a length scale longer than the particle
size visible to neutrons.

The SANS data from the 20784G sample are shown in
Fig. 2. The concentration series in H2O is shown, while the
D2O data that are similar to those in Fig. 1 are excluded.
Here the interaction radius is �200 nm—a factor of 3 larger
than for the 50684G sample. It should be noted that this
increase in the interaction radius is not due to a change in
average diameter �as determined earlier by both AUC and
PCS�, nor by a change in volume fraction. From SANS/

FIG. 1. �Color online� SANS/USANS data and fits on the 50684G samples
in two contrasts. The D2O data highlight both the iron oxide core �the
“hump” around Q=4�10−2� and the dextran �the slope for Q�1�10−3�.
The H2O data highlight just the iron oxide core.

FIG. 2. �Color online� SANS data and fits on the 20784G samples in an
concentration series H2O. The iron oxide core structure is in the hump.
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USANS, the volume fractions of both samples are nearly
equal �0.1075�0.0005 for 50684G and 0.1050�0.0003 for
the 20784G sample�, as is the polydispersity—an indicator of
the size distribution—which is 0.6.

The magnetic properties of the system were character-
ized by measuring the hysteresis loop at room temperature.
These loops �see Fig. 3� have been normalized to the mass of
particles present in the colloid. The most prominent point is
that the saturation magnetization of the 50684G sample is
41.08�0.03 kA m2 /g, slightly less than that of the 20784G
sample which is 45.34�0.02 kA m2 /g. Other than this slight
difference in magnitude, the shapes of the two hysteresis
loops are nearly identical. It is noteworthy that the SANS
data exhibit significantly different interaction radii in zero
field for the two samples, although the SQUID data show
nearly identical magnetic moments at the fields used in the
SAR measurements.

The SAR values were measured for H=86 kA /m
�1080 Oe� and f =150 kHz using colloids of nominally equal
concentrations which are then normalized to iron concentra-
tion. Here we see the most striking difference—the 50684G
sample has a measured SAR of 1075 W/�g of Fe� while the
20784G has a measured SAR of 150 W/�g of Fe�—a differ-
ence of a factor of 7. This cannot be attributed to a difference
in the saturation magnetizations as these are shown, first, to
have the opposite trend, and second, to differ only by 10%.
Nor can this be attributed to differences in the physical size
or size distribution as these have been shown through three
physical techniques �TEM, AUC, and PCS� to be nearly the
same. However, the primary difference appears in the SANS/
USANS data in the interaction behavior. The double dextran
layer has a much smaller interaction radius, by nearly a fac-
tor of 3. This smaller interaction radius would have a twofold
effect: �1� the dipolar interactions would be significantly
stronger, enabling the nanoparticles to couple their behavior
under an oscillating field �thereby amplifying the heating�
and �2� the smaller interaction radius would mean that more
particles are grouped closer together, enhancing the local
heat output in a smaller area. This latter effect is expected to

show significant enhancement in the efficacy of these par-
ticles in preclinical trials. Model simulations and ac measure-
ments in conjunction with mouse trials are underway to con-
firm these effects.

CONCLUSIONS

Although the magnetic properties of a sample �saturation
magnetization, anisotropy, and volume� are expected to have
significant effects on the heat dose supplied by magnetic
nanoparticles under the influence of an alternating magnetic
field, the individual nanoparticle properties are not the only
consideration. The behavior of the collection of magnetic
nanoparticles is equally critical in determining the heat dose,
as demonstrated by two nominally identical systems of
44 nm iron oxide core/shell nanoparticles. The tightly asso-
ciated system has a measured SAR of 1075 W/�g of Fe�,
while the more loosely associated system has a SAR of
150 W/�g of Fe�. This is expected to have significant effects
in the efficacy of the nanoparticles for cancer treatment.
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FIG. 3. �Color online� Hysteresis Loop at 298 K of the 50684G and 20784G
samples, normalized to mass of iron oxide. The inset shows a closeup of the
data around the two fields of interest—0 and 86 kA /m �1080 Oe�.
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