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Magnetic nanoparticles with high specific absorption rate of electromagnetic
energy at low field strength for hyperthermia therapy
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Magnetic nanoparticles (MNPs), referred to as the Dartmouth MNPs, which exhibit high specific
absorption rate at low applied field strength have been developed for hyperthermia therapy
applications. The MNPs consist of small (2-5nm) single crystals of gamma-Fe,O5 with saccharide
chains implanted in their crystalline structure, forming 20—40 nm flower-like aggregates with a hydro-
dynamic diameter of 110—120 nm. The MNPs form stable (>12 months) colloidal solutions in water
and exhibit no hysteresis under an applied quasistatic magnetic field, and produce a significant
amount of heat at field strengths as low as 100 Oe at 99—164 kHz. The MNP heating mechanisms
under an alternating magnetic field (AMF) are discussed and analyzed quantitatively based on (a) the
calculated multi-scale MNP interactions obtained using a three dimensional numerical model called
the method of auxiliary sources, (b) measured MNP frequency spectra, and (c) quantified MNP fric-
tion losses based on magneto-viscous theory. The frequency responses and hysteresis curves of the
Dartmouth MNPs are measured and compared to the modeled data. The specific absorption rate of
the particles is measured at various AMF strengths and frequencies, and compared to commercially
available MNPs. The comparisons demonstrate the superior heating properties of the Dartmouth
MNPs at low field strengths (<250 Oe). This may extend MNP hyperthermia therapy to deeper
tumors that were previously non-viable targets, potentially enabling the treatment of some of the
most difficult cancers, such as pancreatic and rectal cancers, without damaging normal tissue. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907915]

I. INTRODUCTION

Cancer is a group of diseases characterized by uncon-
trolled growth and the spread of abnormal cells. According
to the American Cancer Society annual report, in 2014,
nearly 600000 Americans are expected to die of cancer,
more than 1600 people per day.! Hyperthermia therapy is a
type of cancer treatment in which body tissue is exposed to
elevated temperatures (approximately 45 °C) to damage and
kill cancer cells.? In a clinical setting, hyperthermia is pre-
dominantly used in conjunction with other forms of cancer
therapy, such as radiation therapy and chemotherapy.’™
Magnetic nanoparticle (MNP) hyperthermia as a cancer ther-
apy operates on the principle that magnetic nanoparticles
introduced into a tumor produce heat when subjected to an
alternating magnetic field (AMF). There are a number of
MNPs with different shapes and magnetic properties for
Hyperthermia applications. Their performance depends upon
the nanoparticles’ properties, such as mean size, magnetic
anisotropy (shape), and saturation magnetization, as well as
the AMF amplitude and frequency.” It has been demon-
strated, that anisotropic MNPs, such as those with cubically
shaped cores, provide superior power loss compared to
spherical iron oxide particles of similar size.®

A key characteristic of MNPs used for clinical hyperther-
mia is a high specific absorption rate (SAR), which depends
on the MNPs’ size, shape, composition, magnetic interaction,
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and concentration, as well as the applied magnetic field fre-
quency and strength.”’ There are a number of types of
MNPs available for hyperthermia therapy.'? 417282
However, most existing MNPs require a high frequency or
high AMF strength to deliver an adequate thermal dose to the
tumor.

The AMF, which is produced by a coil, penetrates inside
tissue and activates MNPs in cancerous tissues, but also gener-
ates unwanted eddy currents in the normal tissues.”**' These
induced eddy currents can result in significant heating of
normal tissue and impose limitations on the product of mag-
netic field strength and frequency (H-f) for hyperthermia
treatment.’?>* The H-f limitations that clinical test subjects
were able to withstand for more than 1 h without major compli-
cations have been reported in four independent studies;**>>~’
the limit varies from 4.5 x 108 A/(ms) or (5.625 x 10° Oe/s)
t0 8.5 x 108 A/(ms) or (10.625 x 10° Oe/s) and is summar-
ized in Ref. 38. According to Faraday’s law, the power deposi-
tion due to the eddy currents in the tissue is proportional to the
square of H-f-r, where r is the circular radius of the circular sur-
face exposed to magnetic field. In cases where a coil is close to
the surface,  approximately coincides with coil diameter. Thus,
one of the ways to exceed the H-f critical product is to design a
new <:oil,3'8 for the treatment of superficial cancers. However, to
achieve a therapeutic effect in deep tumors, such as pancreatic
and rectal cancers, it is desirable to develop a MNP which will
generate therapeutic temperature within tumors with as low an
AMF as possible. To achieve this requirement, we developed
a next generation MNP for hyperthermia that consists of
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non-toxic materials and generates a therapeutic level of heat
per particle unit mass at low magnitude AMF (<250 Oe). The
particles presented in this paper, henceforth referred to as
Dartmouth MNPs, exhibit greatly improved SAR at low AMF
as compared to commercially available MNPs.>* These MNPs
suggest promising new possibilities for the application of MNP
hyperthermia to deep tumors.

To fully leverage the unique properties of these new par-
ticles for clinical applications, we must gain deeper insight
into the inherent heat generation (power loss) mechanisms
and assess how the particle properties and the electromag-
netic field parameters may be optimized for cancer therapy.

The conversion of magnetic field energy into heat by
nanoparticles can arise through different processes: hystere-
sis, Néel relaxation, and MNP motion/physical relaxation in
a liquid carrier. The MNPs’ motion in the suspension can be
further broken down into Brownian and applied external
magnetic field driven motion/rotation. Brownian motion and
rotation of MNPs describes the free random movement/rota-
tions of MNPs in the suspensions®® and is characterized by a
relaxation time, i.e., the characteristic time for MNPs to
return to a disordered state following excitation by an exter-
nal magnetic field. The SAR, resulting from MNP free
Brownian motion/relaxation, depends on the applied AMF
frequency nonlinearly and provides maximum power loss at
resonance frequency f, =1/(2nt), where 1 is the effective
relaxation time.*” The applied magnetic field driven motion
and rotation, which do not have a characteristic relaxation
time, are defined, not as free motion, but rather motion due
to induced magnetic forces on the MNPs.*! Specifically, at
low frequencies (f<f,), the alternating magnetic field
impedes free MNP rotation and particles’ dipole moments
are aligned along the applied AMF. Conversely, at high fre-
quencies (fy, > f), the applied AMF forces particles to rotate
fast and as a result a part of the applied alternating field
energy is transformed into frictional heat via friction
between particles and the surrounding medium.

Overall, the mechanisms which are important for any
given set of MNPs depend on the nanoparticles’ size, shape,
interaction, composition, and concentration.>% 1824

Hysteresis loss is electromagnetic field energy that dissi-
pates per cycle of magnetization reversal, and it is propor-
tional to the area of the hysteresis loop.** This loss depends
strongly on the applied field amplitude, particle core size and
shape, and domains, as well as the magnetic history. For large
multi-domain particles hysteresis loss physics are described in
Ref. 43, and a phenomenological model that describes hyster-
esis losses as a function of the MNP effective size distribution
and the applied magnetic field amplitude in the size range
from superparamagnetism to magnetic multi-domains—
roughly 10-100 nm has been proposed in Ref. 9.

With decreasing particle core size a particle’s magnet-
ization behavior transitions from multi-domain to single do-
main. For iron-oxide particles with sizes larger than
~30-40nm, a transition from single to multi-domain struc-
ture takes place.** It has been shown that single domain
MNPs in suspension can relax by one of two methods:
Brownian relaxation, with a relaxation time 7, and Néel
relaxation with relaxation time t, In the case of Néel
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relaxation,” the energy barrier for magnetization reversal
decreases with decreasing MNP size, enabling thermal fluc-
tuations to lead to relaxation phenomena; the characteristic
relaxation time of a nanoparticle system is determined by the
ratio of the anisotropy energy to the thermal energy. The sec-
ond kind of magnetic relaxation in a MNP system is
Brownian relaxation, first derived by Debye,*® where ther-
mal fluctuations lead to random transport/rotation of the par-
ticles through/within the carrier fluid. In the case of pure
Brownian relaxation, a rigid spatial coupling exists between
the magnetic moment and the crystallographic structure of
the particle. Relaxation takes the form of the physical rota-
tion of the particle within the carrier fluid. In a sample of
MNPs in suspension, free movement/rotation of the particles
can be inhibited by the application of a magnetic field. The
rigidly bound moments of the Brownian particles leads to
the magneto-dissipative effect and to rotational viscosity
phenomena.*’*® Transition from one type of relaxation re-
gime to the other corresponds to the intersection of the
Brownian and Néel relaxation times, i.e., when 1, = 1,, and
depends on the size of the particle core, the hydrodynamic
size, the viscosity of the media, and its magnetic anisotropy.
A general treatment of the relaxation in ferrofluids based
on a Fokker—Planck equation was given by Brown;*’
Rosensweig40 used the effective relaxation time (1/t.¢= 1/73,
+ 1/7,,) to calculate the power dissipation in a magnetic fluid
under an AMF. The frequency dependence of relaxation of
the MNP system can be determined experimentally by meas-
uring the spectra of the complex susceptibility’®>" or fre-
quency dependent magnetic field responses from the MNPs.
One more mechanism of power dissipation in MNPs is
magnetic friction in solutions, or between particles them-
selves, namely, for aggregated and magnetically interacting
particles. The losses are due to rotation and translation of
MNPs under an AMF, and not just by Brownian relaxation,
which is driven by the thermal agitation; therefore, this loss
type is relevant for both single and multi-domain MNPs, and
this phenomenon is known in the literature as “negative vis-
cosity of ferrofluid.”®*®> Each MNP can be characterized
with a magnetic polarizability tensor, whose principal com-
ponents are magnetic dipole moment elements in the MNP
coordinate system. The values of the principal components
are proportional to MNP volume and depend on their shape/
anisotropy. For example, for a spherical MNP all principal
elements of magnetic polarizability are equal, whereas for a
MNP which is irregularly shaped in three dimensions, all
principal values are different. Studies in Ref. 66 have dem-
onstrated the effects of a target’s shape, material properties,
and anisotropy on the secondary magnetic field, which is
proportional to the principal magnetic polarizabilities.
Overall the magnetic moments, in the absence of a magnetic
field, are distributed randomly in space and orientation due
to thermal agitations, and thus the MNP exhibits no net mag-
netization. When MNPs are placed in an external magnetic
field, dipole moments are induced in the MNPs. The dipole
moments, which are determined as the product of magnetic
polarizability tensors and applied field, are subject to a tor-
que moment under the local AMF. The torque moment
forces the MNP to rotate in the solution or in MNP
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aggregates, which then produces power loss in the system.
The MNPs’ power losses in a suspension due to viscosity
have been demonstrated and analyzed.*"%

In this work, we present measured SAR values for the
Dartmouth MNP at different AMF strengths and frequencies.
A comparison between the SARs for the Dartmouth MNPs
and commercial MNPs is presented. The heat generation
observed in the Dartmouth MNPs is analyzed based on the
above described four mechanisms.

Il. MATERIALS AND METHODS
A. Dartmouth MNP synthesis

Commercially available ferric chloride (FeCls-6H,0),
ferrous sulfate (FeSO,4-7H,0), 25 wt. % ammonium hydrox-
ide solution, NaNO; and NaOH were purchased from VWR.
Carboxymethyl-dextran (CM-dextran) 40 kDa was purchased
from TdB Consultancy AB. All reactants were used as
received without further purification.

Magnetic nanoparticles with CM-dextran embedded in
their structure were obtained according to Refs. 12 and 14.
Briefly, 10% solutions of salts of Fe(Il) and Fe(IIl) were pre-
cipitated by ammonia solution in the presence of excess of
polysaccharide. The mixture was placed on a sand bath and
heated up to 70°C. Then NaOH and NaNO; were added to
oxidize Fe(II) and maintain alkali media (pH > 10). The tem-
perature was raised up to 100°C at a speed of 10°C/h. The
resulting solution was spun at 5000 rpm for 15 min to remove
large aggregates. The remaining MNPs were purified using a
magnetic column separator.

For comparison of the heating properties BNF-starch
and NT-1, magnetic nanoparticles were obtained from
Micromod Partikeltechnologie GmbH. "

B. Nanoparticle characterization

Transmission electron micrographs of the nanoparticles
were taken using an FEI Technai F20ST field emission gun
transmission electron microscope (TEM) operated at 200kV.
Samples were prepared via the drop drying method. 500 mag-
netic nanoparticles from three different locations on a grid
were used to produce particle size histograms. Consistent
results were found for various concentrations indicating the
drop drying method did not have a significant impact on meas-
ured size distribution.

The quasistatic magnetic properties of the nanoparticles
were determined (saturation magnetization, M,; remanent
magnetization, M,; and coercivity, H.) from hysteresis loop
measurements using a Princeton Measurements Corporation
vibrating sample magnetometer (VSM) v-3. Both tested sam-
ples consisted of Dartmouth MNPs. The sample of MNPs in
colloidal suspension contained 161 mg solids, with an Fe
concentration of 84.5 mg Fe/ml (approximately 75% iron ox-
ide, 25% CM-dextran) in 1 ml water. The mass of the dry
sample was 24.1 mg. The data were collected at room tem-
perature and normalized by the mass of solids.

The Dartmouth MNP structural characterization was per-
formed using a Rigaku DMax rotating anode X-ray diffraction
(XRD) system with a Cu target (Rigaku Corporation, Tokyo,
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Japan). Conditions for XRD were the following tube: Cu
Ko =0.1541 nm, filter: Ni, accelerating voltage: 40kV, cur-
rent: 20 mA, and two-theta scan range: 5°-90°.

Heating measurements were performed using a 14-turn,
air core, copper solenoid coil (internal diameter 32 mm,
length 12cm) which was powered by a 10kW TIG 10/300
generator (Hiittinger Elektronik GmbH, Freiburg, Germany)
and cooled by running an ethylene glycol solution kept at
20°C by a closed circuit chiller. A 0.7mm diameter fiber
optic probe (FISO Inc, Quebec, Canada), accurate to 0.1 °C,
was used for the temperature measurements. A fiber optic
temperature probe was positioned in the sample, close to the
center of the coil, to measure temperature in the sample.
Experiments were performed over a range of at least
504400e (4-35kA/m) at frequencies 98—160kHz. The
maximum field strength of the AMF system is inversely
related to the selected operating frequency (highest field
strength tested was approximately 8000Oe (64kA/m) at
98 kHz). Two samples were tested, consisting of colloidal
suspensions of Dartmouth MNPs and Micromod BNF MNPs
in water, each with a concentration of 5mg Fe/ml.
Micromod NT1 MNPs were also tested, which are identical
to BNF MNPs in terms of heating properties, but are made
using different manufacturing practices. The coatings of the
tested particles are CM-dextran, dextran, and hydroxyethyl
starch for the Dartmouth, NT1, and BNF MNP’s, respec-
tively. The sample was placed at the center of the coil, where
the field strength was most homogeneous. The temperature
was recorded electronically at one second intervals through-
out the experimental period and monitored using a real-time
temperature monitoring system. The SAR was calculated
based on the initial temperature rise recorded

SAR = C - AT/At, (1

where C is the specific heat capacity of the media (in our
case, it was water, C =4180J/kg K), T is the temperature
(K), and t is the time (s). SAR data from Wabler et al. are
shown in Sec. IIID for comparison. The Fe concentrations
for their BNF and Johns Hopkins University (JHU) particle
samples were 25.8 mg/ml and 13.7 mg/ml, respectively. Both
the BNF and JHU particles consist of a single multicrystal-
line iron oxide core with a biocompanitble polymer coat-
ing.?’ The crystals in the BNF core are parallelepiped
shaped,®” forming fractal aggregates,”® and the JHU cores
are irregularly shaped.”*

To understand the Néel and Brownian relaxation power
loss contributions in Dartmouth MNP power loss mecha-
nism, we measured the MNP spectra using a wide-band
Electromagnetic induction sensor, developed by Geophex,
Ltd. (Raleigh, NC, USA). The sensor is an active system and
consists of two transmitters (Tx) and a vector receiver (Rx).
The Txs produces a primary field that induces a dipole
moment within each MNP, which then generates the second-
ary field that is detected by the Rx coils. It operates from
30 Hz to 96 kHz and measures both the in-phase (which indi-
cates induced dipole’s alignment with respect to the applied
field) and quadrature component (imaginary component,
which indicates the lag between the applied and induced
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FIG. 1. (a) and (b) TEM images of
flower-like Dartmouth MNPs, (c) dots:
aggregate size distribution estimated
from TEM images; red line: the meas-
ured aggregate size distribution is fitted
with a lognormal distribution function,
with mean 27nm, standard deviations
52nm; (d) dashed line: Dartmouth
MNPs’ measured Z-size (hydrodynamic

diameter) distribution; red line: the meas-
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magnetic dipole moments). Frequency dependent measured
susceptibilities have been used to estimate the particle size
distribution in ferrofluid® and infer typical effective relaxa-
tion times, reﬂ.%’ss We fitted the Cole-Cole model®’ to the
measured responses to estimate the characteristic effective
time.

lll. RESULTS AND DISCUSSION
A. Size, shape, and composition

TEM examination showed that the nanoparticles consist
of 2-5nm crystals in 20-40nm flower like aggregates, see
Figures 1(a) and 1(b). Similar flower like iron-oxide MNPs
were synthesized by Palchoudhury er al.'® Figures 1(c) and
1(d) show the relative quantity versus the diameter of
the aggregates and the Z-size, respectively. The measured
aggregate size distribution (Figure 1(c)) was fitted with a
log-normal distribution, with mean 27 nm and standard devi-
ation 5.2nm. The measured hydrodynamic diameter (Z-size,
Figure 1(d)) distribution was fitted with a normal distribu-
tion, N(In(D;),In(u),6?), with mean, p= 110nm, and
standard deviation, o = 0.33.

X-ray diffraction data for Dartmouth MNPs are shown
in Figure 2. The Dartmouth MNPs show peaks at 30.84°,
36.28°, 44.0°, 57.82°, 63.54°, and 74.86°, which corresponds
to peaks for gamma-Fe,Oj3. The size of the MNPs calculated
from XRD data using the Scherrer equation is 28 nm, which
matches well with the estimate from TEM data of 27 nm
mean aggregate diameter.

B. Magnetic properties

The quasistatic magnetization curves for Dartmouth
MNPs in colloidal solution and for dry Dartmouth MNPs are
shown on Figure 3 (blue lines). The measured saturation
magnetization, remanence, and coercivity are 1.1emu/g,
0.007 emu/g, and 30 uT, (0.3 G), respectively, for Dartmouth
MNPs in solution, and 45 emu/g, 1.15emu/g, and 568.6 uT
(5.69 G), respectively, for the dry Dartmouth MNPs. The dry
Dartmouth MNPs exhibit magnetic hysteresis; however, the
Dartmouth MNPs in water do not. In addition, the saturation
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FIG. 2. Dartmouth MNP X-ray diffraction intensity versus two-theta. The
red bars are standard peaks for gamma Fe,0;.
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magnetization for the dry MNPs is 60% of the value of the
bulk material. In comparison to the values reported by Lu
et al.,68 on an individual basis, the dry Dartmouth MNPs
have a saturation magnetization equivalent to single crystals
of magnetite and/or maghemite which are 3 nm in diameter.
This is also similar to that of nanoflowers saturation magnet-
ization reported in Ref. 16.

To understand observed differences between magnetic
properties for the dry and colloidally suspended MNPs, we
analyzed the induced magnetic moment per unit volume in
MNP. The magnetic moment can be expressed as

M = oM,L(2) 2. )
B

where M, is the domain magnetization of the MNP, ¢ is

the volume fraction of magnetic material in MNP, and £ (o)

= coth(a) — 1/ is the Langevin function, which asymptoti-

cally approaches unity for high magnetic fields o(B)

= WngTlD}, and B=B"(1+p) is the total magnetic flux
around the MNP, p is an interaction coefficient between
MNP aggregates and is estimated empirically by matching
modeled hysteresis using Eq. (2) to measured data. From the
measured MNP size distribution and susceptibility, we
extracted the size and M, the domain magnetization of MNP
and computed the susceptibility. The comparisons between
measured data and data modeled using susceptibilities com-
puted via Eq. (2) are illustrated in Figure 3. The results show
a good correlation between the experimental and modeled
data. For MNPs in water calculations were performed for
p=0, and for dry MNPs, p=0.2. The modeled results indi-
cate no magnetic dipole interaction for MNP in water, while
there is a non-negligible interaction between MNPs when they
are in dry, packed conditions. This computational model has

-30 ; ) i
-300 -200 100 O
Applied H Field [Oe]

100 200 300

also been applied to Micromod BNF type particles.” To further
understand the interactions between the MNPs, we modeled the
electromagnetic (EM) field behavior between the MINPs.

One of the potential reasons why the Dartmouth MNPs
do not develop hysteresis in solution is a result of the
weak or negligible magnetic interactions between particles.
The effects of magnetic dipolar interactions on the MNP
hysteresis and heating efficiency have recently been studied
intensively.!’~273*3%63 These studies have demonstrated a
strong interaction effect between MNP aggregates and have
attributed it to the observed MNP hysteresis. However, the
detailed mechanism of the power loss in a MNPs assem-
blies, which exhibit particle-particle, particle-aggregate,
and aggregate-aggregate strong and weak interactions, are
not yet known. There is a general lack of clear understand-
ing of how MNP interactions affect power loss which has
subsequently caused controversial results in the literature
concerning SAR’s dependence on MNP concentration. In
this paper, the interaction effects are analyzed to quantify
the Dartmouth’s MNPs observed magnetic properties in dry
and wet conditions. The study of how the Dartmouth
MNPs’ concentration affects SAR is not the subject of this
paper, but will be presented in a subsequent paper.

C. Modeling magnetic field interaction between MNPs

We based the numerical simulations in this study on the
Method of Auxiliary Sources (MAS). The MAS is a robust,
easy to implement, and accurate numerical technique developed
for solving a large range of electromagnetic radiation and scat-
tering problems. It has been successfully applied to the investi-
gation of waveguide structures, antennas, complex media,
etc.%’*"! In MAS, the boundary value problems are solved
numerically using a representation of the electromagnetic field
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in each domain of the structure of interest by a finite linear
combination of analytical solutions of the relevant field equa-
tions. These solutions correspond to the fields created by auxil-
iary EM field sources (individual set for each domain), and are
usually chosen to be elementary dipoles (or charges), located
on fictitious surfaces that conform to the actual boundaries of
the structure of interest. Knowledge of the detailed mesh struc-
ture of the modeled objects is not required, which is one of the
advantages of the MAS over finite element methods.

There are two layers of auxiliary sources set up for each
physical boundary in the problem: the inner layer of sources
describes EM fields outside of this boundary, while the outer
layer describes the fields in the space confined by the bound-
ary. The only constraint placed on the fields is to satisfy
boundary conditions for Maxwell’s equations. These condi-
tions can be evaluated at a finite number of collocation
points across the object boundaries, leading to a system of
linear equations binding together the amplitudes of the auxil-
iary sources. Thus, the scattering problem is solved once
these amplitudes have been found: any other EM parameter
of interest can be derived through the fields created by the
auxiliary sources. This scheme also provides an easy way of
monitoring the accuracy of the solution by observing the
boundary condition mismatch in the area between the collo-
cation points.

In this paper, we used the MAS to evaluate the interac-
tion between MNPs and the distribution of the magnetic field
inside and outside MNP aggregates as a function of the num-
ber of MNPs. We used the axial symmetry of the system to
reduce the dimensionality of the problem.

To understand magnetic field interaction phenomena
between MNPs, we selected two Snm diameter magnetic
isotropic spheres, with equal relative permeability, p,.= 100,
for detailed analysis of magnetic field couplings. The spheres
were exposed to a time varying AMF at 160kHz. The calcu-
lations were performed for four separation distances: 7 =0.1,
1, 5, and 15nm. The accuracy of our simulations was con-
trolled by monitoring the matching of boundary conditions
of the MAS simulation. For all simulations in this paper, the
boundary mismatch of the tangential components of electric
E and magnetic H fields were kept below 1%. The magnetic
field distributions for two spheres oriented vertically under a
10 cm radius Tx loop, and for two spheres oriented horizon-
tally, are illustrated in Figures 4 and 5, respectively. The
simulated results in Figure 4 show that the magnetic field
between two vertically oriented spheres increases by an
order of magnitude when the distance between spheres
decreases from 15nm to 0.1 nm. The results for horizontally
oriented spheres in Figure 5 demonstrate opposite trends,
i.e., the field between the spheres decreases as the distance
between the spheres decreases. Thus, in both cases, we see
significant magnetic interactions between MNPs; namely,
MNPs oriented along the applied AMF produce local field
enhancements, while MNPs oriented horizontally to the
AMEF decrease the effective local field around the MNP.
These interaction effects strongly depend on the distance
between MNPs and become negligible for separations more
than three particle diameters (see Figures 4 and 5).
Similar results were reported by Serantes er al.'” and

J. Appl. Phys. 117, 094302 (2015)

10
g
==h=1nm
- —h=5nm
=—h=15nm
3| = :
10 0 < 1\
— /- A7 Induced AMF
s V/AA\
z 4 )
m~ AN
2 / —’Ai ;
10 re—
Applied AMF
10’
-20 -10 0 10 20

Distance [nm]

FIG. 4. Total magnetic field versus distance along the z axis for two verti-
cally orientated 5 nm diameter spheres separated by h=0.1nm, 1 nm, 5nm,
and 15nm. The inset shows a schematic representation of the Tx loop and
spheres in a coordinate system. The y axis is in plane. The Tx loop is placed
atx=y=0,z=3cm.

Woinska er al.** These interactions can be used to explain
the magnetization curves in Figure 3; for MNPs in water, the
distance between MNPs is higher than in the case of packed,
dry MNPs. Thus, in case of Dartmouth MNPs in water, there
are weak or negligible interactions between MNPs, and as a
result these particles do not produce hysteresis. The absence
of the hysteresis loop for MNPs in solution could also be
related to their free whole rotation by the applied field in col-
loids. However, some MNPs exhibit hysteresis in colloidal
solutions,22’69 which are due to magnetic interactions
between MNPs. These interactions have a significant role in
understand the magnetic properties of the dry, packed
MNPs. Namely, for magnetization measurements of the dry
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FIG. 5. Total magnetic field versus distance along the x axis for two hori-
zontally orientated Snm diameter spheres separated by h=0.1nm, 1 nm,
5nm, and 15 nm. The inset shows a schematic representation of the Tx loop
and spheres in a coordinate system. The y axis is in plane. The Tx loop is
placed at x=y=0,z=3cm.
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MNPs, the particles are physically blocked and they only
interact magnetically with nearby particles. These interac-
tions change the MNP local magnetic field (see Figures 4
and 5) and their anisotropy energy. The balance between the
magnetic anisotropy and applied AMF energies causes
hysteresis.

To further understand the interaction phenomena for
MNP aggregates, we simulated the magnetic fields for differ-
ent numbers of MNPs at different locations. Namely, we cre-
ated an aggregate of isotropic MNPs, with equal: radius
R =60nm, distance between MNP spheres 4 =20nm, and
relative permeability w,.= 100 (see Figure 6). We started
with two MNP spheres and calculated the magnetic fields at
0O (0,0,0) (left part of y-y plot on Figure 6) and P (0,0,1 um)
(right part on y-y plot on Figure 6) points. The aggregate is
excited with a 10cm radius Tx loop placed at (0,0,3 cm).
The calculated fields versus number of MNPs are depicted in
Figure 6.

These studies show that as the number of MNPs
increases the total (primary plus the interacting fields) mag-
netic interacting field at the center (point O) of aggregation
increases and then saturates. Since, the MNP hysteresis loop
depends on the magnetic interaction between MNPs, this
result indicates that the MNPs hysteresis loop should saturate
for a certain number of particles. Indeed, Serantes et al.’’
reported hysteresis loops saturation versus number of par-
ticles for a MNPs assembly.'” The right part of y-y plot on
Figure 6 shows that as the number of MNPs increases the
total field at P (0,0,1 um) point distance increases. This is
due to two factors: (a) as the number of MNPs increases the
distance between the observation point P and the MNP
aggregation outer surface decreases, thus the field increases,
and (b) as the volume of magnetic material increases, the
field increases. So, for MNP hyperthermia, it is important

X
#(N-1) #3 #1 #2 #4 #N
Z
p
(6]
1550 +——————— . . — 252
AMF inside a collection of MNPs at point O;
inter-MNP interaction
15001 1251
1450 1250
© £
b= =
2 L o
= 1400 1249 S
2 S
= =
- =
1350+ 1248
1300+ 1247
AMF outside a collection of MNP; MNP
collective behavior measured at point P
1 250 L 1 1 1 1 1 1 1 1 246

2 3 4 5 6 74 8 9 10
MNP #

FIG. 6. Calculated magnetic field (in arbitrary magnetic field units) versus
number of MNPs in aggregate. Fields are calculated at the center of mag-
netic nanoparticle aggregation at 0(0,0,0) and at P(0,0,1 um) points, see
schematic diagram above.
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to consider both inter-particle and aggregate-particle
interactions.” Note that these results are applicable for any
size MNP, since the interaction distances between MNPs
scale with the size of individual MNP cores."’

D. Specific absorption rate

Using the AMF system described in Sec. I B we meas-
ured the temperature response of the Dartmouth MNPs and
of the BNF particles from Micromod under an AMF at a fre-
quency of 154 kHz. From the measured temperature
responses, we determined the SAR using Eq. (1). Our meas-
ured SARs were compared to published SARs for the JHU
MNPs, which we have identified to be very promising par-
ticles for clinical use in MNP hyperthermia.?’ Also, that
group published a comparison with the commercially avail-
able Micromod BNF MNPs, which were measured with a
different AMF system, allowing for the analysis of the valid-
ity of direct comparison. The comparisons are shown on
Figure 7. All samples were colloidally suspended in water.

The results show that the SARs of Micromod BNF MNP
measured in our lab and at JHU are similar, indicating that
both systems output the same AMF, and the SAR estimation
techniques used produce similar values. These comparisons
also show that Dartmouth’s new MNPs have higher SAR
values then JHU and Micromod BNF particles at low field
values. For example, at 200 Oe (16kA/m), Dartmouth par-
ticle’s SAR is ~120 W/g, which is approximately 8 times
higher than the BNF MNPs, and approximately 1.7 times
higher than that of the JHU MNP. The high SAR at low field
strength is very important for treating deep tumors, without
producing unnecessary eddy current heating in surficial tis-
sues. Thus, the new particles may open new possibilities for
the application of MNP hyperthermia to deep tumor therapy.

We also investigated the frequency dependence of the
SAR of the Dartmouth MNPs. The results presented in
Figure 8 show the relationship between SAR and field
strength for different particle types, at 99, 141, 148, and

400 T "
== Dartmouth MNP
350+ |====JHU MNP from J. Hyperthermia
O BNF MNP
300% =—=BNF MNP from J. Hyperthermia |
2501 f

SAR [W/gFe]
- )
o o
L=} (=]

-
(=]
(=]

50F

0 100 200 300 400 500 600

Magnetic Field Strength [Oe]

FIG. 7. SARs for (1) Dartmouth MNP (green line), (2) JHU (blue line), (3)
Micromod BNF measured in our lab (red circles), and (4) Micromod BNF
measured at JHU (red line). The SAR values for JHU and BNF (red line) are
from Ref. 29 and are given for comparison.
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164kHz. The particle types include the Dartmouth particles,
BNF particles from Micromod and NT-1 also from
Micromod. The BNF particles and NT-1 particles only differ in
the manufacturing practices used during synthesis. Ultimately,
for all of the applied frequencies, the Dartmouth MNP exhibits
higher SAR at field strengths below approximately 440 Oe
(35kA/m), whereas both the NT-1 and BNF particles exhibit
higher SAR above this field strength. The SAR was found to
scale linearly with the frequency of the AMF see Figure 9 as
expected from theory (discussed in Sec. III E 3).

E. Understanding Dartmouth MNPs power loss
mechanism

To understand the dominant heating mechanisms for
Dartmouth MNPs, we conduct quantitative analyses of all
four previously mentioned power loss mechanisms.

1. Hysteresis loss

The power loss due to hysteresis loss per cycle is pro-
portional to the area inside the hysteresis curve and is
expressed as

Ph:—[lD%Md['L (3)
where pu, =4 x 107(T m/A) is the permeability of free
space, M (A/m) is the magnetization, and H (A/m) is the
magnetic field intensity. The negative sign is present because

there is a lag between the magnetization and H field, which
after integration in Eq. (3) yields a positive result. According

Magnetic Field Strength [Oe]

to data presented in Sec. III B, the Dartmouth particles do
not exhibit hysteresis when they are suspended in water. The
MNP analysis (see Figure 1) shows that Dartmouth particles
consist of about 27 nm core coated with 41.5nm thick sac-
charide chains. This provides a minimum distance between
cores equivalent to approximately three times the aggregate
diameter when two particles are in physical contact. As a
consequence, these particles exhibit a weak interaction and a
thin hysteresis loop while in the dry condition (see Figure 3).
When particles are in colloidal suspensions, the distances
between MNPs exceed three particle diameters and the
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FIG. 9. Experimentally collected SAR vs. Frequency for Dartmouth Particles
at 99, 141, 158, and 164 kHz with corresponding linear least squares fitting
functions.
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interaction effect diminishes.”*”’® Since the Dartmouth MNP
in colloidal suspension does not produce observable hystere-
sis (Figure 3(a)) according to Eq. (3), it follows that P, ~ 0.
Thus, the hysteresis loss can be considered as negligible part
for Dartmouth MNPs power loss.

2. Power loss due to Néel and Browinian relaxations

The power loss density (W/m?) due to Néel relaxation
(i.e., when the induced magnetic moment rotates within the
crystal) and Brownian relaxation (i.e., when the magnetic
moment is locked to the crystal axis and the particle rotates
as the dipole moment aligns with the applied field) is
expressed as*

2nft

_ 4
1+ (2nf7)*’ @

PN,B - TC.“()X()HZf

where y, is the magnetic field dependent susceptibility,**
and 7 is the effective relaxation time given as

1 1 1
=t 5)
T Tn Tp

The Néel relaxation time 1, was estimated in*
T = 1, (©)

where 7, is the damping time, K is the anisotropy constant of
the MNP, v is the magnetic volume of the particle, k is
Boltzmann’s constant, and T is the temperature. The
Brownian relaxation time 7, is given by*’

_wdny

=S )

Th
where d is the hydrodynamic radius of the MNP, 7 is the vis-
cosity of the carrier fluid.

To further evaluate the contributions of Néel and
Brownian relaxations in Dartmouth MNP power losses, we
measured and analyzed MNP frequency spectra. The meas-
ured frequency spectra of the Dartmouth MNP in colloidal
solution are illustrated in Figure 10.

The results show that the imaginary part of the measured
magnetic field response, which is proportional to the MNP
susceptibility, has a frequency peak between 300 and
400 Hz. From Eq. (7) with the measured and estimated MNP
mean hydrodynamic diameter 110nm (see Figure 1), the
dynamic viscosity of water 7 =1 cP, and the temperature of
300K, we obtain a Brownian relaxation time of 0.505 ms,
corresponding to a frequency f = @ =315 Hz, which is in
a good agreement with the observed imaginary component’s
frequency peak. To analyze the wideband frequency depend-
ence, the measured magnetic H(f) field’s frequency spectra
were fitted to the Cole-Cole model®’

Zo

H(f):}{r‘*‘m»

®)

where y,, 7,, and o are real constant values estimated from
the data, 7, is a time constant and it is related to the

J. Appl. Phys. 117, 094302 (2015)

) SR SRS S S A
a
o
L
T
Y0 | A ———
80l ] <2~ Data-real part |
h | -9~ Data-imag. part
I — Cole-Cole model -real part
400F== L] — Cole-Cole model -imag. part | |
I I
10 107 10* 10°

Frequency [Hz]

FIG. 10. Frequency spectra of 3.25% Dartmouth MNP response while in
5.5ml solution: correlation between experimental data (in PPM parts per
million) and the Cole-Cole model.

resonance peak f, = 1/(2nt,) of the magnetic field’s imagi-
nary part. The Cole-Cole o constant takes a value between 0
and 1 and provides the particles size distribution.”?
Comparisons between Cole-Cole model, with model parame-
ters y, =14, y, =85, «=0.33, and 7, =0.4ms, and meas-
ured magnetic field data are shown in Figure 10. The results
show good agreements between modeled and actual data.
Two independent data analyses show that the Dartmouth
MNP frequency peaks predicted from zeta sizes using the
Brownian relaxation time (f = #T) =315Hz), and from the
Cole-Cole model (f, =1/(2nt,) =398Hz) are in good
agreement. In addition, the Dartmouth MNP measured zeta
size standard deviation and the Cole-Cole o constant parame-
ter are the same (0.33). These results show that maximum
SAR due to Brownian relaxation for Dartmouth MNPs will
occur between 300 and 400 Hz. The Cole-Cole model, which
is applicable from DC to 10-th of megahertz frequency
range,72 shows no frequency peaks between 100 kHz and
1 MHz. Thus, MNP free Brownian motion/rotation cannot be
considered as the main heat loss contributor in the observed
SAR shown in Figure 8, at frequencies of 99, 141, 158, and
164 kHz. From Eq. (5) we also estimated the Néel relaxation
time, for MNPs of diameters 2nm and 5nm, as well as
27 nm aggregates, with K=9.5 x 10* (J/m?),’® and for 1,
= 1077 s, which is a generally accepted value, as well as for
79 = 10710 5, as suggested in by Dormann et al.'® The esti-
mated values of 7, and f = #ﬁ) for 7o = 1077 (s) and 1o
= 10710 (s) are summarized in Table L. It should be noted
that the value of K can increase by orders of magnitude due
to ordered aggregation in the form of mNP chaining along
the particles’ easy axes at high frequency (9.8 GHz) and low
temperature (180 K).>* This has not been taken into consider-
ation in the following calculations because the frequency
and temperature at which these results are relevant®* are out-
side of the range of interest for MNP hyperthermia.

The estimated Néel relaxation times and their corre-
sponding frequency peaks for individual iron-oxide crystals
of sizes 2-5nm, and for 27 nm aggregates, are either at very
high frequencies or at very low frequencies, respectively.
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TABLE I. Estimated Néel relaxation time constants for 2nm and 5nm di-
ameter MNPs, and for 27nm MNP aggregates, which comprise the
Dartmouth MNP system (see Figure 1).

79 =107 (s) 79 = 10710(s)
MNP
diameter (nm)  7,(s) f(Hz) T,(8) f(Hz)
101 x 107° 158 x10°  1.0x 107" 1.58 x 10°
5 1.16 x 107 1.37 x 108 1.2 x 1071 137 x 10°
27 18.7 85x 1073 1.87 8.5 x 1072

These frequencies are outside of the useful range for MNP
hyperthermia and our measured frequency bounds. Thus, this
rules out the possibility that Néel relaxation contributes to
Dartmouth MNP power losses.

3. Frictional loss

The Dartmouth MNPs consist of small single crystals.
The magnetic moment (m) in each crystal is always aligned
along the easy axis of magnetization and under applied H
AMF the dipole moment m in MNP local coordinate system
can be written as

pp 0 0
m= |0 g, 0] -H, €))
0 0 pBs

where ﬁp, p =1,2,3 are polarizabilities along the MNP
principal axis, and H is applied AMF on the MNP. Under
external AMF, the magnetic particles experience transla-
tional F, = m - VH and rotational F, = m x H forces. The
translational movement depends on the gradient of the AMF
and the rotational force depends on the field itself. As a result
of these forces, the particles are rotating and moving in the
colloidal solution and experience viscous friction. Under a
fast oscillating magnetic field, the induced AMF forces drive
particles to rotate/translate rapidly and as a result the applied
AMF is transformed into heat via frictional loss between par-
ticles and the surrounding medium.® In a liquid medium, the
magnetic forces acting on the particles overcomes the
127nVf viscous frictional force and generates the specific
loss power per unit mass of the particle as

1
SAR = —2nfM,Hm, (10)
o

where p is the MNP density, M, is the saturation magnetiza-
tion, and m is the induced magnetic moment. This expression
shows that SAR due to rotational friction is proportional to
the frequency, which coincides with the measured SAR fre-
quency dependence, see in Figure 7. In addition, the SAR of
MNPs due to friction is proportional to the square of the
local magnetic field since m is proportional to H (see
Eq. (9)), which also coincides with the measured SAR field
dependent rule. From the correlations between Eq. (10) and
the measured data, one can conclude that the main power
loss mechanism for the Dartmouth MNPs is field-driven vis-
cous frictional loss. The magnetic force moment, which is
exerted on the particles, depends on the MNP shape. For
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example, a flower like (or other irregularly shaped) MNP has
different polarizabilities f8,, p=1,2,3 along the principal
axis, which provide enhanced torque to rotate the MNP about
an axis parallel to the applied AMF. Consequently, to
achieve increased SAR for hyperthermia therapy, it is better
to produce irregularly shaped, rather than spherical MNPs.
In addition, since the SAR due to the MNPs’ frictional and
hysteretical losses are both proportional to the frequency and
square of the applied AMF, both mechanisms should be con-
sidered to describe the observed SAR’s dependence on the
MNPs shape and concentration.'”'9726

IV. CONCLUSIONS

A magnetic nanoparticle with high specific absorption
rate at AMF low field strength (<250 Oe) is introduced. The
studies have shown that the heating properties of the newly
developed Dartmouth MNPs are superior to commercially
available MNPs (Micromod BNF) at field strengths up to
440 Oe, in the AMF frequency range 99-164 kHz, while the
SAR of the commercially available MNPs is higher at higher
field strengths. An investigation into the heating mechanisms
underlying the performance of the Dartmouth particles was
conducted. Magnetization curves of the flower-like struc-
tures dispersed in water do not exhibit hysteresis under a DC
magnetic field; however, hysteresis is exhibited in the dry
state, which indicates MNP-MNP interaction and a change
in behavior from superparamagnetic to slightly ferromag-
netic. Modeling of multi-scale MNP-MNP interaction was
shown to account for the influence of interaction on the heat-
ing properties in the dry state; however, the lack of hysteresis
in the suspended state indicates hysteretic heating as a non-
dominant power loss mechanism for the Dartmouth MNP.
We have also shown that MNP frequency spectra exhibit a
maximum at 398 Hz, indicating free Brownian relaxation of
MNPs is not the dominant mechanism, and the calculation of
Néel relaxation time constants for relevant crystal and aggre-
gate sizes indicates that the Néel relaxation contribution is
small or negligible at the frequencies of interest. Finally, cor-
relations between measured data and theoretical analysis
indicated the main power loss mechanism for the Dartmouth
MNP is magnetic field-driven viscous frictional loss. In addi-
tion, the induced magnetic force moment shows that the
irregular shape MNPs, such as the flower-like shape
Dartmouth MNPs, produce higher SAR than spherical ones.
These results also illustrate that more irregularly shaped
MNPs, such as self-assembled chains of MNPs or nano-rod
structures, which can exhibit both frictional and hysteresis
power losses, should be designed, optimized, and produced
to provide safe and effective MNP hyperthermia for deep tu-
mor treatment.
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