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Abstract

Fe-doped Au nanoparticles are ideal for biological applications over magnetic oxides due to their conjugation chemistry, optical

properties, and surface chemistry. We present an AC magnetic field heating study of 8 nm Fe-doped Au nanoparticles which exhibit

magnetic behavior. Magnetic heating experiments were performed on stable aqueous solutions of the nanoparticles at room temperature.

The nanoparticles exhibit magnetic field heating, with a specific absorption rate (SAR) of 1.84W/g at 40MHz and H ¼ 100A/m. The

frequency dependence of the heating follows general trends predicted by power loss equations and is similar to traditional materials.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic nanoparticles have found utility in numerous
biological applications, including sensing [1], imaging [2],
cancer therapy, drug delivery, and hyperthermia for tumor
therapy [3,4]. Hyperthermia applications have traditionally
utilized magnetic oxide nanoparticles, predominantly iron
oxide [4]. This is due to the fact that many robust synthetic
strategies exist for iron oxides and variants, which result in
high quality, monodisperse and crystalline nanoparticles
[5]. On the other hand, gold nanoparticles have been
utilized extensively in biological applications such as
sensing [6], tumor therapy [7] and control [8], due to the
fact that they are easily conjugated to both DNA [9,10] and
proteins [11]. One of the chief advantages of utilizing gold
nanoparticles is their versatile surface chemistry, which
permits their water solubility and flexibility in conjugation
to biomolecules [9,12]. Furthermore, gold nanoparticles
- see front matter r 2006 Elsevier B.V. All rights reserved.
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possess unique optical properties because they have a
strong optical absorption that shift with changes in its
chemical environment. Therefore, new materials for
hyperthermia that combine the advantages of gold with
those of magnetic materials are desirable. In order to make
them utilizable for magnetic applications, gold nanoparti-
cles need to display magnetic behavior. This has been
achieved previously by coating iron or iron oxide
nanoparticles with a gold shell [13]. However, synthesis
of core-shell structures can be challenging, and the
magnetic properties are similar to the uncoated iron oxide
nanoparticles. We have explored an alternative to core-
shell particles by doping Au nanoparticles with Fe atoms
[14]. This results in water-soluble nanoparticles that are
magnetic due to the presence of the Fe atoms. Here, we
perform a magnetic field heating study of the Fe-doped Au
nanoparticles to determine their feasibility for hyperther-
mia.
2. Materials and methods

Fe-doped Au nanoparticles were synthesized in water by
a simple modification [14] of a standard synthesis for gold

www.elsevier.com/locate/jmmm
dx.doi.org/10.1016/j.jmmm.2006.04.014
mailto:schiffer@mit.edu


ARTICLE IN PRESS

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

-5000 0 5000

-0 .005

0.000

0.005

M
 (

em
u/

g)

H (Oe)

Fig. 2. SQUID data of Fe-doped Au NPs at 300K. Inset: closeup of

hysteresis region.
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nanoparticles [15]. In brief, HAuCl4 and FeCl3 were
reduced in aqueous solution simultaneously in the presence
of citric acid, tannic acid, and sodium carbonate at
T ¼ 50 1C to nucleate Au nanoparticles doped with Fe.
The nanoparticles were functionalized with the ligand bis
(p-sulphonatophenyl) phenylphosphine dihydrate, dipotas-
sium salt (BPS) by ligand exchange. The nanoparticles were
purified from reagents and excess ligand by multiple
precipitations with NaCl and centrifugation. They were
re-suspended in water and further purified by agarose gel
electrophoresis. Fig. 1a shows a TEM image of the sample
deposited from water solutions onto ultra thin holey
carbon coated copper grids (Ted Pella) and imaged by a
JEOL 2010 FEG Analytical Electron Microscope. The
TEM image reveals that the nanoparticles are well
separated and not present in aggregates. In addition, the
nanoparticles resulting from this synthesis are relatively
monodisperse. A distribution of /rS ¼ 3.970.5 nm (his-
togram, Fig. 1b) was determined through analysis of TEM
images containing approximately 175 nanoparticles. The
Fe content of the nanoparticles was 1.8%, as measured by
elemental analysis in STEM. The nanoparticles exhibited a
surface plasmon resonance characteristic of gold nanopar-
ticles with lmax ¼ 523 nm (not shown). Fe-doped Au
nanoparticles are stable in aqueous solution for several
days to weeks stored at room temperature and did not
precipitate or show appreciable surface plasmon shifts,
behaviors indicative of aggregation [16]. The Fe-doped Au
nanoparticles are an inhomogeneous material, as Fe at low
atomic% will segregate into clusters in the bulk solid [17].
This is in contrast with bulk AuFe alloys which are
homogeneous.

Fe-doped nanoparticles exhibit magnetic behavior as
measured by superconducting quantum interference device
(SQUID) magnetometry using a Quantum Design DC
Magnetic Property Measurement System (Fig. 2). The
samples were characterized in the powder form, which was
obtained by ethanol precipitation from solution. The
nanoparticles seem to exhibit a small but finite magnetic
(a)

Fig. 1. (a) TEM of Fe-doped Au NPs, (b)
hysteresis at 300K (Fig. 2 inset), indicating that the
nanoparticles are either ferromagnetic or superparamag-
netic.
2.1. Magnetic heating

The Fe-doped Au nanoparticles could be heated in an
alternating magnetic field. The experimental setup was
similar to those used in the literature for hyperthermia
evaluation [18,19]. Current was supplied to a coil of 25
turns, inside of which the sample was placed. Sample
volume was 100 ml and concentration was 14mg/ml (equal
to 3.7 mM in moles of particles/l). The temperature of the
sample was measured as a function of time by a fluorescent
temperature probe (Luxtron). Currents were supplied by a
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signal generator (Hewlett Packard) amplified through a
100W amplifier (Amplifier Research), in the frequency
range of 100 kHz to 100MHz. The field strength was
calculated by measuring the current using a high-frequency
current probe (Tektronix) and an oscilloscope (Agilent).
Custom software (written in LabView) controlled the
application of the signal and also measured the field
strength and temperature. Due to the mismatch of the
impedance, the current in the coil was obtained by
combining frequency dependence circuit simulations in
PSPICE (Personal computer Simulation Program with
Integrated Circuits Emphasis) with the actual readings of
the current probe.

The specific absorption rate (SAR) quantifies the rate of
energy deposition in tissue in hyperthermia, which is a
measure of the amount of energy converted by the
magnetic particles from the magnetic field into heat per
unit time and mass. Fig. 3 shows a typical SAR
measurement of the Fe-doped Au nanoparticles. An
alternating magnetic field of approximate field strength of
100A/m at 40MHz was applied between 100 s (ti) and 400 s
(dashed line). Upon application of the field, the measured
temperature of the nanoparticle solution increased by 22 1C
to reach a steady state value of 46 1C (solid line, curve
labeled NP). The SAR of a magnetic fluid is determined by
the initial linear temperature rise of a fluid measured after
switching on the magnetic field:

SAR ¼ c
dT

dt

�
�
�
�
t¼ti

, (1)

where c is the heat capacity of the sample, and ðdT=dtÞt¼ti

is the initial slope of the temperature data. The SAR value
was obtained from the data in Fig. 3 by fitting the rise to an
exponential function based on the analytical solution of the
boundary value problem for T(t) of the sample [20]. The
0 100 200 300 400 500 600 700

25

30

35

40

45

50

0

20

40

60

80

100

T
em

pe
ra

tu
re

 (
°C

)

time (s)

BPS

NP

F
ie

ld
 A

m
pl

itu
de

 (
A

/m
)

Fig. 3. SAR experiment of Fe-doped Au nanoparticles. A 40MHz field of

100A/m field strength is applied (dashed line) between 100 and 400 s.

Temperature of a 3.7mM solution of Fe-doped Au NPs (upper curve

labeled NP) and a control solution of 193mM BPS ligand (lower curve

labeled BPS).
value of the initial slope was calculated by differentiating
the exponential function with respect to time and solving at
t ¼ ti. The c of the solution of Fe-doped Au nanoparticles
was approximated by using a weighted average of the bulk
values of cAu and cwater (approximately 4.07 J/gK). The
SAR was measured for a given field strength and
frequency. Control experiments containing the nanoparti-
cle ligand in aqueous solution, BPS were also investigated
for magnetic field heating. The concentration of the BPS in
the control solution was 1.93� 10�4M, approximately the
same concentration at which they are present in the
nanoparticle solution. The BPS showed negligible tem-
perature increases (Fig. 3, solid line, curve labeled BPS).
This illustrates that the heating observed is due to the Fe-
doped Au nanoparticles and not the nanoparticle ligand or
the solvent.
Usually SAR is described by power losses due to

Brownian and Néel relaxation mechanisms [21,22]. The
power dissipated by a nanoparticle can be described by

P ¼
ðmHoteff Þ

2

2teffkBTV ð1þ o2t2eff Þ
, (2)

where m is the magnetic moment per particle, o ¼ 2pf the
field frequency (radians/s), V the particle volume, and teff
the effective relaxation time. teff depends on both Néel
(tN)and Brownian (tB) relaxation losses by

teff ¼
tNtB

tN þ tB
, (3)

where the timescale of Brownian relaxation losses is

tB ¼
8pZR3

H

kBT
, (4)

where Z is the sample viscosity and RH the particle
hydrodynamic radius. Néel relaxation losses are described
by

tN ¼ t0 exp
KV

kBT
, (5)

where t0 ¼ 10�9 s is the relaxation time constant or
frequency factor, K the anisotropy constant, and V the
nanoparticle volume.
Therefore, to compare to the power loss equation, we

performed magnetic heating at a range of frequencies (f).
The power loss equation shows a square law field
dependence so the SAR data was normalized to H2.
SAR/H2 of the Fe-doped Au nanoparticles is plotted as a
function of field frequency (Fig. 4a). The SAR of Fe-doped
Au nanoparticles in Fig. 4a follows relaxation losses
trends, where it is a square law dependent on frequency
at lower frequencies, but frequency independent above
some threshold [21]. This behavior is similar to that
experimentally observed for Fe3O4 nanoparticles [23]. A
simulated power loss curve for Fe-doped Au nanoparticles
was generated (Fig. 4b) using Eq. (2). A magnetic moment
of 3.3 mB/Fe atom [24] and K ¼ 8.5� 105 J/m3 from
literature on FeAu thin film alloys was assumed [25]. The
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Fig. 4. (a) Frequency dependence of SAR normalized to H2 of Fe-doped

Au nanoparticles, (b) simulation of power losses for Fe-doped Au

nanoparticles.
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Fig. 5. SAR vs. field amplitude at 40MHz for Fe-doped Au nanoparticles

(squares). Control solution of the nanoparticle ligand, BPS (open

triangles). Fit of the Fe-doped Au nanoparticles to SAR pHm, shown,

where m ¼ 2 (dashed line) and m ¼ 3(dotted line).
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plot shows the general trend of SAR proportional to f2 at
low frequencies, and reaching plateau at higher frequen-
cies. It should be noted that the frequency dependence
at which SAR plateaus is extremely sensitive to the value
of the anisotropy constant used in the calculation. Because
of the lack of measured values of K for FeAu alloy
nanoparticles, this limits us to use the value measured
for thin films, and thus can be used only as an
approximation.

SAR values of Fe-doped Au nanoparticles were mea-
sured as a function of field strength at a frequency of
40MHz (Fig. 5). The magnetic field was varied from 40 to
135A/m. At these field strengths, the Fe-doped Au
nanoparticles have a SAR that ranges from 0 to 4W/g
(squares). Meanwhile, the control solution of the ligand
(open triangles) shows a negligible SAR (�0W/g), even at
higher field strengths. SAR has been shown empirically to
be a function of field strength (H) to Hm and frequency (f)
to fn [26] where the values of m and n are experimentally
determined. Fig. 5 shows the dependence on field strength
can be fit to the mth order power-law curve, where at low
field strengths m ¼ 2 (dashed line), but at higher field
strengths, m ¼ 3 (dotted line).
Third-order power-law H dependences are typical of

Rayleigh losses [27]. Previous work has shown that second-
order losses are indicative of superparamagnetic samples
and third order losses for ferromagnetic samples [18]. The
phenomenon of switching from m ¼ 2 to 3 field depen-
dence has been observed in magnetic hystereses of
magnetosomes [28] but this is not described by the power
loss equation, which only shows a square law field
dependence. Since we also observe this behavior, it suggests
that hysteresis losses may play a role in the heating of the
Fe-doped Au nanoparticles. Therefore, power losses alone
cannot describe the frequency-and field-dependent beha-
vior of these particles.
Optimum choice of f and H for hyperthermia can be

determined empirically from the magnetic heating experi-
ments of Fe-doped Au nanoparticles. Fig. 4a shows that
increasing the field frequency above 40MHz does not
contribute significantly to the SAR losses. For this
frequency, the hypothetical temperature rise depends on
field strength H of the system. In the case of burning a
tumor, raising the temperature to 42 1C has been found
optimal [26]. Here we show that using an approximate field
strength of 100A/m is necessary to reach this temperature
(Fig. 3). However, this case is for a solution of pure
nanoparticles and use in clinical environments such as in
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tissues would most likely require different field strengths.
The frequency dependence of direct heating by magnetic
field on different clinical environments may also influence
the choice of optimum frequency [29].

3. Conclusions

We find that Fe-doped Au nanoparticles are suitable for
magnetic heating, and thus have potential for use in
hyperthermia applications. While SAR of the nanoparticles
follows general trends for frequency dependence described
by the power loss equation, the dependence on H does not
quantitatively agree. Therefore, mechanisms other than
Brownian and Néel losses are necessary to describe the
heating behavior of these particles. The data suggests that
hysteresis losses may be a factor, and further study is
necessary. Fe-doped Au nanoparticles represent one step
in expanding the set of materials utilized in hyperthermia
and other magnetic field heating applications. Further
studies of how magnetic heating is influenced by nano-
particle size and Fe content will be performed in future
investigations.
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