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Abstract
Gold nanoshell around super paramagnetic iron oxide nanoparticles (SPIONs) was synthesized
and small angle X-ray scattering (SAXS) analysis suggests a gold coating of approximately 0.4 to
0.5 nm thickness. On application of low frequency oscillating magnetic fields (44 – 430 Hz), a
four- to five-fold increase in the amount of heat released with gold-coated SPIONs (6.3 nm size)
in comparison with SPIONs (5.4 nm size) was observed. Details of the influence of frequencies of
oscillating magnetic field, concentration and solvent on heat generation are presented. We also
show that, in the absence of oscillating magnetic field, both SPIONs and SPIONs@Au are not
particularly cytotoxic to mammalian cells (MCF-7 breast carcinoma cells and H9c2
cardiomyoblasts) in culture, as indicated by the reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium by viable cells in a phenazine
methosulfate-assisted reaction.
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INTRODUCTION
Superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most important classes
of magnetic nanomaterials that are finding increasing applications in biomedicine ranging
from cell labeling, [1] bio-separation, [2] bio-sensing, [3] medical diagnosis [4] and therapy.
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SUPPORTING INFORMATION AVAILABLE
(1) (a) HRTEM images and size distribution for SPIONs and SPIONs@Au. From the HRTEM data, the mean size distributions of
these particles were found to be in the order of 5.4 ± 0.4, 6.3 ± 0.7 respectively. (b) EDAX image for SPIONs@Au and the
quantitative information of gold on the surface of Fe3O4 nanoparticles obtained from EDAX. (2) UV-Visible spectrum for (a)
SPIONs and (b) SPIONs@Au in toluene solution. (3) SAXS analysis showing the scattering intensity and size distribution of SPIONs
and SPIONs@Au. (4) Hysterisis curves for SPIONs and SPIONs@Au at 5K before and after the purification. The value of saturation
magnetization at 5 °K are 55 emu/g for SPIONs and for SPIONs@Au, after the modification of synthesis & purification process it
changes from 38 to 58 emu/g. (5) Field Cooled (FC) and Zero Field Cooled (ZFC) curves for SPIONs@Au and SPIONs respectively.
(6) Magnetic field generator, and the sample inserted into the copper coil. (7) Comparison of heat release with Fe3O4 and Fe3O4@Au
at 44Hz frequency. (8) FT-IR comparison of surface functional groups in (a) Fe3O4 (b) Fe3O4@Au with that of (c) oleylamine & (d)
oleic acid. (9) XPS data at Fe2p, Au4f, C1s and O1s edges for samples SPIONs and SPIONs@Au. (10) Binding energies (Eb)
positions of Fe, Au, C, N, O for core and core-shell nanoparticles. (11) TGA analysis showing the weight loss as a function of
temperature for SPIONs & SPIONs@Au.
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[5] Some of the major advantages of iron oxide nanoparticles are. (1) They are
biodegradable and biocompatible; [6] (2) Due to their intrinsic nano size, similar to that of
biological entities, they can be easily incorporated within cells; either to modify the existing
biological functions or to create new functions; [7] (3) Their unique properties can be fine
tuned further by modifying their size, shape and composition; [8] (4) They can be made
multifunctional; [9] (5) They can be bio-functionalized and hence can be targeted to specific
biological tissue; [10] (6) They can be manipulated from a distance using magnetic fields;
[11] and (7) They generate heat in the presence of oscillating magnetic fields, called
hyperthermia.[12] Of these, hyperthermia using SPIONs has opened up a number of
investigations for their application in cancer therapy. [13] It is now well established that
local heat generation by using iron oxide nanoparticles for hyperthermia is capable of
inducing tumor regression. [14], [15] Several different types of iron oxide nanoparticles
have been examined for their effectiveness as hyperthermic agents. These can be classified
into two major categories. The first category is superparamagnetic magnetite (Fe3O4)
nanoparticles stabilized by a variety of ligands such as dextran, [16] cationic liposomes, [17]
polyvinyl alcohol, hydrogel, [18] lauric acid [19] and maghemite (γ-Fe2O3) [18]
nanoparticles stabilized by ligands such as dextran. [16] The second category is the ferrites
such as cobalt ferrites (CoFe2O4), manganese ferrite (MnFe2O4), nickel ferrite (NiFe2O4),
lithium ferrite (Li0.5Fe2.5O4), mixed ferrites of nickel-zinc-copper
(Ni0.65Zn0.35Cu0.1Fe1.9O4) and cobalt-nickel ferrite (CoxNi1_xFe2O4). [19], [20] In addition
to these superparamagnetic iron oxide nanoparticles, ferromagnetic nanoparticles such as Fe
doped Au nanoparticles, Zn-Mn doped iron oxides (ZnxMn(1-x)Fe3O4) and Mn-Zn-Gd
doped iron oxides (MnxZnxGdxFe(2-x)O4) composites [21] have also been examined for their
hyperthermic activity. Very recently, extremely high heating performance such as 1300–
1600 W/g has been reported using FeCo metallic nanoparticles. [22]

Some of the current challenges in the design of SPIONs utilized for hyperthermia are as
follows. (1) The frequency of oscillating magnetic fields is very high; in the range of KHz
and MHz. [16–21] (2) They have only been evaluated for hyperthermic treatment of tumors
by directly injecting them into the tumor bed and hence may not be effective for treatment of
other types of tumors located far inside the body. [23] (3) Majority of the investigations
carried out so far did not utilize SPIONs with targeting ability. [24] (4) Their Specific Power
Loss (SPL), which can be directly correlated to the hyperthermic effect, has not improved
significantly by changing size, shape and composition. [25] (5) Even if SPL values of some
of the SPION derivatives such as cobalt and manganese ferrite nanoparticles are significant,
their oxidative instability and bio-incompatibility continues to be an issue. [26] The only
clinical trial to date, utilizing magnetic nanoparticles for hyperthermia is that of SPIONs for
the treatment of brain cancer. [27]

One possible approach to influence the hyperthermic effect of SPIONs is to provide a
metallic shell around them as it has been well established that the magnetic properties of
core nanomagnets change dramatically when encapsulated within a shell material. [28] For
example, gold shell around iron oxide and cobalt nanoparticles changed the magnetic
properties of the core magnetic material. [29], [30] We have been interested in biomedical
applications of magnetic nanomaterials ranging from drug delivery to diagnosis. We have
recently demonstrated the application of targeted SPIONs as contrast agents for MRI of
tumors and their micrometastases [31] and potential application of oscillating magnetic
fields for controlled drug delivery based on magnetic-polymer nanocomposites. [30], [32]
Taking advantage of the possibility to generate heat locally using magnetic nanoparticles on
application of oscillating magnetic field, we have recently initiated research to modulate the
hyperthermic effect of iron oxide nanoparticles through incorporation of gold shell around
the iron oxide core. Here in this report, we demonstrate a 4- to 5-fold increase in the amount
of heat released with gold-coated SPIONs (SPIONs@Au; size: 6.3 nm), in comparison with
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SPIONs (size: 5.4 nm), on application of low frequency oscillating magnetic fields (44 –
430 Hz). To the best of our knowledge this is the first report of enhanced hyperthermia using
low frequency oscillating magnetic fields. Details of the influence of frequencies of
oscillating magnetic field, concentration of the particles and media on the quantity of heat
generated are also presented. We also show that, similar to SPIONs, SPIONs@Au do not
elaborate much cytotoxic response in MCF-7 breast carcinoma cells and H9c2
cardiomyoblasts, the two representative mammalian cell types tested in culture.

EXPERIMENTAL
Synthesis of SPIONs@Au nanoparticles

Briefly, 0.71 g of iron acetylacetonate was mixed with 20 ml of phenyl ether, 2 ml of oleic
acid and 2 ml of oleylamine under inert atmosphere with vigorous stirring. 2.58 g of 1,2
hexadecanediol was added to the solution. The solution was heated to around 210 °C with
reflux for 2 h maintaining oxygen free conditions. The reaction mixture was cooled to room
temperature and then ethanol (degassed) was added to precipitate the black colored product.
The precipitate was separated out by centrifugation. The precipitated product was then
washed with a series of solvents starting with hexane, followed by a mixture of hexane and
ethanol and then finally with ethanol. The product was dispersed in ethanol and separated
magnetically and dried to obtain a black colored powder which could be well dispersed in
toluene. To 10 ml of phenyl ether, approximately 0.5 g of SPIONs was added. To this
mixture, a solution containing 30 ml of phenyl ether, 3.1 g of 1,2-hexadecanediol, 0.5 ml of
oleic acid, 3 ml of oleylamine and 0.83 g of gold acetate was added under inert atmosphere.
The reaction mixture was heated to around 190 °C with reflux for about 1.5 h. After cooling
to room temperature, ethanol was added and the dark purple material was separated out by
centrifugation. The material was re-suspended in hexane, washed thrice with ethanol and
dried. With the help of magnetic separation technique, by suspending the particles in
ethanol, the magnetic gold-coated iron oxide nanoparticles were separated from the non
magnetic gold nanoparticles and any unwanted carbon mass produced from oleic acid/
oleylamine used during the course of the reaction.

Characterization of SPIONs@Au nanoparticles
HRTEM analyses were carried out by using JEOL-2010 HRTEM instrument with a point to
point resolution of 1.94 Å, operated at 200 kV accelerating voltage. The magnetic
measurements were conducted using a Quantum Design MPMS-5S superconducting
quantum interference device (SQUID) magnetometer. Small Angle X-ray Scattering
(SAXS) measurements were carried out at the Center for Advanced Microstructures and
Devices (CAMD) with synchrotron radiation of wavelength, λ = 1.55 Å. The SPIONs were
dispersed in toluene and sealed in glass capillaries. The scattering pattern was imaged with a
2 dimensional Gabriel style multi-wire gas detector with a 200 mm active diameter and a
resolution of 200–250 µm FWHM in a 1024 × 1024 array. The sample and the detector
chamber were kept under vacuum during the measurements to maximize the intensity and to
minimize the scattering from air. Scattering curves were monitored in a Q-range from
0.0066 to 0.164 Å−1. Azimuthally averaged data from the detector were normalized for
average transmitted intensity and corrected for background. X-ray Photoelectron
Spectroscopy (XPS) analyses were done on AXIS 165 High Performance Multi-Technique
Surface Analyzer which is based on a 165mm mean radius hemispherical analyzer, with an
eight channeltron detection system. For UV-Visible spectroscopy, QE65000 spectrometer
supplied by Ocean Optics limited was used and the samples were dispersed in toluene. The
thermal stability of the samples was analyzed by using Thermogravimetric Analysis (TGA).
Starting from room temperature, the samples were heated upto 600 °C at a rate of 10 °C per
min on a TA 600 instrument.
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Hyperthermia Measurements
The apparatus for determining the heat release utilizes a sinusoidal time-varying magnetic
field generated at the center of a conductor coil by passing an alternating electric current
(AC) through it (Figure S6). More details about the measurements and the apparatus can be
found in our previous publications.[32] The Alternating Magnetic Field (AMF) induced heat
release experiments were carried out by using a custom made setup with a power supply
(P1351 Behlman AC power source) to control the magnetic field inside of a copper coil
(Alpha-Core Inc.). The coil has an outer diameter of 6.75 inches and an inner diameter of
0.6875 inch. It was 0.5 inch thick and containing a total of 258 turns. Each experimental
sample was placed inside the coil. The maximum parameters that can generate this field
were a frequency of 430 Hz, 123 V at a current of 11 A and the lowest parameters are 44
Hz, 15 V at 11 A. A median frequency of 230 Hz, 67 V at 11 A also created the same field.
These three frequencies 44, 230, and 430 Hz were used to study the effects of frequency on
the heat release of iron oxide and iron oxide@Au during 60 min of exposure time. The data
generated was arranged in a multivariate repeated measures fashion and analyzed using the
PROC GLM in SAS software. The multivariate tests showed that there were highly
significant effects of TIME, TIME*FREQUENCY, and TIME*TYPE OF MATERIAL*
FREQUENCY when the heating efficiency data for SPIONs was compared with gold coated
SPIONs.

Measurement Viability of H9c2 Cardiomyoblasts and MCF-7 Breast Carcinoma Cells Based
on Metabolic Activity

Rat embryonic H9c2 cardiomyoblasts were maintained in Dulbecco's Modified Eagle's
Medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) and 1% antibiotics
(pencillin: 100 units/ml; streptomycin: 100 µg/ml) and incubated at 37 °C, 5% CO2 and in
95% humidity. Approximately 50,000 cells/well were seeded onto 24-well plates. After 16 h
incubation, the medium was replaced by 0.5 ml each of DMEM containing 2% (v/v) FBS
and nanoparticles of either SPIONs or SPIONs@Au (concentration range: 25–500 µg/ml)
and incubated for an additional 24 h. At the end of incubation, the metabolic activity of cells
was assessed based the phenazine methoulfate (PMS)-assisted reduction of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) to MTS formazan. Briefly, aliquots (20 µl each) of the CellTiter 96 AQueous ™
reagent from Promega (Madison, WA) containing both PMS and MTS was added to the cell
cultures and incubated for 3–4 h. The amount of MTS formazan produced during this time
was measured at 490 nm using an ELx800 UV-Vis ELISA plate reader (BioTek
Instruments). The percentage cell viability was calculated with respect to the control,
untreated cells (set at 100%). The values shown are mean ± SD of three experiments. [33]

The MCF-7 breast carcinoma cells were maintained in Eagle’s Minimum Essential Medium
(EMEM) containing 0.01mg/ml bovine insulin, 10% (v/v) FBS and 1% (v/v) antibiotics
(penicillin: 100 units/ml; streptomycin: 100 µg/ml) and incubated at 37 °C, 5% CO2 and in
95% humidity. Approximately, 50,000 cells were exposed to either SPIONs or SPIONs@Au
(25–500 µg/ml) for 24 h and the cell viability based on metabolic activity (i.e., MTS
reduction; discussed above) was determined using the CellTiter 96 AQueous ™reagent (see
above). Similar to H9c2 cardiomyoblasts, the changes in cell viability of MCF-7 cells was
calculated with reference to the corresponding untreated control cells (set at 100%).

RESULTS AND DISCUSSION
For the synthesis of iron oxide (Fe3O4) and gold-coated iron oxide (Fe3O4@Au), we have
modified the procedure described previously. [34] The synthesized SPIONs and
SPIONs@Au nanoparticles were characterized by different instrumental techniques such as
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HRTEM, FT-IR, UV-Vis, XPS, SAXS, SQUID (see, Supporting Information). The
SPIONs@Au shell particles, which are responsive to magnets, were purified by first treating
with hexane, followed by a mixture of hexane and ethanol and finally ethanol. With the help
of magnetic separation technique, by suspending the particles in ethanol, we have separated
only the gold-coated iron oxide material leaving non magnetic gold nanoparticles and any
unwanted carbon mass produced from oleic acid/oleylamine during the course of the
reaction.

The HRTEM measurements show their spherical nature and the sizes of SPIONs and
SPIONs@Au are 5.4 ± 0.4 nm and 6.3 ± 0.7 nm respectively (Figure 1 and Figure S1). The
particles are well dispersible in toluene and their UV-visible absorption spectra showed a
clear surface plasmon resonance (SPR) band at 558 nm; which is the characteristic optical
property of gold nanostructures confirming that the core Fe3O4 is coated with Au shell
(Figure S2). Small angle-x-ray scattering analysis was carried out using CAMD’s
synchrotron beam line (www.camd.lsu.edu). Figure-2 shows the SAXS data for both the
non-coated and coated nanoparticles. The mean particle diameters determined from the
SAXS data were 4.6 ± 0.4 and 5.3 ± 0.4 nm for the SPIONs and SPIONs@Au respectively
(Figure S3). [35] From both HRTEM and SAXS data, the observed difference in the
diameter between coated and non-coated samples suggests the formation of a gold coating of
approximately 0.4 to 0.5 nm thick. (Note that the atomic diameter of gold is 0.288 nm and
the observed difference in the size of SPIONs and SPIONs@Au corresponds to
approximately twice this value as expected.)

Magnetic characterization of the samples was carried out with a superconducting quantum
interference device (SQUID) magnetometer. Based on the SQUID measurements, it can be
seen from the hysteresis curves for SPIONs and SPIONs@Au at 5 K and 300K that no
coercivity or remnance existed, indicating the superparamagnetic behavior of SPIONs
before and after coating with gold (Figure S4). The saturation magnetization (Ms) of
SPIONs@Au increased slightly on coating with gold (Ms values for SPIONs &
SPIONs@Au nanoparticles is 55 emu/g and 58 emu/g respectively). Compared to previously
published results where the Ms of SPIONs@Au is much smaller than that of SPIONs, our
results show that the saturation magnetization (Ms) changes from 38 to 58 emu/g on further
purification (Figure S4). [34] Both zero field cooled (ZFC) and field cooled (FC)
temperature dependent magnetization curves for SPIONs and SPIONs@Au show that the
blocking temperature more than doubles on gold coating (Figure S5: Tb for SPIONs and
SPIONs@Au is 19.1 K and 44.3 K respectively). Most of the published literature suggests
that upon forming a layer around magnetite nanoparticles with biocompatible metal or
polymer, there is generally a decrease in the magnetization values. [34], [36] However, in
the present case, the SPIONs@Au have much higher magnetization values than those
reported in the literature and we believe that careful purification of the sample to make it
free from unwanted pure gold nanoparticles is responsible for the result.

Hyperthermia of SPIONs@Au - Changes in Temperature of the Medium
The temperature increase with time for SPIONs and SPIONs@Au in water on application of
oscillating magnetic field is shown in Figure 3. Both the samples were excited with a 44Hz
frequency at 465 Oe magnetic fields. The temperature raise and the time required to reach
therapeutic temperature (42 °C) was faster for SPIONs@Au compared to SPIONs. Also,
there is a 4- to 5-fold difference in the temperature obtained between the gold-coated and
free SPIONs at the same level of concentration based on pure iron oxide after subtracting the
weight of ligand and gold shell (Figure S7). This feature of high heat power generated per
particle is particularly important for applications where the target concentration is very low
as for instance in antibody targeting of tumors. [37] One can also see an increase in heat
release with time up to 30 min followed by a reduction with further exposure. The heat
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release is also frequency dependent and within a range of 44 Hz to 430 Hz, highest release is
seen at 44 Hz (Figure 4A). Another interesting observation is that the heat release increases
with concentration in case of SPIONs and the opposite is observed in case of gold-coated
SPIONs pointing to a possible quenching of heat as gold is a better conductor (Figure 4B).
The heat generation also appears to be dependent on Brownian-rotation loss mechanism in
addition to the Neel relaxation as we see a dependence on the nature of the medium. Figure
5 shows the heat release measurements with different media to determine the influence of
media on the hyperthermia of SPIONs@Au. Even though the particles are hydrophobic and
well dispersed in toluene compared to water, the heat release is 2- to 3-fold higher in water
compared to toluene.

Hyperthermia of SPIONs@Au - Specific Power Losses (SPL)
The heat release can also be determined based on the Specific Power Losses (SPL also
called Specific Power Absorption, SPA). SPL is defined as the capability to generate heat
from the magnetic coupling between the magnetic moment of nanoparticles and the applied
oscillating magnetic field. SPL for a number of magnetic nanoparticles and different types
of SPIONs has been reported in the literature were calculated by using the following
equation,

Where C is the specific heat of the sample (C = 4.185, 2.44, and 1.13 J/g/°C for water,
ethanol, and toluene, respectively), Vs is the volume of the sample medium, M is the weight
of the magnetic material, and dT/dt is the raise in temperature per unit time.

In order to evaluate the effect of gold shell on the heat release process, we have determined
the SPL of free SPIONs and gold-coated SPIONs. The calculated average of SPL values for
three different concentrations of SPIONs and SPIONs@Au at the corresponding frequencies
are as follows (Figure 6 and Table-1). For SPIONs, the SPL values are 256.81 W/g (at
44Hz), 249.8 W/g (230 Hz) and 313.5 W/g (430 Hz); similarly for Fe3O4@Au, the values
are 444.32 W/g (44 Hz), 317.75 W/g (230 Hz) and 463.9 W/g (430 Hz). For both SPIONs &
SPIONs@Au, there is a decrease in SPL value at 230Hz frequency compared to other two.
For gold-coated SPIONs, the highest temperature raise (49 °C) was found at 44 Hz, whereas
the highest SPL value (463.9 W/g) was observed at 430 Hz.

The influence of solvent on SPL is noteworthy as seen from Figure-7. The figure shows
comparison of SPL values for Fe3O4@Au (1.0 mg concentration) at 44Hz, 230Hz and
430Hz frequencies in water, ethanol and toluene medium. At 44Hz, the gold-coated SPIONs
show highest temperature increase in water medium (49 °C) compared to ethanol and
toluene. However, the SPL dependency of SPIONs@Au on solvent is also influenced by the
frequency of the oscillating magnetic field with the highest value of 976W/g in ethanol at
430Hz frequency (920.7W/g for water and 113 W/g for toluene). While at 44 Hz, the SPL
value in water medium is highest (648.6 W/g) compared to ethanol (431W/g) and toluene
(86.6 W/g). The SPL values at 230Hz frequency are in the order of 325.5 W/g for water,
374.1 W/g for ethanol and again 86.6 W/g in toluene (Table-2). Similar to temperature
increase, what is really surprising is the dramatic drop in heat release as determined from
SPL values in toluene even though the particles are compatible with toluene rather than with
hydrophilic medium such as water and ethanol. One possible explanation for this is likely
the rate of heat dissipation which is anticipated to be highest in toluene as the particles
disperse well in that medium. Another possible explanation is the viscosity differences
between toluene and water/ethanol. The lower viscosity of toluene (0.68 mPa.s. vs 1.0
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mPa.s. for water and 1.1 mPa.s. for ethanol) is likely be enhancing the Brownian fluctuation
of the particles thereby reducing the heat release. This is supported by a recent report
suggesting that the frictional mechanism contributes to SPL. [22] In addition, low specific
heat rate of toluene could also be a contributing factor. However, the reason for differences
in heat release between ethanol and water medium is not clear at this point. From the
frequency dependent measurements between SPIONs & SPIONs@Au and the solvent
dependent measurements of SPIONs@Au, one can draw a conclusion that overall the SPL is
both frequency and solvent dependent. In ethanol medium, it is more at highest frequency of
430Hz and whereas in water medium, SPL is maximum at lowest frequency of 44Hz.

What we have demonstrated experimentally is the fact that the hyperthermic effect of
SPIONs enhances dramatically on coating with Au. While we cannot explain completely the
reason for such an enhancement, we could advance possible reasoning based on the fact that
gold coated SPIONs retain their superparamagnetic fraction much better compared to
SPIONs alone. [38] The Néel relaxation time, TN, of the magnetic nanoparticles under an
external magnetic field is expressed by following formula:

where T0 is the relaxation time constant and has the order of 10−9 s, K is the anisotropy
constant, and VM is the magnetic volume of particles. The Néel relaxation time, TN, is
therefore can be determined as the ratio of the energy of magnetic anisotropy of
superparamagnetic particles to the thermal energy. One possible reason enhanced
hyperthermic effect on gold coating is the ability of gold coating to retain the
superparamagnetic fraction of the SPIONs much better compared to SPIONs alone [38]
leading to higher energy of magnetic anisotropy of superparamagnetic particles within the
gold shell compared to the naked SPIONs. One could also speculate that the higher heat
capacity of the gold shell to shield the heat generated within the SPIONs could be
responsible for enhancing the temperature raise on application of oscillating magnetic field.

Hyperthermia of SPIONs@Au - Evaluation of Cytotoxicity
In order for application of gold coated SPIONs for thermolysis of cancer cells, it is
important to demonstrate that they are not cytotoxic. Therefore, the cyctotoxicity of
SPIONs@Au was compared with SPIONs. The cell viability of SPIONs and SPIONs@Au
with different concentrations was quantitatively estimated to explore the feasibility of
utilizing SPIONs@Au nanoparticles for targeted cancer therapy. The studies performed
using H9c2 cardiomyoblasts (Figure 8(a)), a non-cancerous stable cell line derived from
embryonic rat heart and known to express specific cardiac markers (considered a close
proxy for adult cardiac cells), indicate that both SPIONs and SPIONs@Au are inherently
least cytotoxic upto 250 µg/ml concentration and for 500 µg/ml, a 20% reduction in cell
viability was observed when studied in the absence of oscillating magnetic field. Similar
results were obtained when MCF-7 breast carcinoma cells were exposed to either SPIONs or
SPIONs@Au in the concentration range of 25 to 250 µg/ml and with a 500 µg/ml
concentration, a 20–30% reduction in viability for 24 h, i.e., in the absence of oscillatory
magnetic field (Figure 8(b)). The maximum decrease in viability of cells at the highest
concentration of 500 µg/ml concentration: for H9c2 cell line, SPIONs-18% and
SPIONs@Au-14%. For MCF7 cell line at the same concentration, SPIONs-30%,
SPIONs@Au-23%.

Mohammad et al. Page 7

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2011 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



There have been some studies in the literature that showed that maghemite (Fe2O3)
nanoparticles are cytotoxic to different cell types. [39], [40] In most cases the nanoparticles
employed in these studies did not have a biocompatible or protective coating that could
possibly prevent the seepage of Fe into the cellular milieu. Support for this notion comes
from the fact that, in general, the cytotoxicity of iron oxide nanoparticles appears to be
consequence of Fe-induced intracellular formation of reactive oxygen species, ROS. The
SPIONs and SPIONs@Au we described are comparatively smaller in size than those
reported by others. [40] Also, our SPIONs and SPIONs@Au contain oleic acid and
oleylamine as codispersants. Both these dispersants contain a single carbon-carbon double
bond at C9–10 position. Therefore, it is possible that these agents, apart from preventing the
agglomeration, can impart significant protection against Fe-mediated toxicity if any. [41]
We determined the cytotoxicity in two different cell lines, namely, MCF-7 carcinoma cells
and H9c2 cardiomyoblasts at a range of concentrations of SPIONs and SPIONs@Au (25–
500 µg/ml) (Fig. 8). We are aware that some of the concentrations used here are way more
than physiological concentrations. However, the concentrations are based on the total weight
of the sample including the ligand and not just the weight of the Fe. Many publications
report cell viability w.r.t. to weight of Fe. In our case the percentage of Fe in SPIONs and
SPIONs@Au is only 14.5 % and 11.1 % respectively (from elemental analysis). In any case,
we chose to test this wide range of concentrations firstly to establish their limits of tolerance
by the two cell lines used. Also, it is our contention that if there is scope for Fe-mediated
toxicity, it should be expressed, at least, in part, irrespective of the uptake of SPIONs and
SPIONs@Au added to these cultures. For instance, if the particles reside predominantly
outside the cells and release Fe, there should be substantial expression of cytotoxicity either
by the uptake of Fe released into the medium or Fe-dependent oxidation of serum
components that could result in the accumulation of ROS and subsequent interaction with
the cells in culture. Similarly, if the SPIONs and SPIONs@Au are taken up by the two cell
lines and release Fe inside the cells, there again should be expression of toxicity reflected in
altered red-ox metabolism of cells. Our studies show that the cytotoxicity measured in terms
of MTS reduction is not significantly different for the SPIONs and SPIONs@Au in both
MCF-7 carcinoma cells and H9c2 cardiomyoblasts (Fig. 8). Further, within a given cell type,
there appears to be a tendency toward increased cytotoxicity at higher concentrations of
either SPIONs or SPIONs@Au. For example, at the highest concentration of 500 µg/ml
employed in the assay, there was no more than 20% reduction in cell viability in H9c2
cardiomyoblasts. Similarly, with MCF-7 carcinoma cells, the reduction in the level of cell
viability at 500 µg/ml was around 30% or less for SPIONs and SPIONs@Au. Although the
results presented here are only with two cells, one non-cancerous (H9c2 cardiomyoblasts)
and the cancerous (MCF-7 carcinoma cells), it appears that the SPIONs and SPIONs@Au
we prepared are inherently less cytotoxic to mammalian cells in culture. We do not know the
reasons for this low cytotoxicity, although it is tempting to speculate that oleic acid-
oleylamine co-dispersants may be responsible for part of the protection. [41] Another
possible reason is that the cytotoxicity assay based on red-ox metabolism of viable cells
might not be sensitive enough to pick up subtle changes that could eventually lead to cell
death. Our results are also supported by recent studies that demonstrate similar lack of
cytotoxicity of SPIONs [42] as well as gold coated iron oxide nanoparticles. [43] More
detailed studies are currently underway to determine the extent of uptake of SPIONs and
SPIONs@Au by H9c2, MCF-7 and other cancerous and non-cancerous cells and also to
examine the affect of oscillatory magnetic field on the fate of cells loaded with SPIONs,
SPIONs@Au, and SPIONs@Au tagged with luteinizing hormone-releasing hormone and/or
folic acid.
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CONCLUSION
In conclusion, we report promising magnetic nanoparticles, SPIONs@Au that have suitable
chemical, physiological, physical and biological properties for magnetic hyperthermia
applications in low frequency oscillating magnetic field (<500 Hz). While the published
literature demonstrate magnetic nanoparticle hyperthermia in the presence of oscillating
magnetic fields ranging from KHz to MHz, our results indicate possibilities for utilization
very low frequency oscillating magnetic fields in hyperthermia treatment. Also, the
differences in heat release between SPIONs@Au and SPIONs is at first intriguing and
investigations are underway to understand the reasons. It is well established that the heat
generation is a result of a combination of internal Néel fluctuations of the particle magnetic
moment, hysteresis and to the external Brownian fluctuations that all rely on the magnetic
properties of nanoparticles. It has been recently reported that Fe nanoparticles show
dramatically higher heat generation compared to iron oxide nanoparticles due to their greater
magnetization and hysteresis. [44] Even though there are no major differences in magnetic
properties of SPIONs and SPIONs@Au, one possible explanation is the ability of gold
coating to retain the superparamagnetic fraction of the SPIONs much better compared to
SPIONs alone leading to higher energy of magnetic anisotropy of superparamagnetic
particles within the gold shell compared to the naked SPIONs. One could also speculate that
the higher heat capacity of the gold shell to shield the heat generated within the SPIONs
could be responsible for enhancing the temperature raise on application of oscillating
magnetic field. Nevertheless, the hyperthermia of SPIONs@Au described in this report
represent a new generation of multifunctional magnetic nanoparticles which can provide a
combination of diagnostic and therapeutic tools. Gold nanoshell have been shown to be
excellent candidates for the diagnosis and therapy through a variety of mechanisms. [45] In
addition, the gold nanoshell offers opportunities for biofunctionalization thereby providing
targeting ability for hyperthermia based on SPIONs@Au nanoparticles. Excellent
hyperthermia exhibited by SPIONs@Au nanoparticles coupled with their lack of
cytotoxicity is anticipated to make them into suitable candidates for thermolysis of cancer
cells. [46]
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Figure 1.
HRTEM image of SPIONs@Au nanoparticles (inset showing the core and shell).
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Figure 2.
SAXS for SPIONs and SPIONs@Au.
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Figure 3.
Temperature versus time graphs for SPIONs and SPIONs@Au at a concentration of 1.0 mg/
0.5 ml.
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Figure 4.
(A) Comparison of heat release for SPIONs and SPIONs@Au at 44 Hz, 230 Hz, and 430 Hz
(B) Comparison of heat release for SPIONs and SPIONs@Au at three different
concentrations.
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Figure 5.
Comparison of heat release by SPIONs@Au at 44 Hz in different solvents.
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Figure 6.
Frequency dependent SPL values for SPIONs and SPIONs@Au
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Figure 7.
Solvent dependent SPL values for SPIONs@Au
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Figure 8.
In vitro toxicity comparison of SPIONs and SPIONs@Au at different concentrations (a)
with H9c2 cardiomyoblast cell line and (b) MCF-7 breast carcinoma cells.
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Table 1

The average SPL values of SPIONs & SPIONs@Au at different frequencies:

Frequency Fe3O4 Fe3O4@Au

44Hz 256.81 W/g 444.32 W/g

230Hz 249.8 W/g 317.75 W/g

430Hz 313.5 W/g 463.9 W/g
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Table 2

The average SPL values of SPIONs@Au in different solvent medium at different frequencies:

1.0mg of Fe3O4@Au Water Ethanol Toluene

44Hz 648.6 W/g 431 W/g   86.6 W/g

230 Hz 325.5 W/g 374.1 W/g   86.6 W/g

430Hz 920.7 W/g 976 W/g 113 W/g
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