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A B S T R A C T

Magnetic nanoparticles (MNPs) have demonstrated their potential in a wide variety of biomedical applications
including in tumour hyperthermia. However, highly reactive nature and aggregation affinity of these nanos-
tructures are the principal limitations for such applications. To overcome these limitations, those MNPs should
be covered with an inert shell in order to protect the magnetic core against chemical alterations. Considering the
noble, chemically inert nature of gold, which also has good biocompatibility, we fabricated chemically stable
gold-coated Fe3O4 (Fe3O4@Au) nanoparticles of 20–50 nm size range with considerable saturation magnetiza-
tion, though a simple one-pot solvothermal method. The morphology, elemental distribution and the structure of
the core-shell nanoparticles were characterized using aberration-corrected (Cs) Scanning transmission electron
microscopy (STEM), and compared with their simulated images. Cytotoxicity assay in MDCK cell line was
performed to evaluate the biocompatibility of the nanoparticles. The results showed higher cell viability for the
Fe3O4@Au nanoparticles, suggesting their good biocompatibility and potentials for biomedical applications.

1. Introduction

Magnetic nanoparticles (MNPs) have generated a new trend in the
field of advanced materials, mainly due to their multiple biomedical
applications [1–3]. Due to their excellent properties, such as super-
paramagnetic behaviour, good magnetic response, non-toxicity, and
biocompatibility [4–6], they have a wide applicability in biomedical
fields. Among the MNPs, currently magnetite (Fe3O4) nanoparticles
have received special attention, mainly as effective heating agents for
magnetic hyperthermia therapy [7]. Fe3O4 has an inverse spinel
structure with alternating octahedral and tetrahedral-octahedral layers,
where the Fe2+ cations occupy half of the octahedral sites and Fe3+

cations occupy tetrahedral sites and half octahedral sites [8]. One im-
portant advantage of magnetite NPs is their superparamagnetic nature
at room temperature, when their particle size reduces to 20 nm or
below [9], with blocking temperature (TB) increasing with temperature.
However, MNPs have tendencies to aggregate and oxidize, reducing
their application potentials. For example, magnetite (Fe3O4) transforms
easily to maghemite (γ-Fe2O3) by air annealing at 300 °C [10]. Although

both of them have similar crystallographic structure, the saturation
magnetization of maghemite is substantially lower than magnetite.
Therefore, a detailed structural analysis is necessary, identifying the
position and coordination of the atoms in the fabricated MNPs, to
evaluate their application potentials. Moreover, the contribution of
different electrostatic dispersion agents of organic, inorganic and
polymeric (coatings) nature, utilized for the stabilization of MNPs
under physiological conditions to enhance their biocompatibility [2,11]
should be considered in their structural analysis.

On the other hand, gold nanoparticles (Au NPs), with large specific
surface area (surface to volume ratio) have higher number of surface
atoms; and hence, higher activities in multiple chemical reactions and
catalytic processes. On the other hand, due to plasmonic nature, Au NPs
and Au nanoshells exhibit intense surface plasmon resonance (SPR)
absorption bands at different energy positions depending their size and
shapes, which are attractive for use in cancer therapy [12]. Advantages
of utilizing Au NPs for cellular imaging over other materials or com-
pounds have also been reported by several researchers [13–15]. How-
ever, for plasmonic photo-thermal therapy (PTT), biomedical imaging
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or other biomedical applications, evaluation of chemical stability,
biocompatibility and bioconjugation of Au NPs (functionalized or not)
in physiological environments is essential [16].

Due to adequate magnetic properties of magnetite, and plasmonic
nature of gold, which is also a noble metal, Au coated Fe3O4 (Au@
Fe3O4) NPs provide the synergetic effects of both. This hybrid system
has several potential applications including neurotransmitter detection
[17], photo-thermal elimination of cancer cells, and multimodal cancer
imaging [18]. Coating with Au layer not only induces added function-
alities to the magnetite nanoparticles, also protects them from un-
desired oxidation, along with enhancing their chemical and thermal
stabilities [19]. Sun et al. have reported a higher catalytic reduction of
H2O2 by Au@Fe3O4 NPs than Au or Fe3O4 NPs individually. They found
that the improved activity of Fe3O4@Au NPs is due to a charge transfer
at the Au - Fe3O4 interface [20].

Research focus of several research groups has been on the search of
effective methods to synthesize stable and homogeneous Fe3O4@Au
nanoparticles, which have received attention due to their potential
applications mainly in the biomedical field [6,21–23]. Gold coating
over magnetite nanoparticles provide a suitable platform for adequate
functionalization by therapeutic molecules, which is one of the prin-
cipal challenges for utilizing magnetic Fe3O4@Au nanoparticles in
cancer therapy [24]. This is because the cancer cells lack of an appro-
priate heat shock response, therefore die before the normal cells, when
the tissue temperature is above 42 °C, and the time required to reach
therapeutic temperature is faster for Fe3O4@Au compared to bare
Fe3O4 nanoparticles [25].

Although a considerable amount of work has been reported in the
literature on the synthesis of iron oxide nanoparticles and gold coating
over them [19,26], only a few of them analyzed their biocompatibility,
which is another parameter, necessary to be evaluated before utilizing
these hybrid nanostructures for biomedical applications [27,28].

In this paper, we present a detailed structural, magnetic, and cyto-
toxic evaluation of Fe3O4@Au nanoparticles fabricated by a novel,
economical and efficient one-pot solvothermal technique. X-ray dif-
fraction (XRD) and scanning transmission electron microscopy (STEM)
techniques were used for the structural characterization of the nanos-
tructures. High-angle annular dark-field (HAADF) imaging in STEM,
which is a very versatile and useful technique to identify the structure
and atomic positions in the compound, has been utilized along with
simulated HAADF-STEM images to define the atomic positions, and
structural models. The elemental composition of the samples has been
analyzed using the STEM-energy-dispersive X-ray spectroscopy (STEM-
EDS). Magnetic behaviours of the fabricated Fe3O4 and Fe3O4@Au NPs
have been studied by recording their field-cooled (FC) and zero-field-
cooled (ZFC) magnetization curves in a DynaCool PPMS system under
different applied magnetic fields. The biocompatibility of the un-
covered Fe3O4 and gold coated Fe3O4 NPs have been evaluated on
Madin Darby Canine Kidney (MDCK) cell line.

2. Experimental Procedure

2.1. Synthesis of Magnetic Nanoparticles

All the chemicals, ferric chloride hexahydrate (FeCl3·6H2O), ferrous
chloride tetrahydrate (FeCl2·4H2O), oleic acid (OA), oleylamine (OAm),
tetramethylammonium hydroxide pentahydrate (TMAH5,
C4H13NO·5H2O), sodium borohydride (NaBH4), and gold(III) chloride
trihydrate (HAuCl4·3H2O) of reagent grade were purchased from
Sigma-Aldrich, Mexico, and utilized as received, without further pur-
ification.

Fe3O4 nanoparticles were obtained by solvothermal method. In a
typical experimental procedure, 10 mL of 1M FeCl3+ aqueous solution
was mixed with 5mL of 1M FeCl2+ solution in a round bottom flask
and heated to 70 °C under magnetic agitation. Keeping the mixture
solution under magnetic agitation, about 9mL of 3M TMAH5 aqueous

solution was added to the mixture slowly, to reach a pH of 11.
Thereafter, about 1mL of OA solution (50mM) and 1mL of OAm
(50mM) solution were added to the reaction mixture. The reaction
continued at 70 °C for 20min and then cooled down to room tem-
perature naturally. Nanoparticles from the back colloidal solution were
separated by a neodymium magnet and washed 3 times with ethanol.

After, HAuCl4 (3 mL, 50mM) was gradually reduced by NaBH4 in
9mL of the black solution of nanoparticles to form a thin Au shell on
the Fe3O4 nanoparticle surface. The mixture was heated to 70 °C under
vigorous stirring and cooled down to room temperature naturally.
Again, the Fe3O4-Au nanoparticles were separated by a neodymium
magnet and washed to eliminate the excess of reagents chemicals.

2.2. Characterization Methods

Fabricated magnetic nanoparticles were analyzed by X-ray diffrac-
tion (Rigaku Ultima IV), using CuKα (l= 1.5406 Å) radiation.
Measurements were performed in parallel-beam geometry with 2θ
scans from 15 to 80°. Fourier transform infrared spectroscopy (Bruker
Vector 33) was used to study interactions between oleic acid (OA) and
oleylamine (OAm) with the magnetic nanoparticles. The structural
characterization of the as-prepared Fe3O4 and Fe3O4@Au NPs was
carried out by electron microscopy. For electron microscopic observa-
tions, the samples were prepared by dispersing a drop of colloidal so-
lution of the nanostructures over carbon coated copper grids. The
samples were analyzed in a Jeol JEM-ARM200F scanning transmission
electron microscope (STEM) equipped with a CEOS Cs-corrector as
probe-corrector for STEM, operating at 200 keV. High-angle annular
dark-field (HAADF)-STEM images were registered using a camera
length of 80mm and a collection angle of 50–180mrad. HAADF-STEM
image simulations have been performed using the QSTEM software
package [29], which uses the multislice algorithm [30]. The parameters
considered for the simulation were obtained from the experimental
conditions of the microscope. A vibrating sample magnetometer (VSM)
attached to a Physical Property Measurements System (PPMS, Quantum
Design, Dyna-cool 9, USA) was used for all the magnetic measurements
by placing the samples into tubular plastic sample holders.

2.3. Apoptosis Assay

Madin Darby Canine Kidney (MDCK) cells were cultured in 24-well
plates. After subjecting the cells to the appropriate treatment (NaF and
OTA), apoptotic/necrotic rate was determined by two flow cytometric
methods. An Annexin V-FITC kit, which includes propidium iodide (PI)
level was utilized for the fluorescence detection of Annexin V bound
apoptotic cells and quantitative determination by flow cytometry, as
described by N. Sali [31]. Briefly, any detached cell in the medium was
carefully removed and spared for later analysis. Cells still attached to
the culture plate surface were rinsed with phosphate-buffered saline
(PBS) and trypsinized, then combined with the previously aspirated
medium. Cell pellets after a short pulse centrifugation (3 s at
14,000 rpm) were re-suspended in 50 μL Annexin V binding buffer
(10mM HEPES, 140mM NaCl, 2.5mM CaCl2, pH 7.4) and were in-
cubated with 2.5 μL of FITC-Annexin V reagent (BD Pharmingen) and
5 μL of propidium iodide (PI) solution (50 μg/mL, Sigma-Aldrich) for
20min at room temperature in the dark. Then 400 μL of binding buffer
was added to the cell suspension and then the cells were analyzed by
flow cytometry in a Beckton Dikinson flow cytometer using cell quest
software. FITC-Annexin fluorescence versus PI fluorescence was ana-
lyzed.

3. Results and Discussion

There are many structures of iron oxide, such as: magnetite (Fe3O4),
hematite (α-Fe2O3), maghemite (γ-Fe2O3), goethite (α-FeO(OH)), aka-
ganeite (β-FeO(OH)) and lepidocrocite (γ-FeO(OH)) [12]. However, the
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Fe3O4 and γ-Fe2O3 phases have similar crystal structures. In order to
differentiate clearly, we performed both the structural and magnetic
characterizations on the synthesized samples. Fig. 1a shows the ex-
perimental X-ray diffraction (XRD) pattern of the fabricated magnetite
(Fe3O4). The XRD pattern of Fe3O4 clearly revealed diffraction peaks
corresponding to its cubic phase and not other peaks were observed
corresponding to other iron oxide phases like α-Fe2O3 and FeO(OH).
The main diffraction peaks of the magnetite sample, located at 18.14,
30.14, 35.37, 43.12, 53.77, 57.06, 62.67, 73.90 and 74.87°, correspond
to the (111), (220), (311), (400), (422), (511), (440), (533) and (622)
planes of cubic Fe3O4 with spatial group Fd-3m, respectively (JCPDS
card no. 19-0629). Profex program [32] was used to calculate the
crystallite size from the XRD pattern. The average crystallite size of the
Fe3O4 nanoparticles was calculated using the half-maximum full width
of the (311) plane and was estimated to be 22.5 nm. To characterize the
morphology and fine structure of the Fe3O4 nanoparticles, scanning
transmission electron microscopy (STEM) was performed. Fig. 1b shows
a bright-field (BF)-STEM image of the nanoparticles. The STEM image
of the sample exhibited some grade of aggregated morphology, which
might be due to the use of oleic acid and oleylamine in excess during
the synthesis process. Formation of organic cover over the particles can
be observed clearly in the image. The particles showed irregular
morphologies with diameter varying in the range of 20–50 nm. How-
ever, in spite of their aggregation, and the presence of organic cover,
the nanoparticles maintained their superparamagnetic behaviour, as
has been demonstrated later. The magnetite nanoparticles were soni-
cated in an ultrasonic bath for about 30min, prior to the formation of
Au covers over them, to ensure their dispersion through the dissociation
of aggregates.

Fig. 1c shows an atomic resolution high-angle annular dark-field
(HAADF)-STEM image of a Fe3O4 nanoparticle along the [110] zone
axis. In this zone axis, the octahedral and tetrahedral iron (Fe) atoms of
the Fe3O4 phase can be observed as separate atomic columns, which
form hexagonal units with a central bright column. The HAADF-STEM
image shows a twin boundary (TB) around the (111) plane (Fig. 1d).

This indicates that the formation energy of twins defects on the (111)
plane of the Fe3O4 phase is low [33]. From the image, the distance
along [110] direction was estimated to be 1.209 nm, which is close to
the value of the Fe3O4 bulk parameter a0= 0.8396 nm (d110= 0.8396
x √2= 1.1873 nm) [34]. All the spots in the figure correspond to Fe
atomic column; the image contrast corresponding to Fe atoms has a
strong brightness in comparison with the contrast corresponding to
oxygen (O) atoms, which is unnoticed due to the large difference in
atomic number of both elements.

Simulated electron microscopy images are useful to characterize the
structure, and in some cases, to obtain the composition of a sample. For
example, qualitative and quantitative analyses are now possible in si-
mulated HAADF-STEM images [35]. Fig. 1e shows the simulated
HAADF-STEM image of the Fe3O4 structure oriented along the [110]
zone axis, obtained by QSTEM multislice image program, using 30
thermal diffuse scattering (TDS) runs and the experimental aberration
values of the microscope. As can be observed, the experimental and
simulated images are in good agreement. The presence of hexagonal
units with a central column, observed in the experimentally obtained
HAADF-STEM image, is consistent with the cubic structure of Fe3O4,
with spatial group Fd-3m. The high brightness of the columns is as-
sociated mainly with the octahedral (FeB) sites (the atomic positions are
highlighted in the figure). This contrast is obtained by the atomic
density of the Fe columns, given that the thickness of the sample is
almost constant, particularly in this zone axis, where the central atomic
column of FeB sites (open red circle) has the double of atoms that the
atomic columns of the tetrahedral (FeA, solid green circle) sites and
some FeB sites (solid red circle), which are situated around the central
FeB sites. It is important to mention that when light and heavy elements
coexist in the material, the contrast of the light elements is almost in-
visible in a HAADF-STEM image due to weak scattering of transmitted
electrons by lighter elements. Such is the case for the O and Fe atoms in
Fe3O4. The image contrast of O atoms is very weak, given that Fe has an
atomic number (26), much higher than the atomic number (8) of O,
making it difficult to determine the position of the O atoms in the

Fig. 1. (a) XRD pattern of the magnetic Fe3O4 nanoparticles, (b) BF-STEM image of the Fe3O4 nanoparticles, (c) and (d) High-resolution HAADF-STEM images of
Fe3O4 nanoparticle. Simulated HAADF-STEM images of: (e) magnetite Fe3O4 structure and (f) twin boundary Fe3O4 structure. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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HAADF-STEM image of Fe3O4.
Simulation of HAADF-STEM images was also performed to de-

termine the atomic characteristics of the twin boundary. Fig. 1f shows
the simulated HAADF-STEM image of the twin defect around the (111)
plane of the Fe3O4 structure. The Fe atomic positions around the twin
boundary are highlighted, with FeA sites in solid green circles and FeB
sites in open and solid red circles. As can be observed, the twin
boundary appears in the octahedral FeB sites. It is interesting to notice
that the brightness contrast of the twin boundary is similar to the
contrast in experimental image (Fig. 1d). The images show atomic
columns with high brightness contrast, which is an associate with the
FeB sites with high atomic density (open red circle).

Fig. 2a shows the experimental XRD pattern of the fabricated gold
(Au) coated magnetite (Fe3O4@Au) nanoparticles. In the diffraction
pattern, the peaks corresponding of Fe3O4 along with the peaks corre-
spond to Au in cubic phase appeared. The characteristic Au peaks ap-
peared around 38, 44.2, 64.7 and 77.5° correspond to the (111), (200),
(220) and (311) planes of Au in cubic phase, respectively (JCPDS card
no. 04-0784). The XRD pattern revealing diffraction peaks of both Au
and Fe3O4 structures validates a successful formation of Fe3O4-Au
composite structure. In addition, the intensities of Fe3O4 structure de-
creased compared with those of the Fe3O4, while the intensities of Au
increased due to the heavy atom effect of Au [19]. The amount of Fe3O4

and Au phases calculated from the XRD were 79.16 wt% and 20.84 wt

%, respectively.
The surface chemistry of the Fe3O4 and Fe3O4-Au nanoparticles was

studied using Fourier-transform infrared spectroscopy (FT-IR). In this
case to confirm the presence of OA, OAm and Au on the Fe3O4 nano-
particles surface, uncoated Fe3O4 nanoparticles without OA, OAm and
Au were used. Fig. 2b shows the FT-IR spectra of uncoated Fe3O4 and
Fe3O4@Au nanoparticles in the range of 3500–400 cm−1. FT-IR spec-
trum of uncoated Fe3O4 nanoparticles shows a peak at 605 cm−1 that is
attributed to the vibration of the FeeO functional group, and the band
at 3360 cm−1 is assigned to OH stretching vibration which is due to
adsorbed water on the surface of the iron oxide nanoparticles. FT-IR
spectrum of Fe3O4@Au nanoparticles shows a band at 623 cm−1 that is
assigned to the FeeO stretching vibrations of Fe3O4, and its intensity in
comparison with uncoated Fe3O4 is decreased due to gold coating [36].
The strong CH2 peaks at 2939 (νas CeH), 2885 (νs CeH), 1436 (δs CeH)
and 1620 cm−1 (ν C]C) are indicative of both molecules of OA and
OAm that cover the iron oxide nanoparticles [37].

Fig. 2c and d present the typical HAADF-STEM and BF-STEM images
of the magnetic Fe3O4@Au nanoparticles, respectively. The difference
in contrast between the magnetite core and metallic shell is clear in
both the images. However, this can observe clearly from Fig. 2c, where
the contrast of the image is associated with the atomic number. In this
case, the brightness is associated to the Au atoms. Therefore, from the
images it is confirmed that the majority of the Fe3O4@Au nanoparticles

Fig. 2. (a) XRD pattern of the magnetic Fe3O4-Au nanoparticles, (b) FT-IR spectra of Fe3O4 and Fe3O4@Au, (c) HAADF-STEM and (d) BF-STEM images of the
magnetic Fe3O4@Au nanoparticles, (e) EDS spectrum of the nanoparticles, (f) HAADF-STEM image of Fe3O4@Au nanoparticles, EDS mapping revealed the elemental
distributions: (g) Fe (green), (h) Au (red), and their (i) superposition. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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obtained through our synthesis process have core-shell structure. In
addition, Fig. 2d shows a small layer around all the nanoparticles,
which is the organic layer, appearing from oleic acid and oleylamine
that were used as reducing agent and stabilizer, respectively [38].

The elemental distribution in the Fe3O4 nanoparticles covered with
Au was analyzed by STEM-energy dispersive spectroscopy (STEM-EDS).
Fig. 2e shows a typical EDS spectrum of the Fe3O4@Au nanoparticles.
The EDS spectrum demonstrates that the Fe3O4@Au nanoparticles
consist of C, O, Fe and Au elements (Cu signal appeared from the copper
grid). The detected carbon signal was assumed to be originated from the
sample (oleic acid and oleylamine) and the support films of the grid.
The quantification of Fe, O and Au elements was 57.87, 24.01 and
18.12 wt%, respectively. These values are close to those determined by
the XRD analysis. EDS was employed to obtain the distribution of Fe
and Au elements in the sample. Fig. 2f corresponds to the HAADF-STEM
image of a Fe3O4@Au nanoparticle. This image shows some differences
in the contrast which are related with the elements. For example, the
presence of Au atoms which have a higher Z than the Fe3O4 particles,
are displayed with brighter regions. Fig. 2g and h show the STEM-EDS
mapping of the elemental, revealing the distribution of iron (green) and
gold (red), respectively. The superposed HAADF-STEM image presented
in Fig. 2i confirms the formation of Fe3O4@Au core-shell structure.

HAADF-STEM is the only technique where the intensity contrast of
the images exhibits strong dependence with the atomic number (Z).
Fig. 3a and b show images of Fe3O4@Au core-shell structure. In these
images, the contrast of the Fe3O4 core is very weak in comparison with
the Au shell. This is due to the large difference in atomic number; the
columns of light elements in presence of heavy elements are difficult to
visualize, because of the intensity of the image in HAADF-STEM is
dominated by the thermal diffuse scattering (TDS), which favours the
visualization of heavy elements [39]. Fig. 3c shows a high-resolution

HAADF-STEM image from a region of the Fe3O4@Au core-shell nano-
particle. The presence of both structures Fe3O4 and the Au shell is clear
in this image. The lattice fringes correspond to the inter-planar (d)
spacing of Au estimated to be about 0.204 nm, which corresponds to the
(200) planes of the Au in cubic phase (JCPDS card no. 04-0784) and the
fringe spacings in the core is about 0.263 nm, corresponds to Fe3O4 in
cubic phase (JCPDS card no. 19-0629). It is interesting to observe the
interface between the core and the shell; the crystalline planes are in-
terconnected and no crystalline defects such as planar dislocation are
observable. The images of materials with an interface between light and
heavy elements are difficult to estimate. Recently, annular bright-field
(ABF)-STEM has been successfully used to visualize columns of light
elements [40]. However, in this image, the interface between the Fe3O4

core and Au shell can be clearly visualized. It is important to mention
that even after more than six months of fabrication of the Fe3O4@Au
nanoparticles (images were recorded after 6months), their structural
and magnetic properties were maintained. On the other hand, the
structure of Fe3O4 nanoparticles synthesized without Au shell changed
within a month of their fabrication, due to oxidation process. The Fe3O4

phase was transformed to γ-Fe2O3 and α-Fe2O3 phases. Thermo-
dynamically, the Fe2O3 phase is more stable than the Fe3O4 phase; the
reaction of oxidation of the Fe3O4 to Fe2O3 is exothermic and may take
place at room temperature [41]. Therefore, the Fe3O4@Au core-shell
nanoparticles are structurally and magnetically very stable for pro-
longed period, thereby enhancing their chemical stability and bio-
compatibility, providing a solid platform to be used as a contrast agent
or for the application in therapeutic treatments [42]. HAADF-STEM
along with image simulation are important tools for the determination
of structure, composition, morphology and atomic positions of nano-
materials [43,44]. Fig. 3d shows a simulated HAADF-STEM image from
a Fe3O4@Au model. The parameters used in the simulated image were

Fig. 3. (a), (b) and (c) High-resolution HAADF-STEM images of Fe3O4@Au core-shell nanoparticles and (d) Simulated HAADF-STEM image of Fe3O4@Au model.
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obtained from the conditions of the electron microscope. The simulated
image matches perfectly with the experimental image, and also shows
the contrast difference between the Fe3O4 and Au phases; they are or-
iented in [211] and [110] zone axis, respectively. To obtain the similar
contrast between the experimental and simulated images, the model
was made by overlaying two Fe3O4 structures. The Au shell was made
stacking few layers around the Fe3O4 core.

The magnetic measurements on the fabricated nanostructures were
performed at different temperatures ranging from 300 to 10 K. The M-H
curves obtained for Fe3O4 and Fe3O4@Au nanoparticles are presented
in Figs. 4a and b, respectively. As can be seen, while the hysteresis of
both the samples revealed superparamagnetic behaviour at 300 K
(Fig. 4b), at 10 K both the samples revealed mild remanent magneti-
zation (Mr) and coercivity (Hc) (Fig. 4a). While the Mr and Hc values
for the Fe3O4 nanoparticles were estimated to be ≈54 emu/g and 20 Oe
for Fe3O4, respectively, those values estimated for Fe3O4@Au NPs were
≈28 emu/g and 420 Oe, respectively. As expected, the saturation
magnetization of the magnetite nanoparticles decreased due to Au
coating over them [45,46].

Fig. 4c and d show the field cooling (FC) and zero field cooling
(ZFC) curves of the uncovered Fe3O4 and Au-coated Fe3O4 nano-
particles, respectively, in 10 to 350 K temperature range. While the FC
curve of the Au-coated Fe3O4 NPs revealed maximum magnetization a
bit lower than the maximum magnetization of the uncovered Fe3O4 NPs
as expected, there was no indication of any change in the blocking
temperature of the magnetite NPs due to gold coating. While a clear and
well-defined maximum in the ZFC curve for either of the samples could
not be detected in the measured temperature range, a blocking tem-
perature of≈325 K can assumed for both the samples from the shape of
their ZFC curves.

The obtained results indicate that the formation of Au shell over
Fe3O4 nanoparticles does not change their superparamagnetic

behaviour. The decrease ofMr value of the Fe3O4 NPs due to Au coating
can be attributed to the non-magnetic nature of Au, spin canting at the
surface or even to a surface spin-glass transition [19,47]. Specifically, in
this case, it can be explained in terms of a chemical bonding of the non-
magnetic material (Au) and the organic molecules (oleic acid and
oleylamine) added to the Fe3O4 nanostructures, which decrease the
magnetization of the surface layers.

As the utilization of Fe3O4 and Fe3O4@Au NPs in biomedical ap-
plications depends strongly on their compatibility with biological cells,
i.e. they should not be toxic to the target cells [48], we performed
cytotoxicity tests of the fabricated nanostructures over Madin Darby
Canine Kidney (MDCK) cells through apoptosis assays (early apoptosis
and late apoptosis) by flow cytometry, based on propidium iodide/
Annexin V-FITC staining patterns. Fig. 5 shows the representative dot
plots for the flow cytometric analysis comparing untreated cells (con-
trol) and treated cells after 48 h of cultivation. After the cultivation
period, the apoptosis rate for the control group (Fig. 5a) was 4.93%.
Annexin V+/PI− (lower right quadrant) areas stand for early apop-
totic cells, and Annexin V+/PI+ (upper right quadrant) areas stand for
late apoptotic or necrotic cells. Apoptosis rate include early apoptotic
cells and late apoptotic or necrotic cells. However, when the cells were
treated with Fe3O4 nanoparticles, an increase in the percentages of
early apoptosis and late apoptosis was observed. As shown in Fig. 5b,
treatments with 0.5, 1 and 2 μL of Fe3O4 nanoparticles caused an in-
crease in the percentage of apoptosis rate; from 32.18% to 40.33%
(Fig. 5c). On the other hand, when the cells were treated with
Fe3O4@Au nanoparticles, a significant decrease in the percentages in
early apoptosis and late apoptosis with respect to untreated cells was
observed. The results show interesting physical properties that correlate
with the forms and structures found in our magnetic NPs and we pro-
pose to use it for various biomedical applications.

Fig. 4. Hysteresis loops of Fe3O4 and Fe3O4@Au nanoparticles at: (a) 10 and (b) 300 K, ZFC and FC magnetization curves for (c) Fe3O4 and (d) Fe3O4@Au nano-
particles.
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4. Conclusions

Core-shell Fe3O4@Au nanoparticles of 20–50 nm sizes were syn-
thesized by a novel, economical and efficient one-pot solvothermal
method. The cubic structure of the nanoparticles was determined using
XRD and aberration corrected (Cs) STEM techniques. HAADF images of
the nanoparticles acquired in STEM mode revealed the principal con-
tribution (high brightness) of octahedral and tetrahedral Fe sites in
their image contrast. STEM-EDS confirms the Fe3O4 core and Au shell
structure of the magnetic nanoparticles. Cytotoxicity tests of Fe3O4 and
Fe3O4@Au nanoparticles probed on MDCK cells revealed a significant
toxicity with an apoptotic response for the uncovered Fe3O4 particles,
the apoptosis rate increase from 4.93% for the control group to 40.33%
for uncovered Fe3O4 particles. On the other hand, Fe3O4@Au nano-
particles showed low apoptotic response, with an apoptosis rate of
0.71%, demonstrating their lower toxicity. Fabricated Fe3O4@Au na-
noparticles of superparamagnetic nature, with high saturation magne-
tization and good biocompatibility, offer a great promise for their
biomedical applications such as in magnetic resonance imaging (MRI),
photo-thermal therapy, magnetic hyperthermia and anticancer therapy.
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