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Abstract: Heterodimeric nanoparticles comprising materials with different functionalities are of great
interest for fundamental research and biomedical/industrial applications. In this work, Fe3 O4 -Au
nano-heterostructures were synthesized by a one-step thermal decomposition method. The hybrid
nanoparticles comprise a highly crystalline 12 nm magnetite octahedron decorated with a single
noble metal sphere of 6 nm diameter. Detailed analysis of the nanoparticles was performed by
UV-visible spectroscopy, magnetometry, calorimetry and relaxometry studies. The cytotoxic effect of
the nanoparticles in the human hepatic cell line Huh7 and PLC/PRF/5-Alexander was also assessed.
These Fe3 O4 -Au bifunctional nanoparticles showed no significant cytotoxicity in these two cell
lines. The nanoparticles showed a good theranostic potential for liver cancer treatment, since the r2
relaxivity (166.5 mM−1 ·s−1 and 99.5 mM−1 ·s−1 in water and HepG2 cells, respectively) is higher than
the corresponding values for commercial T2 contrast agents and the Specific Absorption Rate (SAR)
value obtained (227 W/gFe ) is enough to make them suitable as heat mediators for Magnetic Fluid
Hyperthermia. The gold counterpart can further allow the conjugation with different biomolecules
and the optical sensing.
Keywords: magnetic-plasmonic nanoparticles; nano-heterostructures; MRI contrast agent; liver
cancer; theranostic

1. Introduction
Heterodimeric nanoparticles (NPs) comprising a magnetic and a metal noble moiety, assembled in
different architectures, have attracted considerable attention in the recent past. In fact, the combination
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of the unique physical properties, which these materials bear at the nanoscale, offers the opportunity to
realize complex multifunctional nanoplatforms potentially exploitable in a large variety of technologies,
biomedicine undoubtedly being the most prominent [1–5]. In this field, indeed, magnetic-plasmonic
hybrid NPs have been proposed for application for drug delivery [1,6], the photothermal depletion of
cancerous cells [7], magnetic hyperthermia [8], protein separation [9], cell imaging applications [10],
gene transfection [11], magnetic resonance imaging (MRI) [12,13], and biosensing [11,14]. Most of the
research has been focused on magnetite/gold hybrid nanostructures, since these two components are
endowed of good magnetic and optical properties, respectively, and they are generally assumed to be
biocompatible [15,16]. It is also important to highlight that for application in the human body NPs
must be properly functionalized to be dispersed in water or other water-based fluids (blood) [17,18].
The capability of magnetic NPs of being manipulated by an external magnetic field and of
enhancing the contrast in MRI has been exploited for a long time [4,16,19]. Besides the employment
in MRI diagnostics, the application of magnetic NPs has been also envisaged as heat mediators in
magnetic fluid hyperthermia (MFH) [20–24], making them the most relevant examples of “theranostic”
tools for cancer treatment. In MFH, magnetic NPs are injected or delivered by chemical or magnetic
targeting in the tumor tissue and excited by an alternating magnetic field. The energy of the field,
absorbed by the magnetic NPs, is released in the environmental tissues, inducing apoptosis or ablation
of the cells, depending on the local temperature achieved. Due to its higher selectivity and lower side
effects with respect to conventional cancer treatment (Radio/Chemo therapies), the MFH is nowadays
considered one of most appealing protocols to kill cancerous cells by a local temperature increase
(around 41–46 ◦ C for 30 min). On the other hand, gold NPs of different sizes and shapes have
been investigated as photo-thermal/photo-acoustic agents for tumor diagnosis and therapy [25,26],
computed tomography (CT) contrast agents [27,28], biosensors [29,30] and catalysts [31,32]. Combining
the optical and magnetic properties of gold and magnetite in hybrid nanostructures can thus enhance
their functionality and pave the way towards multimodal applications [33]. As an example, the strong
contrast in MRI and X-ray CT suggests that the magneto-plasmonic NPs have a large potential as
efficient multi-modal imaging probes [34]. Such an approach can be particularly promising for the
successful early diagnosis of human hepatocellular carcinoma (HCC), since both gold and magnetite
NPs, separately, have proven to be effective contrast agents for the two complementary diagnostic
modalities for liver cancer [35,36].
The combination in a common platform of these two highly biocompatible moieties bearing
different potential functionalities, which can be tuned toward specific applications by an appropriate
synthetic strategy, represents a step forward the realization of a multifunctional nanodevice for
biomedicine. Moreover, the presence of two distinct surfaces offers the opportunity for the conjugation
with different biomolecules, drugs, and fluorescent dyes.
However, despite this high potential, the translation to clinics of inorganic nanostructures is so far
limited to a few notable examples, mainly due to the severe limitations imposed by biological barriers
in the human body, such as the mononuclear phagocytic system and the renal clearance pathway.
A statistical analysis across the last 30 years of literature, indeed, estimated that only a median of 0.7%
of the injected dose reaches the target after systemic administration, the amount depending on the
size, coating and charge of the NPs [37]. As an example, recently, Efremova et al. [38,39] synthesized
fluorescent-labeled Fe3 O4 -Au Janus nanostructures and investigated their biodistribution in mice after
intravenous administration, finding a prevalent accumulation in the liver. Nevertheless, the same NPs
were demonstrated to be a very promising platform for theranostics [38]. Additionally, one has to bear
in mind the potential cytotoxicity of NPs [40,41], which has to be assessed carefully.
To exploit these results, we checked their validity starting from a realistic biological model, HCC,
which represents the natural, physiological target of the injected NPs. This work is thus focused on
the synthesis of Fe3 O4 -Au nano-heterostructures comprising a small gold nanosphere coupled to
octahedral single crystal of magnetite as theranostic agents for liver cancer treatment. For this purpose,
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optical, magnetic, relaxometric and hyperthermic properties of the NPs are analyzed together with
biocompatibility, toxicity and contrast efficacy in different human hepatocellular cell models.
2. Materials and Methods
2.1. Materials and Synthesis
1-octadecene, oleylamine, oleic acid, hydrogen tetrachloroaurate (III) hydrate (HAuCl4 ·3H2 O),
iron pentacarbonyl (Fe(CO)5 ), ethanol, toluene and hexane were purchased from Sigma-Aldrich
(Darmstadt, Germany). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
glycol)-2000] ammonium salt (DSPE-PEG2000 -COOH) was delivered by Avanti Polar Lipids (Alabaster,
AL, USA). Chloroform was purchased from Reachim (Moscow, Russia). All chemicals were of
analytical grade.
The Fe3 O4 -Au NPs were synthesized following a thermal decomposition method reported
elsewhere [1]. A mixture of oleylamine (2 mL; 6 mmol), oleic acid (1.9 mL; 6 mmol) and 1-octadecene
(20 mL) were heated to 120 ◦ C under Ar atmosphere. Later, Fe(CO)5 (0.3 mL; 2.2 mmol) was injected in
the mixture. After 3 min, a tetrachloroaurate (III) hydrate (40 mg; 0.1 mmol) solution in oleylamine
(0.5 mL, 1.5 mmol) and 1-octadecene (5 mL) was injected in the mixture. The temperature of the
reaction mixture was raised by increments of 3 ◦ C per minute up to 316 ◦ C and there held for 45 min;
the mixture was then cooled down to room temperature before exposing it to the air. The precipitate was
washed with ethanol, centrifuged and re-dispersed into hexane in the presence of 0.05 mL oleylamine.
The suspension was sonicated for 15 min and stored at 4 ◦ C before further use. The amount of surfactant
on the surface of NPs was estimated using a thermogravimetric analyzer (TG model 209F3, NETZSCH
Holding, Selb, Germany) and found equal to 6% w/w.
The Fe3 O4 -Au nano-heterostructures were then transferred to aqueous medium by coating
with DSPE-PEG2000 -COOH polymer. To this aim, equal volumes of Fe3 O4 -Au NPs and polymer
(both 1 mg/mL in chloroform) were mixed in a vial in ultrasonic bath for 5 min and the mixture was left
in a weak stream of Ar overnight. After the evaporation of the solvent, 1 mL of deionized (DI) water
was added to the precipitate, and the NPs were re-suspended by sonication for 5−10 min; the excess of
polymer was removed by double centrifugation for 5 min (RCF 14100g). At the final stage, the NPs
were dispersed in 1 mL of DI H2 O and passed through a syringe filter with a pore diameter of 0.45 µm
for sterilization. The NP suspensions are stable upon the storage in 1 × PBS buffer for at least 14 days,
during which no visible aggregation or precipitation occurs.
2.2. Characterization of NPs
The morphology, average size and size distribution of NPs were determined by a JEOL JEM-1400
transmission electron (TEM) microscope (JEOL Ltd.,Tokyo, Japan) operated at a 120 kV acceleration
voltage. Overview images were taken in conventional bright-field TEM mode. The samples were
prepared by casting and evaporating a droplet of hexane dispersion onto a carbon-coated copper grid
(300 mesh). The average diameter of NPs was evaluated from TEM images by statistical analysis over
about 200 NPs for each sample using ImageJ software (NIH, Bethesda, MD, USA) [42]. TEM analysis
was performed on the as-prepared samples and after three months to confirm the stability of the
nanoparticles. No significant modification in the average size nor in the size distribution of the two
components was observed, pointing out the long- term stability of the nano-heterostructures.
The hydrodynamic size of the NPs in water was measured by dynamic light scattering using a
Zetasizer Nano ZS (Malvern Panalytical Russia, Moscow, Russia). The average values with error bars
were obtained from three measurements of each sample. The hydrodynamic diameter was 107 ± 3 nm,
zeta-potential = −13.8 ± 2.0 mV.
The magnetic properties were measured with a SQUID magnetometer (Quantum Design Ltd.,
San Diego, CA, USA). Hysteresis cycles were recorded at 5 and 300 K in the field range of ±50 kOe.
The zero-field cooled and field-cooled (ZFC/FC) magnetizations were obtained by measuring the
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magnetization as a function of the temperature during heating, after cooling the sample in the presence
(MFC ) and absence (MZFC ) of an applied low magnetic field (50 Oe).
Powder X-ray diffraction (XRD) measurements were carried out using a Bruker D8 Advance
diffractometer (Bruker, MA, USA) equipped with a Cu Kα radiation (λ = 1.54178 Å) and operating in
θ–θ Bragg-Brentano geometry at 40 kV and 40 mA. XRD pattern of the sample was acquired from 25◦ to
70◦ (2θ). Lattice parameter and mean crystallite size were evaluated by TOPAS software (Bruker, MA,
USA) using the method of a fundamental parameter approach considering a cubic space group Fd33m.
The optical properties of nano-heterostructures were evaluated by UV-Vis spectroscopy, using
a Jasco V-670 double-beam spectrophotometer (JASCO Deutschland GmbH, Pfungstadt, Germany)
covering a wavelength range from 300 to 1300 nm.
To evaluate the hyperthermic efficiency of Fe3 O4 -Au NPs, calorimetric measurement of Specific
Absorption Rate (SAR) was performed using a 6 kW power supply by Fives Celes® (Lautenbach, France).
Measurements were carried out by applying an alternating magnetic field of 17 kA/m amplitude (H0 )
and 183 kHz frequency (f) on a dispersion in toluene of Fe3 O4 -Au NPs (8.0 mg/mL). The H0 and f
values, were chosen such as their product is below the tolerance limit (H0 × f = 5 × 109 Am−1 ·s−1 ),
currently accepted to avoid any undesired side effects on human beings for small region exposure [43].
The temperature of the sample was recorded using an optical fiber temperature probe (OPTOCON,
Dresden, Germany). Samples were surrounded by polystyrene and hosted in a glass Dewar to thermally
isolate the sample from the surroundings.
2.3. Cytotoxicity, Relaxivity and Biological Assessment
Human hepatocellular carcinoma cell lines Huh7 were obtained from the Japanese Collection of
Research Bioresources (JCRB, Osaka, Japan), Alexander (PLC/PRF/5, American Type Culture CollectionATCC, Manassas, VA, USA) and cultured in Eagle’s Minimum Essential Medium (EMEM) (ATCC,
Manassas, VA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltman, MA, USA) as recommended by the supplier. The cultures were incubated in a humidified 5%
CO2 atmosphere at 37 ◦ C.
HepG2 hepatoblastoma-derived cells were maintained in Dulbecco’s modified Eagle’s medium:
Nutrient Mixture F-12 (DMEM/F-12) medium (Gibco, Waltham, MA, USA) supplemented with 10%
Fetal Bovine Serum (Sigma, St. Louis, MO, USA), 2 mM L-glutamine (Gibco, Waltham, MA, USA),
antibiotics (0.1 U/mL penicillin and 0.1 µg/mL streptomycin; Gibco, Waltham, MA, USA). The cells
were cultured at 37 ◦ C in a humidified incubator supplied with 5% CO2 .
The cytotoxicity of Fe3 O4 -Au NPs was tested in human hepatic cell lines (Huh7 and
PLC/PRF/5-Alexander) at different concentrations: 0.1, 10 and 100 µg/mL. Cytotoxicity was assessed
by WST-1 assay (Sigma, St. Louis, MO, USA). The detection time points were 1, 2, 4, 6, 8, 14, 24, 48 and
72 h. Cells cultivated in medium without nanoparticles were used as a control.
T2 relaxation rate of water protons in the presence of Fe3 O4 -Au NPs and in HepG2 cells was
measured in 500 µL test tubes at 18 ◦ C in a ClinScan 7 T MRI system (Bruker BioSpin, MA, USA).
Image acquisition was performed in the Spin Echo mode with following parameters: MRI system
TR = 10 s, TE = 16, 24, . . . , 256 ms, flip angle = 180◦ , base resolution 448 × 640 pixel, field of view
84 × 120 mm2 . Signal intensities from regions of interest were determined using ImageJ, and the T2
relaxation time was calculated by exponential fitting as a function of TE. The r2 relaxivity values were
calculated from the linear fitting of T2 −1 relaxation times as a function of Fe concentration, evaluated
by in water and in HepG2 cells. The slopes represent the r2 values for Fe3 O4 -Au NPs in water and in
HepG2 cell culture used for MR imaging. For the latter experiment, cells were incubated with NPs
(100 µg·mL−1 Fe3 O4 ) during 24 h and non-bound NPs were removed by cell washing with PBS. Cells
with attached NPs were suspended in 2% agarose gel.
Total proteins were obtained from whole cells lysate using Radioimmunoprecipitation assay buffer
(RIPA) by standard manufactured protocol (Thermoscientific, Waltham, MA, USA). Protein samples
were subjected to Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis (SDS-PAGE),
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Figure 5. Temperature kinetics of a Fe3 O4 -Au NPs suspension in toluene (8.0 mg/mL) acquired applying
for 300 s an alternating magnetic field of 17 kA/m amplitude (H0 ) and 183 kHz frequency (f).
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Finally, we investigated the capability of Fe3O4-Au NPs to act as a MRI T2-contrast agent, by

Finally, we investigated the capability of Fe3 O4 -Au NPs to act as a MRI T2 -contrast agent,
measuring r2 relaxivity values in vitro in water solutions
and HepG2 cells. MR imaging of phantoms
by measuring r2 relaxivity values in vitro in water solutions and HepG2 cells. MR imaging of
phantoms composed of serial dilutions of Fe3 O4 -Au NPs demonstrated the linearity of T2 -weighted
MR signal with increasing iron concentrations (Figure 9). The transverse relaxivity coefficient r2
determined by the slope of the linear fitting curve was 166.5 mM−1 ·s−1 for Fe3 O4 -Au NPs in water
solution. This value is slightly higher than commercial T2 contrast agents (r2 ≈ 160 mM−1 ·s−1 ) [61].
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After the incubation of HepG2 cells with the NPs for 24 h, we observed a 40% decrease in r2
After
the incubation of HepG2 cells with the NPs for 24 h, we observed a 40% decrease in r2 (99.9
−1 ·s−1 ), which is in line with other reports on the MRI properties of Fe O -Au NPs in cell
(99.9 mM
3 4
mM−1·s−1), which is in line with other reports on the MRI properties of Fe−1
3O4-Au NPs in cell cultures
cultures [6,62]. For example, in [62], the r2 value decreased from −1105−1 mM ·s−1 for the suspension
[6,62]. For example, in [62], the r2 value decreased from 105 mM ·s for the suspension of NPs to 80
of NPs−1 to−1 80 mM−1 ·s−1 when the latter were incubated with A431 cells, as the proton relaxivity
mM ·s when the latter were incubated with A431 cells, as the proton relaxivity decreases upon the
decreases upon the cellular compartmentalization of the NPs. Together with a possible aggregation,
cellular compartmentalization of the NPs. Together with a possible aggregation, partial oxidation or
partial oxidation or dissolution of the NPs can also be the reason for the r2 decrease. Concerning the
dissolution of the NPs can also be the reason for the r2 decrease. Concerning the−1transverse
relaxivity
transverse relaxivity value, in a recent study by Maniglio et −1
al. [63], r2 = 147 mM ·s−1 for Fe3 O4 -Au
value, in a recent study by Maniglio et al. [63], r2 = 147 mM ·s−1 for Fe
3O4-Au flower-like NPs in water
flower-like NPs in water solution was reported. In that work, in vitro studies were also carried out on
solution was reported. In that work, in vitro studies were also carried out on MG63 and 3T3 cell
MG63 and 3T3 cell cultures, demonstrating the synergistic effect of the Fe3 O4 -Au flower-like NPs and
cultures, demonstrating the synergistic effect of the Fe3O4-Au flower-like NPs and x-ray radiation in
x-ray radiation in MG63 cell culture. Therefore, the authors suggest these NPs as a theranostic tool for
MG63 cell culture. Therefore, the authors suggest these NPs as a theranostic tool for MRI-guided
MRI-guided radiosensitization.
radiosensitization.
Intriguing in vivo studies reported the use of composite Fe3 O4 -Au NPs (core-cluster) for liver
Intriguing in vivo studies reported the use of composite
Fe3O4-Au NPs (core-cluster) for liver
diagnostics by MRI and CT [64], showing r2 =146 mM−1
·s−1 . This value is consistent with our data,
diagnostics by MRI and CT [64], showing r2 =146 mM−1·s−1. This value is consistent with our data, but
but a dumbbell-like structure like that of our NPs offers the advantage to allow a more precise control
a dumbbell-like structure like that of our NPs offers the advantage to allow a more precise control
over Fe/Au mass ratio and the relative surface area of both components. Analogously, Zhao et al. [65]
over Fe/Au mass ratio and the relative surface area of both components. Analogously, Zhao et al. [65]
investigated Fe3 O4 -Au strawberry-like NPs with the r2 value of 80 mM−1 ·s−1−1 −1in water solution and
investigated Fe3O4-Au strawberry-like NPs with the r2 value of 80 mM ·s in water solution and
demonstrated the effectiveness of such hybrids in vivo for multimodal (MRI and CT) imaging of
demonstrated the effectiveness of such hybrids in vivo for multimodal (MRI and CT) imaging of
various liver diseases. Other works reported the MRI performance of core-shell Fe3 O4 -Au NPs in vivo
various liver diseases. Other works reported the MRI performance of core-shell Fe3O4-Au NPs in vivo
in tumor-bearing animals, but not in the liver, and leaving the question of biodegradability of core-shell
in tumor-bearing animals, but not in the liver, and leaving the question of biodegradability of coreNPs open [66,67].
shell NPs open [66,67].
Finally, it should be noted that most of the studies reported so far are conducted at the clinically
Finally, it should be noted that most of the studies reported so far are conducted at the clinically
relevant magnetic fields (3 T), but sometimes higher fields (4−7 T) are used, like in our case. Indeed,
relevant magnetic fields (3 T), but sometimes higher fields (4−7 T) are used, like in our case. Indeed,
Smolensky et al. [68] have shown that the r2 of iron oxide NPs is independent of the magnetic field
Smolensky et al. [68] have shown that the r2 of iron oxide NPs is independent of the magnetic field
strength in the frequency range of 20–500 MHz. The results of relaxivity measurement obtained at 7 T
strength in the frequency range of 20–500 MHz. The results of relaxivity measurement obtained at 7
(298.06 MHz), which has a high signal-to-noise ratio and a high spatial resolution, are thus also valid
T (298.06 MHz), which has a high signal-to-noise ratio and a high spatial resolution, are thus also
for clinical scanners at lower fields.
valid for clinical scanners at lower fields.
In this framework, the Fe3 O4 -Au hybrids obtained in this study have higher r2 values than other
heterodimeric or core-shell Fe3 O4 -Au NPs currently considered for the imaging of liver cells in vitro
and thus have a high potential for further in vivo investigations. The observed high efficacy can be
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ascribed to the high crystallinity (and thus good magnetic properties) and octahedral shape of our
hybrid NPs.
4. Conclusions
In this work, Fe3 O4 -Au nanoheterostructures with an average size of 12 ± 4 nm and 6 ± 1 nm
for magnetite and gold counterparts, respectively, were synthesized. The obtained NPs showed
superparamagnetic behavior with blocking temperature of about 140 K and thus no residual
magnetization at room temperature. The saturation magnetization value (82 ± 5 emu/g), close to the
bulk value of magnetite, and the presence of the Verwey transition at about 125 K, demonstrated
the high purity of the magnetic phase. The high crystallinity and average size of the magnetic
component confer the Fe3 O4 -Au NPs the proper magnetic properties to be excellent heat mediators
for magnetic fluid hyperthermia, with an SAR value of 227 W/gFe . The NPs were functionalized with
DSPE-PEG2000 -COOH and showed a low level of liver cancer cell cytotoxicity. Cell viability was
reduced only at the highest concentration tested (100 µg/mL). The possibility to use Fe3 O4 -Au NPs
as MRI T2 -contrast agents for liver was demonstrated in vitro in a water solution containing HepG2
cells, even though a 40% reduction in r2 value was observed in cell culture, as already reported in
previous works. This study indicates that this type of hybrid NP is a good candidate for theranostics
of liver cancer, as it can be used as an MRI-contrast agent and, potentially, as a heat mediator for
magnetic fluid hyperthermia. On the other hand, the presence of the plasmonic components makes this
hybrid nanostructures appealing also for different applications such as magnetically assisted optical
sensing. Moreover, the gold surface can be further functionalized with other biomolecules to carry
additional functionality.
Due to the high relaxometric efficiency and the non-significant hepatotoxicity of the heterodimeric
nanoparticles, additional in vitro tests will be carried out in the near future to assess their efficacy
also as contrast agents for CT and as magnetically assisted optical sensors, as well as to evaluate their
antitumor activity for liver cancer treatment.
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