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Gold-coated magnetic nanoparticle as a nanotheranostic agent
for magnetic resonance imaging and photothermal
therapy of cancer
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Abstract Because of their great scientific and technological
potentials, iron oxide nanoparticles (IONPs) have been the focus
of extensive investigations in biomedicine over the past decade.
Additionally, the surface plasmon resonance effect of gold
nanoparticles (AuNPs) makes them a good candidate for
photothermal therapy applications. The unique properties of
both IONPs (magnetic) and AuNPs (surface plasmon reso-
nance) may lead to the development of a multi-modal
nanoplatform to be used as a magnetic resonance imaging
(MRI) contrast agent and as a nanoheater for photothermal ther-
apy. Herein, core–shell gold-coated IONPs (Au@IONPs) were
synthesized and investigated as an MRI contrast agent and as a
light-responsive agent for cancer photothermal therapy.

The synthesized Au@IONPs were characterized by UV–
visible spectroscopy, transmission electron microscopy
(TEM), dynamic light scattering (DLS), and zeta potential
analysis. The transverse relaxivity (r2) of the Au@IONPs
was measured using a 3-T clinical MRI scanner. Through a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay, the cytotoxicity of the Au@IONs was
examined on a KB cell line, derived from the epidermal car-
cinoma of a human mouth. Moreover, the photothermal ef-
fects of Au@IONPs in the presence of a laser beam
(λ = 808 nm; 6.3 W/cm2; 5 min) were studied.

The results show that the Au@IONPs are spherical with a
hydrodynamic size of 33 nm. A transverse relaxivity of
95 mM−1 S−1 was measured for the synthesized Au@IONPs.
It is evident from theMTT results that no significant cytotoxicity
in KB cells occurs with Au@IONPs. Additionally, no significant
cell damage induced by the laser is observed. Following the
photothermal treatment using Au@IONPs, approximately 70%
cell death is achieved. It is found that cell lethality depended
strongly on incubation period and the Au@IONP concentration.

The data highlight the potential of Au@IONPs as a dual-
function MRI contrast agent and photosensitizer for cancer
photothermal therapy.
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Introduction

Cancer is a disease of the cell in which the normal control
mechanisms of cell growth and proliferation are disturbed
[1, 2]. Presently, several novel nanotechnology-based
methods for cancer diagnosis and therapy are under
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investigation, and the synthesis of various nanoparticles with
particular properties has been the focus of extensive research
over the past decade [3–5]. Among these nanoparticles, iron
oxide nanoparticles (IONPs) and gold nanoparticles (AuNPs)
are of particular interest for developing unique systems with
high potential in cancer diagnosis and therapy [6–8].

IONPs may simultaneously offer various functions. As a
multi-functional nanoparticle, IONP can be considered as a
good (a) drug carrier, (b) radiosensitizer in radiotherapy, (c)
magnetic hyperthermia agent, and (d) contrast agent inmagnetic
resonance imaging (MRI) even at low concentrations [6, 9–11].
Normal tissues and tumors differ only slightly in relaxation
time, and MRI alone may not be accurate enough to enable a
proper diagnosis.MRI contrast agents clarify images to improve
the interpretation. The development of new contrast agents
based on new nanomaterials is a fascinating field of research
that focuses on improving MRI techniques for the early detec-
tion of disease. IONPs have been extensively employed as a
negative contrast agent, altering the MR signal by reducing
the T2

* and T2 values through de-phasing of the transverse
magnetization [12]. The polymeric surface modification of
IONPs increases their circulation half-life in blood and de-
creases their oxidation and toxicity in biological media [13,
14]. Gold shell coatings may also be useful in this regard due
to their high chemical stability and biocompatibility. In addition,
the plasmon-derived optical resonances of gold shells in the
visible and near-infrared region (NIR) allow them to serve as
diagnostic and therapeutic agents simultaneously [15, 16].

Gold nanoparticles (AuNPs) have represented a completely
novel technology in the field of nanoparticle-based cancer
therapy. AuNPs have unique properties involving the absorp-
tion of laser light that make them suitable to be used in cancer
photothermal treatment. When a laser beam is irradiated to
AuNPs, light is absorbed by the nanoparticles and then the
free electrons exhibit a collective coherent oscillation around
the nanoparticle surface [16, 17]. This coherent oscillation is
induced as a result of a well-known phenomenon called local-
ized surface plasmon resonance [18]. The absorbed light is
converted into heat through a series of photo-physical process-
es [19]. In fact, the light is quickly converted to heat, and a hot
metallic lattice is formed by (a) electron–electron relaxation
occurring on femto-seconds and (b) electron–phonon relaxa-
tion occurring on the picoseconds. The hot metallic lattice
then cools off by phonon–phonon relaxation [18]. As a result,
if cancer cells are loaded by AuNPs and then irradiated with
appropriate laser (even with the energy as low as 100 nJ), the
lattice temperature is highly increased [18]. The generated
heat is dissipated from the nanoparticles into the surrounding
environment, and the released heat from nanoparticles may
cause fatal damage to cancer cells through local overheating
effects [20]. Accordingly, AuNPs are considered to be an el-
egant photothermal agent in therapeutic applications, especial-
ly in cancer treatment [21].

Considering the mentioned properties of IONPs and
AuNPs, it seems that combination of both nanoparticles in a
single nanocomplex may offer good potentials in the fields of
cancer diagnosis and therapy. Recently, core–shell gold-
coated IONP (Au@IONP) nanocomplex has been introduced
as a new class of multi-functional nanoparticles in the various
areas of cancer nanotechnology such as cancer cell imaging,
radiation therapy, and photothermal therapy [22]. In this study,
after the preparation of core–shell Au@IONPs, the capability
of this nanocomplex in enhancing the contrast of MR images
and its photothermal effects on KB cell line were assessed.
Moreover, the effects of incubation time and nanoparticle con-
centration on cell lethality and the contrast ofMR images were
determined.

Materials and methods

Materials

Iron (II) chloride tetrahydrate (>99%), iron (III) chloride hexa-
hydrate (>99%), ammonia (32%), methanol (99.9%), and tol-
uene (>99%) were purchased from Merck (Darmstadt,
Germany). (3-Aminopropyl)trimethoxysilane (97%) was pur-
chased from Fluka (Switzerland). Gold(III) chloride solution
was purchased from Sigma (USA). Deionized water was used
in all experiments.

Core–shell Au@IONP synthesis procedure

Core–shell Au@IONPs were synthesized based on the method
that has recently been published by Montazerabadi et al. [12].
Briefly, IONPs were synthesized using a modification of the
co-precipitation method of Massart [23]. First, 12.5 mL of NH3

(2M) was added dropwise to a 2:1 solution of FeCl3.6H2O and
FeCl2.4H2O under mechanical stirring. When the addition was
completed, the sediment was separated by an external magnetic
field, washed three times with methanol, dispersed in 50 mL of
toluene, and stored as the source of the IONP colloidal solution.
Then, (3-aminopropyl)trimethoxysilane (APTMS) (25μL) was
added to12.5 mL of the IONPs and sonicated for 30 min. The
solution was heated for 4 h at 60 °C in an oven. The sediment
was separated by a magnetic field, washed three times with
methanol to remove the extra APTMS and toluene, and dis-
persed in methanol.

To form the gold shell on the surface of the IONPs, AuNPs
with a diameter less than 3 nmwere prepared as detailed in the
literature [24] and immobilized onto the surface of the
APTMS-functionalized IONPs. For this purpose, 4 mL of
APTMS-functionalized IONPs (51.5 mM Fe) in methanol
was added dropwise to a 25 mL solution of undiluted
AuNPs (0.198 mM Au). Next, 4 mL of methanol and 10 mL
of water were added to maximize the coverage of AuNPs on
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the IONP surface. After 2 h of stirring at room temperature,
the AuNPs were immobilized onto the surface of the IONPs.
The resulting nanoparticles were separated magnetically,
washed three times with DI water, and dispersed in 15 mL
of DI water. Finally, 0.011 g of chloroauric acid was added to
the 15 mL solution of prepared Au immobilized on the IONP
surface under sonication. To complete the shell formation,
0.4 mL (78.9 mM) of ascorbic acid was added. After 2 h of
incubation, a continuous and complete Au shell layer was
formed on the IONP surface.

Au@IONP characterization

To determine the shell thickness and size distribution of the
core–shell nanocomplex, high-resolution transmission elec-
tron microscopy (HR-TEM) was performed on at least 50
individual Au@IONPs and the size of each particle was mea-
sured using ImageJ software (1.44 P, NIH, USA). The UV–
visible (UV–Vis) absorption spectra of the Au@IONP dis-
persed in water were recorded using a Rayleigh UV-1601
instrument. The hydrodynamic size and zeta potential of
Au@IONPs were measured using a Malvern instrument.

In vitro experiments

MRI relaxometry

Relaxometry refers to the measurement of the relaxation var-
iables in MRI to determine the specific physical and chemical
properties of materials. Solutions of Au@IONPwere prepared
in water at equivalent concentrations of 0.03, 0.06, 0.12, 0.25,
0.5, and 1 mM Fe for the relaxivity measurements. All mea-
surements were conducted at room temperature using a 3-T
MRI clinical scanner (Magnetotrio, Siemens). T2 relaxivity
was determined using spin-echo acquisition utilizing 32
echo-times (TE) ranging from 12 to 384 ms and a repetition
time (TR) of 3000 ms. The other scan parameters were as
follows:

Field of view 7 cm; slice thickness 3 mm; and acquisition
matrix 256 × 128.

The ability of a contrast agent to enhance the proton relax-
ation rate is determined by the relaxivity (ri) which decreases
the longitudinal and transverse relaxation times. The equa-
tions for the relaxivity of each contrast agent are as follows:

1

T1

� �
Observed

¼ 1

T1

� �
intrinsic

þ r1C ð1Þ

1

T2

� �
Observed

¼ 1

T2

� �
intrinsic

þ r2C ð2Þ

where T1 and T2 are the longitudinal and transversal relaxa-
tions, C is the concentration (molar) of the contrast agent, and

r1 and r2 are the relaxivity constants of the agent. The
relaxivity of the synthesized Au@IONPs was calculated by
linear curve fitting of the relaxation rates of different concen-
trations versus concentration. Calculations were performed
using Microsoft Excel software.

Cell culture

Human nasopharyngeal carcinoma cell line KB was pur-
chased from the Pasteur Institute of Iran (Tehran, Iran). This
cell line was maintained in Roswell Park Memorial Institute
medium (RPMI-1640) (Gibco, NY, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco, NY, USA), 300 U/mL
of penicillin (Sigma-Aldrich, MO, USA), and 200 mg/L of
streptomycin (Sigma-Aldrich, MO, USA). KB cells were cul-
tured as a monolayer at a density of 104 cells/cm2 in T-25
tissue culture flasks. The cultures were maintained at 37 °C
in a humidified atmosphere of 5% CO2.

Cytotoxicity assay

When the cells were 80% confluent, they were detached with
trypsin-EDTA. The cells were then centrifuged at 200 g for
7 min and counted using trypan blue to determine viability.
Cells were seeded at a density of 5000 cells/well and incubat-
ed with Au@IONPs at different concentrations (0 (control),
10, 25, and 50 μg/mL) in flat-bottom 96-well plates for 6 and
12 h. Then, the nanoparticles were removed and replaced with
fresh culture medium supplemented with 10% FBS, and the
plate was kept in CO2 incubator overnight (24 h is often used
as an incubation period in the evaluation of cytotoxicity ef-
fects of chemical agents because of the direct effects of these
agents on cells [25]). The retention of regenerative potential
was estimated using the MTT-tetrazolium assay, which mea-
sures the ability of metabolically active mitochondria in live
cells to reduce a colorless tetrazolium compound to a blue
formazan product. To perform this assay, the culture medium
was removed, 100 mL of culture medium without FBS and
10 mL of MTT (5 mg/mL in PBS) were added to each well,
and the plate was returned to the incubator. After 4 h, the
medium was removed from the wells, and the cells were lysed
with 200 mL of DMSO. After the formazan product was dis-
solved, the absorbance at 570 nm was measured using an
ELISA reader (Stat Fax-2100 Awareness, Mountain View,
CA, USA). The relative survival was represented as the ab-
sorbance of the treated sample divided by absorbance of the
control group. Eight replicates were used for each condition,
and the experiments were repeated at least three times.

Photothermal treatment

In addition to the previous step, KB cells were seeded at a
density of 104 cells/well and incubated with Au@IONP at
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different concentrations (0 (control), 10, 25, and 50 μg/mL) in
flat-bottom 96-well plates for 6 and 12 h. Then, the nanopar-
ticles were removed and replaced with fresh culture medium.
Each well was separately irradiated by an 808-nm laser
(Nanobon Company, Tehran, Iran) with a power density of
6.3 W/cm2 for 5 min. The light spot covered 1 well, which
was considered as one experimental group. Following the
photothermal treatment, the cells were relocated to the incu-
bator for overnight. It should be noted that sufficient control
groups were considered for the Au@IONP complex and light
exposure, separately.

Thermometry

In this section of study, temperature distributed in each well of
a microplate during photothermal therapy process was mea-
sured. KB cells were seeded in 96-well cell culture microplate
at a density of 104 cells/well and incubated for 24 h at 37 °C in
a humidified 5% CO2 atmosphere. The medium solution con-
taining Au@IONP nanocomplex (at concentration of 50 μg/
mL) was prepared and added to the cells. After 6 h incubation,
the culture medium was removed. The cells were washed
twice with PBS to remove unloaded nanoparticles, and then
fresh medium was added. The 96-well microplate was placed

on a warm surface at constant temperature of 37 °C. After
reaching thermal equilibrium between the warm surface and
96-well microplate, the cells were irradiated by laser. Laser
exposure conditions were selected similar to what reported for
in the previous section. The distance between the plate and
laser source was set to cover the entire surface of a well.
Temperature variations of the cells were monitored with a
digital infrared thermal camera (Testo 875-1i, Germany) dur-
ing laser irradiation.

Statistical analysis

The results are expressed as the mean values ± SEM (standard
error of mean). Statistical analysis was performed using a one-
way analysis of variance (ANOVA) followed by Tukey’s test
as the post-hoc analysis using SPSS version 12. A value of
P < 0.05 was considered to be significant.

Results

According to Fig. 1a, the size distribution of the synthesized
core–shell Au@IONP nanocomplex ranges from 20 to 50 nm
and the highest frequency is located at 33 nm. The zeta

Fig. 1 (a) Size distribution of the
synthesized Au@IONPs. (b) Zeta
potential distribution of the
synthesized Au@IONPs

1472 Lasers Med Sci (2017) 32:1469–1477



potential of nanocomplex is shown in Fig. 1b in which one
may find the surface potential of nanoparticles is −7.73 mV.

Figure 2 shows the UV–Vis spectra obtained at different
steps of the nanoparticle synthesis procedure to confirm the
formation of a complete core–shell. Figure 2a and b shows the
UV–Vis spectra of the IONPs and the AuNPs, respectively.
The UV–Vis spectral curve of the core–shell nanoparticles is
presented in Fig. 2c. According to Fig. 2c, the surface plasmon
resonance band for the Au@IONPs shows a red-shift and
broadening of the peak in comparison with the AuNPs, which
is commonly observed in other Au bimetallic systems [26].

Figure 3 shows TEM images of core–shell Au@IONPs in
which a dense uniform coating of Au on the IONP surface is
visible. Additionally, it is observable from Fig. 3 that the core
size of the Au@IONP and the gold shell thickness are less
than 30 and 5 nm, respectively.

Based on our MR relaxometry experiments and Eqs. (1)
and (2), it was revealed that the longitudinal and transverse
relaxivities of the synthesized core–shell Au@IONP are
0.87 mM−1 S−1 and 95.03 mM−1 S−1, respectively (Fig. 4a
and b).

We investigated the cytotoxicity effects of the core–shell
Au@IONP on KB cells in various concentrations ranging
from 0 to 50 μg/mL. Furthermore, cytotoxicity was investi-
gated for different incubation periods of 6 and 12 h. The re-
sults achieved by performing cytotoxicity tests on KB cells are
demonstrated in Figs. 5 and 6. According to these figures, no
significant cytotoxicity is observed at concentration of 10 μg/
mL and a moderate cytotoxicity was seen at the higher nano-
particle concentrations. To study the effect of the laser on KB
cells, different exposure times (from 2 to 20 min) were exam-
ined and the laser was used to irradiate the cells in the absence
of nanoparticles. These examinations were conducted to ob-
serve how the exposure time changes the percentage of KB
cell survival. We observed that a 20-min laser exposure in-
duces significant cell death while no significant cell lethality
took place when an exposure time of 5 min was applied.

Accordingly, we selected 5 min as the exposure time for all
nanophoto-thermal treatment procedures.

A significant difference is found between non-irradiated
samples and irradiated samples in terms of cell viability
(P < 0.05 for each Au@IONP concentration). Figure 5 shows
that the viability of KB cells exposed to Au@IONP at con-
centrations of 0, 10, 25, and 50 μg/mL without laser

Fig. 3 High-resolution transmission electron microscope images of the
synthesized Au@IONP nanocomplex
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Fig. 2 UV–visible spectra of different nanoparticles: (a) IONPs, (b)
AuNPs, and (c) the synthesized Au@IONP core–shell

Fig. 4 (a) Longitudinal relaxation rates versus concentration of Fe (mM)
for the synthesized Au@IONP nanocomplex (Bo^ stands for Bobserved^
and Bi^ stands for Bintrinsic^). (b) Transverse relaxation rates versus
concentration of Fe (mM) for the synthesized Au@IONP nanocomplex
(Bo^ stands for Bobserved^ and Bi^ stands for Bintrinsic^)
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irradiation changes from 100 to 98, 92, and 88%, respectively.
These percentages are reduced to 84, 65, and 44% when the
laser was used to irradiate the KB cells. The effects of incu-
bation time on the photothermal treatment are observable in
Fig. 6. According to Fig. 6, it is found that the viability of KB
cells exposed to Au@IONPs at concentrations of 0, 10, 25,
and 50 μg/mL for 12 h without laser irradiation changes from
100 to 93, 86, and 80%, respectively. These percentages are
respectively reduced to 76, 53, and 31% when the laser was
used to irradiate the KB cells.

In the next section of this study, we studied the thermal
distribution profile of KB cells treated with nanophoto-
thermal method. The background temperature was approxi-
mately 37 °C. As seen in Fig. 7a, temperature of each well
containing nanocomplex is lower than background. The rea-
son seems to be relevant to the presence of water in these
wells. When the laser is used to irradiate the well containing
KB cells in the absence of nanocomplex, it was observed that
temperature increased to 39.7 °C (Fig. 7b). Laser irradiation to
the KB cells incubated with nanocomplex caused ~10 °C in-
crease in temperature (Fig. 7c). This experiment shows that
temperature is distributed homogeneously in each well receiv-
ing nanophoto-thermal therapy.

Discussion

As shown in Figs. 1 and 3, the synthesized nanocomplex is
spherical in shape and the size of nanoparticles is smaller than
40 nm. TEM and UV–visible spectrum of nanocomplex con-
firmed the formation of gold shell. To form an appropriate Au
shell, two steps were considered. In the first step of the syn-
thesis, the fine AuNPs (<3 nm) were conjugated to amine
groups presented on the surface of IONPs. In the second step,
we used Au3+ ions and ascorbic acid as a well-known mild
reducing agent [22]. In this step, ascorbic acid reduces Au3+ to
Au1+ ions and finally Au1+ ions are reduced to Au atoms by
those fine AuNPs presented on the surface of IONPs. The
process of reduction of Au ions is very slow and controllable.
As a result, a uniform Au shell was formed (Fig. 3). Thickness
of Au shell may be directly adjusted by the amount of Au ions
used in the reaction.

It was also found that zeta potential of nanocomplex is of
−7.73 mV, and such a potential is not good enough to keep the
particles from clustering together. As a result, incipient insta-
bility of the nanocomplex must be modified. Surface coating
of the nanocomplex with poly-ethylene-glycol (PEG) is one of
the best solutions to increase the stability and solubility of the
nanocomplex [12].

As shown in Fig. 2, a characteristic surface plasmon reso-
nance peak clearly occurs near 600 nm for Au@IONPs. This
is the characteristic absorption property of gold nanoshells,
ensuring that the gold nanoshell structure was successfully
formed. The biocompatibility assessment of Au@IONPs even
at highest used concentration (50 μg/mL) and longest incuba-
tion period (12 h) shows a cell viability of 80%, demonstrating
that Au@IONPs induce low cytotoxicity in KB cells.
Moreover, the evident darkening of MR images is observed
with increases in iron concentration. The finding of the MRI
relaxometry experiments confirms the T2-enhancing capabili-
ty of Au@IONPs, making them useful contrast agents for
MRI.

Current clinically used thermal ablation methods utilize
various sources of energy such as radiofrequency waves, mi-
crowaves, ultrasound, and alternative magnetic fields [27].
These thermal therapy approaches have two major common
limitations including nonspecific heating of targeted tissues
and potential injury to surrounding healthy tissues.
Photothermal ablation approaches may provide improved
tumor-specific heating with new and emerging nanomaterials
aiding to photosensitize the targeted tissues. Here, we pre-
pared iron oxide-core gold shell nanoparticles and applied
such nanoparticles in photothermal therapy of KB cells.
Au@IONPs were internalized in KB cells and permitted
photothermal ablation in a controllable manner with decreas-
ing cell viability dependent upon some variables.

In practice, we investigated the role of two factors on the
efficacy of the photothermal ablation of KB cells: (1) the
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effect of nanoparticle concentration and (2) the effect of the
incubation time of nanoparticles with KB cells. The highest
level of cell death following 5 min laser irradiation is observed
at a nanoparticle concentration of 50μg/mL and an incubation
time of 12 h. According to our in vitro experiments, we con-
clude that longer incubation time may be preferred over using
higher concentrations of nanoparticles to reach a higher level
of cell death. Similar observations have been reported in sev-
eral prior studies using various gold nanomaterials as
photothermal agents for the ablation of human prostate cancer
cells, murine renal carcinoma cells, mouse fibroblast cells, and
human breast cancer cells [28, 29].

It has been recently confirmed that whenNIR laser is utilized,
the corresponding energy absorption values in this wavelength
range for Au@IONP are directly converted to heat that may
result in a good heating profile. The Au shell is the component
responsible for the NIR absorption and resulted in the cell dam-
age by this nanocomplex. However, bare Fe3O4 nanoparticles
did not show absorption peaks in the area of NIR, and no heating
may be achieved following NIR laser irradiation [28]. Gue et al.
have demonstrated that the temperature increases relatively
slowly from 8 to 13 °C for PANC-1 cells receiving NIR irradi-
ation alone. They also have demonstrated that temperature
changes during NIR irradiation (power density 3.2 W/cm2) are
increased dramatically from 7 to 60 °C when the PANC-1 cells
are incubated with 25 μg/mL of Au@IONP for 24 h [28].

On the other hand, various image-guided thermal therapy
methods have been widely promoted with current imaging mo-
dalities such as X-ray computed tomography, optical imaging,
andMRI [30–32]. However, X-ray computed tomography uses
ionizing radiation to form an image and safety considerations
would limit the human studies. Depth penetration issues in
optical imaging limit the applications of this modality to only
superficial tissue examinations. As a result, MRI may offer the
greatest potential for clinical translation. The integration of
MRI and photothermal therapy for cancer allows the physicians
to potentially adjust laser irradiation parameters (power density
and duration) based upon MRI assessments of nanoparticle
deposition within the targeted tumor tissues.

The current study reveals the effectiveness of using core–
shell Au@IONPs as a potent MRI-visible photosensitizer dur-
ing the laser irradiation of cancer cells. There have also been
some other studies showing that other types of nanoparticles
can perform similarly well for these types of applications [28,
33]. The noticeable combination of properties of IONPs and
AuNPs with the local application of NIR laser irradiation of-
fers a promising approach for the photothermal ablation ther-
apy of nasopharyngeal carcinoma [16, 34]. MRI studies dem-
onstrated that Au@IONPs may be utilized as a good T2 con-
trast agent, and it is expected that nasopharyngeal carcinoma
may be better observed if Au@IONPs are internalized into
cancer cells.

Considering the promising initial results obtained for the
synthesized Au@IONPs in the current in vitro study and some
other relevant reports published by other people [35], a reason-
able scenario may be proposed for efficient diagnosis and ther-
apy of cancers, particularly head and neck carcinomas. Vogl
et al. reported their clinical data on six patients with nasopha-
ryngeal tumors receiving laser-induced thermotherapy (LITT).
They detected the margins of the tumors using MRI and
then utilized laser irradiation to treat the patients. Laser
light was transmitted to cancer tissues using an optical
fiber. Also, Vogl et al. used MRI to obtain information
about thermal dose distribution when the LITT process
was performed [35]. Combination of Au@IONPs with
the work done by Vogl et al. may be led to (a) more sensi-
tive detection of cancer lesions using MRI (because of the
presence of magnetic nanoparticles in the Au@IONP
nanocomplex) and (b) enhancement of laser therapy effi-
cacy (because of the presence of AuNPs in the Au@IONP
nanocomplex). This scenario may led to better output if
early detected nasopharyngeal tumors are considered as
the targets, because such tumors have high chances for
laser therapies [36, 37]. To achieve a rapid test for early
detection of nasopharyngeal tumors, we have recently pro-
duced a nanotechnology-based immuno-chromatographic
assay kit with good sensitivity and specificity for screening
this type of carcinomas [38].

Fig. 7 Thermal distribution profile of a 96-well microplate containing KB cells treated by (a) the nanocomplex, (b) laser, and (c) a combination of the
nanocomplex and laser
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Considering all potentials stated above, we may be able to
detect nasopharyngeal carcinomas at early stages, identify the
cancer lesions using MRI and Au@IONP (as a contrast agent),
and try to treat the early detected nasopharyngeal tumors with a
higher chance. This way, we believe nanomedicine may hold
great promises to increase the efficiency of cancer diagnosis
and therapy. Certainly, additional investigations are needed to
rigorously examine the potential therapeutic efficacy of the
presented approach with in vivo preclinical animal model stud-
ies. It is also expected the suggested approach may overcome
the limitations of current thermal ablation methods by limiting
unwanted damage to adjacent normal tissues.

Conclusions

We report the synthesis and characteristics of core–shell
Au@IONPs using APTMS as a linker between Au and the
IONP. UV–visible spectroscopy and TEM confirm the forma-
tion of layered core–shell Au@IONPs. Because this synthe-
sized nanocomplex contains IONPs, it can be applied to MR
imaging as a new contrast agent. The significant light absorp-
tion of this new synthesized nanocomplex makes it a promis-
ing material for use in cancer photothermal therapy or the
thermal ablation of tumors.

The conclusion of our experiments may be summarized as
follows:

& The synthesized core–shell Au@IONPs are an appropriate
MRI contrast agent.

& This nanocomplex may be considered relatively safe to
cells even for a long period of incubation time.

& This nanocomplex can be heated to the desired tempera-
ture level through exposure to an 808 nm laser according
to the procedure introduced in this report.

& The results of our studies show that the nanocomplex con-
centration plays an important role in the photothermal cell
destruction.

& Our findings show the process of the nanocomplex enter-
ing the cells is strongly time-dependent.
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