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Abstract

Recent efforts in the area of photothermal therapy (PTT) follow two important aims: (i) selective targeting of plasmonic
nanoparticles to the tumor and (ii) real-time guidance of PTT operation through employing multimodal imaging modalities. In
the present study, we utilized a multifunctional theranostic nanoplatform constructed from iron (III) oxide—gold (Fe,O;@ Au)
core—shell nanoparticles to fulfill these aims. The Au shell exhibits surface plasmon resonance, a property that is exploited to
realize PTT. The magnetic core enables Fe,O;@ Au to be employed as a magnetic resonance imaging (MRI) contrast agent.
Furthermore, the magnetic core has the potential to establish a magnetic drug targeting strategy through which Fe,O;@Au
can be directed to the tumor site by means of magnetic field. To test these potentials, Balb/c mice bearing CT26 colorectal
tumor model were intravenously injected with Fe,O;@ Au. Immediately after injection, a magnet was placed on the tumor site
for 3 h to concentrate nanoparticles, followed by the near infrared (NIR) laser irradiation. MRI study confirmed the accumu-
lation of nanoparticles within the tumor due to T2 enhancement capability of Fe,O;@ Au. The in vivo thermometry results
demonstrated that the tumors in magnetic targeting group had a significantly higher temperature elevation rate upon NIR
irradiation than non-targeted group (~ 12 °C vs. 8.5 °C). The in vivo antitumor assessment revealed that systemic injection
of Fe,O;@Au in combination with magnetic targeting and NIR irradiation resulted in complete remission of tumor growth.
Therefore, Fe,0;@ Au can establish a targeted PTT strategy for efficient eradication of tumor cells under the guidance of MRI.
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Gold nanoparticles (AuNPs) are the most-commonly used
light-responsive nanomaterial that have gained considerable
attention in photothermal therapy (PTT) during last decade.
When subjected to laser light, AuNPs are able to transform

optical energy into heat, resulting in temperature rise of the
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surrounding medium. Therefore, preferential targeting of
AuNPs to the tumor and then subsequent laser irradiation
can realize a selective heat delivery strategy for thermal
ablation of tumor cells (Abadeer and Murphy 2016; Eustis
and El-Sayed 2006; Mirrahimi et al. 2019; Farashabhi et al.
2019). The relatively short absorption wavelength of AuNPs
of spherical shape in the visible region (~520 nm) is the
major limitation of PTT, because the laser penetration depth
is significantly limited due to strong absorption of light
by tissue compositions such as hemoglobin and melanin.
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Near-infrared (NIR) region (700-1100 nm) is deemed to be
an “optical therapeutic window” for PTT due to the minimal
absorption of light by tissue (Qin and Bischof 2012). There-
fore, the design and application of other structures of AuNPs
such as nanoshells, nanorods and nanocages which are able
to be tuned across the NIR region has been suggested as a
possible solution to modify the penetration depth issue of
PTT (Zhao et al. 2014; Tong et al. 2009; Chen et al. 2010).

The core—shell structure of iron oxide—gold nanopar-
ticles (Fe,O;@Au) has been the result of recent research
efforts to promote the applicability of PTT (Mirrahimi et al.
2018; Ghaznavi et al. 2018). The Au shell constitutes the
light-responsive part of this nanocomplex than can be uti-
lized in PTT. Meanwhile, the core—shell structure leads to
a red-shift in the plasmon band, thereby enabling the use
of NIR laser for photoactivation of this nanocomplex. The
iron core of this nanocomplex on the other hand can be used
as a negative contrast agent in T2-weighted magnetic reso-
nance imaging (MRI). The magnetic core gives the ability
to enhance the transverse relaxation rates of water protons,
thereby creating hypointense signal areas at the spatial loca-
tion of Fe,0;@ Au, appearing as black spots on MR images
(Eyvazzadeh et al. 2017). Moreover, the iron core enables
a magnetic drug targeting (MDT) capability through which
Fe,0;@Au can be directed to the desired location under an
external magnetic field.

In previous efforts, we have highlighted the theranostic
performance of Fe,0;@ Au for photothermal ablation and
MR imaging of cancer cells in vitro (Mirrahimi et al. 2018;
Eyvazzadeh et al. 2017). In the present study, we attempt to
take the full advantages of Fe,O;@Au to realize a targeted
PTT under MRI guidance in vivo. For this purpose, CT26
colon tumor-bearing mice were injected with Fe,0;@Au
and then subjected to an external magnetic field concentrated
on the tumor site. The in vivo biodistribution of the nano-
particles was tracked through MRI to ensure that they were
accumulated within the tumor. Next, mice were irradiated
with NIR laser and the antitumor efficacy of this strategy
was assessed through histological analysis and follow-up of
tumor growth.

Materials and methods
Materials

Iron (II) chloride tetrahydrate (>99%), iron (III) chloride
hexahydrate (>99%), ammonia (32%), hydrochloric acid
(HCI), nitric acid (HNO;), N-hydroxysuccinimide, dicy-
clohexylcarbodiimide were purchased from Merck (Darm-
stadt, Germany) for synthesis of nanoparticles. Dubelco’s
Modification of Eagle’s Medium (DMEM) was purchased
from GIBCO (Invitrogen, Germany). Fetal bovine serum
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(FBS) was purchased from BioSera Ltd. (Ringmer, United
Kingdom). Trypsin-ethylenediaminetetraacetic acid (EDTA)
and penicillin—streptomycin solution were purchased from
Sigma-Aldrich Corp. (St Louis, MO, USA). All the materi-
als were used for cell cultures.

Synthesis and characterization of Fe,0;@Au

The method for synthesis of Fe,O;@ Au has been reported
in our recent paper (Mirrahimi et al. 2018). Transmission
electron microscopy (TEM; LEO906-ZEISS) was carried
out to obtain information about the size and morphology
of Fe,0;@Au. The hydrodynamic diameter of the nano-
particles in water was measured by dynamic light scatter-
ing (DLS, Zetasizer Nano ZS-90 instrument). The optical
absorption spectra of Fe,0;@Au and AuNPs were also
recorded using the Rayleigh UV-1601 instrument.

Tumor induction

CT26 cell line derived from mouse colon adenocarci-
noma and male BALB/c mice (5-8 weeks old and weigh-
ing 20-25 g) were obtained from Pasteur Institute of Iran.
Cells were cultured in RPMI 1640 medium with 10% FBS,
100 units/ml penicillin, and 100 pg/ml streptomycin at 37 °C
in 5% CO,. Cells were harvested by trypsinizing cultures
with 1 mM EDTA/0.25% Trypsin (w/v) in PBS. After three
passages, 2 x 10° CT26 cells suspended in 200 ul RPMI 1640
solution were injected subcutaneously on the right flank of
BALB/c mice. All the animal experiments were conducted
in accordance with guidelines established by the Institutional
Animal Care Committee.

In vivo MRI study

The magnetic core of Fe,0;@ Au enables to track the loca-
tion of nanoparticles via MRI. Therefore, to determine the
tumor localization of nanoparticles, mice were injected with
nanoparticles via intratumoral (I.T) and intravenous (I.V)
administration routes at the same concentrations as used in
photothermal experiment (Sect. “In vivo antitumor experi-
ments”). MRI examination was conducted at 30 min post I.T
injection and 24 h post L.V injection. Moreover, to test the
magnetic targeting capability of the nanoparticles, a magnet
(magnetic field strength of 0.4 T) was placed on the tumor
subsequent to 1.V injection of nanoparticles for 3 h, and
then the mice were imaged. These time intervals between
nanoparticle injection and MRI imaging were optimized in
a pilot MRI study, so that the nanoparticles showed maxi-
mum tumor accumulation at these time points. MRI study
was performed using Philips superconductor clinical MR
system (1.5 T) with the following acquisition parameter: T2*
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weighted gradient echo, TR 250 ms, TE 11 ms, FA 25, slice
thickness 2 mm and FOV of 386 mm X 248 mm.

In vivo antitumor experiments

The experiments were initiated when the tumor volume grew
to approximately 100 mm?. Mice were randomly divided
into six groups (n=35) and subjected to various treatments
including: control (untreated), 1.V injection of Fe,0;@Au
[(Au): 1 mM, (Fe): 2 mM, 0.2 ml], NIR laser, I.T injection
of Fe,0;@Au [(Au): 1 mM, (Fe): 2 mM, 0.05 ml] +NIR
laser, 1.V injection of Fe,0;@Au+ NIR laser and 1.V injec-
tion of Fe,0;@Au+MDT + NIR laser. The time intervals
adopted between I.T and 1.V injections of nanoparticles
and laser irradiation were 30 min and 24 h, respectively.
For magnetic targeting (MDT) group, immediately after .V
injection, a magnet was placed on the tumor site for 3 h to
concentrate nanoparticles within the tumor, and thereafter
the tumors were exposed to laser. For laser irradiation, mice
were exposed to a continuous-wave 808 nm NIR laser source
(Nanobon Company, Tehran, Iran) at the intensity of 1.4 W/
cm? for 15 min. During laser irradiation, the temperature
changes of the tumors were monitored in real-time using an
infrared thermal imaging camera (Testo 875-1i, Germany).
To estimate the antitumor effect of various treatments, the
tumor volume changes were monitored during 28 days of
study span. The tumor volume was calculated as: g X length
X (width)?. The body weight and general condition of mice
were also recorded during the treatment course. Moreover,

Fig. 1 Characterization of
Fe,0;@ Au nanoparticles. a
TEM image and b size distribu-
tion histogram of Fe,0;@

Au. The effective diameter

of Fe;0;@Au is ~37 nm. ¢
UV-Vis spectra of the solution
of Fe,0;@Au and AuNPs.
Fe,0;@Au shows a red-shift
in the plasmon band with the
absorption peak at 563 nm

(b)

histological examination of tumor tissue extracted from
mice was performed at 48 h post-treatment using hematoxy-
lin—eosin (H and E) staining.

Statistical methods

Statistical analysis was performed by one-way ANOVA test
using SPSS software (versionl1). Then, the Tukey test at
95% confidence level was used as a post hoc test for pairwise
comparison of means of the treatment groups. Measurement
data are mean + standard deviation (SD). A value of P <0.05
was considered statistically significant.

Results
Characterization of Fe,0;@Au

As shown in Fig. 1a, TEM image of nanoparticles reveals
that they have a magnetic core with the average diameter of
22 nm and Au shell with ~5 nm thickness uniformly cov-
ers the magnetic core. Hydrodynamic diameter of Fe,O;@
Au measured by DLS shows that the effective diameter of
nanoparticles is ~37 nm (Fig. 1b). Moreover, nanoparticles
displayed a red-shift in the plasmon band with the peak
absorption at 563 nm and a significantly higher absorption
at the NIR region (700-1100 nm) than AuNPs (Fig. 1c).
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In vivo MRI study

Firstly, the possibility to identify the in vivo localization of
Fe,0;@ Au through MRI was explored. As shown in Fig. 2a,
LT injection of Fe,0;@Au created markedly dark regions
in the T2-weighted MR image of the tumor that validates
the potential of this nanocomplex to be used as a negative
MR contrast agent. Secondly, the tumor targeting capability
of Fe,O;@ Au under an external magnetic field was investi-
gated. To this end, MR images of the tumor at 24 h post .V
injection and 3 h post I.V injection + MDT were compared.
As shown in Fig. 2b, no hypointense area was observed on
the MR image of the tumor following 1.V injection, indi-
cating that the accumulation of nanoparticles within the
tumor is not enough to enhance T2 contrast. In contrast, .V
injection + MDT resulted in dark regions on the MR image
(Fig. 2c¢), reflecting that Fe,0;@ Au was effectively targeted
to the tumor by external magnetic field and mainly accumu-
lated under the surface of the tumor.

In vivo photothermal effect of Fe,0;@Au

Next, the photothermal effect of Fe,0;@ Au was investigated
by measuring the temperature variations of the tumor dur-
ing laser irradiation using an infrared thermal camera. Laser
irradiation alone for 15 min increased the tumor temperature
by 5.5 °C, whereas 1.V injection, 1.V injection+MDT and
LT injection resulted in greater temperature rise of 8.5, 12
and 16.7 °C, respectively (Fig. 3). These results confirmed
the photothermal effect of Fe,O;@ Au, whereby they are able
to convert NIR light into heat for thermal ablation of the
tumor. Moreover, the higher temperature elevation rate of
the tumor treated with .V injection + MDT compared to I.V
injection alone is another evidence, beside MRI study, that
proved the enhanced tumor targeting efficiency of nanopar-
ticles by means of magnetic field.

In vivo antitumor experiments

The photothermal ablation effect of Fe,O;@Au was
explored by measuring the tumor volume changes after the
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Fig.3 In vivo tumor thermometry. Relative temperature rise of CT26
tumor injected with Fe,O;@Au during NIR irradiation (808 nm,
1.4 W/cm?) compared to the tumor without nanoparticle injection.
NIR near infrared laser, I.V and LT intravenous and intratumoral
injection of Fe,0;@Au, MDT magnetic targeting

mentioned treatments. As shown in Fig. 4a, NIR irradia-
tion and L.V injection alone induced a slight inhibition in
tumor growth compared to the control which was not sta-
tistically significant. I.V injection of Fe,0;@ Au followed
by NIR irradiation (24 h post-injection) delayed tumor
growth and resulted in tumor inhibition rate of 66% (tumor
inhibition rate=1 — m, V stands for tumor volume).

control

However, the tumors treated with I.T injection + NIR and
I.V injection + MDT + NIR were completely eradicated
within days after treatment and the mice remained healthy
over 28 days of follow-up period without the evidence of
recurrence. Representative photographs of the mice in
Fig. 4b obviously indicates the antitumor efficacy of vari-
ous treatments. Therefore, as expected from MR images
of the mice and in vivo thermometry results, the more
efficient accumulation of nanoparticles in the tumor due
to magnetic targeting than 1.V injection dramatically
enhanced therapeutic response, so that 1.V

B

(c) LV + MDT

Fig.2 In vivo MR imaging of CT26 tumor-bearing mice.
T2-weighted MR images of mice at a 0.5 h post intratumoral (I.T)
injection, b 24 h post intravenous (I.V) injection, and ¢ 3 h post L.V
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injection followed by magnetic targeting (MDT) of Fe,O;@Au. The
hypointense regions within the tumor represent the spatial location of
nanoparticles, as indicated by arrow
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Fig.4 In vivo antitumor (a)
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injection + MDT + NIR exhibited an antitumor efficacy
similar to that of I.T injection + NIR.

To determine whether the treatments are toxic to the
mice, the body weight of mice was recorded during the
study period. As shown in Fig. 5, in all treatment groups,
mice were able to maintain their body weights, suggest-
ing that Fe,0;@Au alone or in combination with laser
is not toxic to the mice. The increase in body weight of
mice over the treatment course was related to their grow-
ing tumor burden and normal body growth. Histological
condition of tumor tissue was also investigated to further
confirm the antitumor activity of Fe,0;@Au. As shown
in Fig. 6, H and E staining reveals that the tumors treated
with NIR and L.V injection of Fe,0;@ Au show normal cell
morphology and similar cell density to the control group.
The tumor treated with 1.V + NIR exhibits a decreased cell
density and evidence of cell necrosis. In sharp contrast, a
marked reduction in cell density and extensive areas of
necrosis can be clearly seen in the tumor sections after
treatment with I.V+MDT + NIR and I.T 4+ NIR.
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Fig.5 In vivo toxicity assessment of Fe,0;@Au. The body weight
change of CT26 tumor-bearing mice as a function of time post-treat-
ment. NIR near infrared laser, .V and I.T intravenous and intratu-
moral injection of Fe,0;@Au, MDT magnetic targeting
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Fig.6 Histological evaluation. Representative H&E images of CT26 tumor sections at 48 h post-treatment under various conditions. NIR near
infrared laser, .V and I.T intravenous and intratumoral injection of Fe,0;@Au, MDT magnetic targeting

Discussion

PTT using AuNPs has exhibited encouraging results in
recent pre-clinical researches (Beik et al. 2017). Compared
to traditional methods of hyperthermia such as radiofre-
quency-, microwave- and ultrasound-induced hyperthermia
that leads to unwanted thermal damage to healthy tissue,
PTT represents a precise heat delivery strategy for selective
ablation of tumor cells (Manuchehrabadi et al. 2013; Beik
et al. 2016, 2018 ; Shakeri-Zadeh et al. 2014; Bagher et al.
2018). Although PTT encounters with serious drawback of
limited penetration depth of light, the use of light in the NIR
wavelength region in association with NIR-responsive nano-
particles can be modified in this problem to some extent.
AuroLase® is a FDA-approved NIR-responsive AuNPs for-
mulation constructed of Au shell on silica core which has
been evaluated in separate clinical trials for the PTT of head
and neck (NCT00848042) and lung (NCT01679470) tumors.

In the previous report, we demonstrated the anticancer
effect of PTT with Fe,0;@Au in vitro (Mirrahimi et al.
2018). Compared to commonly used spherical AuNPs
which are tuned to the visible region, the as-developed
nanoparticles displayed a red-shift in the surface plasmon
band (absorption peak: 563 nm). This is a great advantage
of Fe,O;@Au that makes them a well-suited NIR photo-
thermal agent, thereby allowing a deeper seated tumor to
be treated. Despite NIR absorption properties, the magnetic
core of Fe,0;@Au enables them to be targeted toward a
desired location under external magnetic field and also be
tracked through MRI. As shown in Fig. 3, the tumor ther-
mometry during PTT operation showed a negligible tem-
perature enhancement due to systemic injection of Fe,0,@
Au relative to NIR irradiation alone. MRI study proved that
magnetic targeting is efficient to concentrate nanoparticles
into the tumor (Fig. 2). As a result, magnetic targeting of
Fe,O;@Au to the tumor and subsequent NIR irradiation
led to a significantly higher temperature enhancement that
non-targeted group. Enhanced accumulation of Fe,O;@Au
by means of magnetic field and subsequent NIR irradiation
eventually resulted in complete tumor eradication with no
recurrence 28 days after treatment.

It is well-known that nanoparticles are able to passively
accumulate and preferentially retain at the tumor through
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enhanced permeability and retention (EPR) effect which
is the result of leaky vasculature and ineffective lymphatic
drainage of the tumor tissue (Maeda et al. 2000). Passive
targeting following systemic (I.V) administration, how-
ever, is a very heterogeneous phenomenon, varying dra-
matically from one tumor to another and from one patient
to the next, resulting in ineffective tumor targeting (Jain
and Stylianopoulos 2010; Hashemian et al. 2009; Shak-
eri-Zadeh et al. 2009). On the other hand, direct injec-
tion of nanoparticles into the tumor is not feasible in real
clinical setting. One unanticipated finding of this study
was that the antitumor effect of PTT with L.V injection of
Fe,0;@Au followed by magnetic targeting was similar to
that obtained after I.T injection of nanoparticles. Accord-
ingly, the magnetic targeting of hybrid plasmonic magnetic
nanoparticles can be suggested as an effective strategy to
increase the intratumoral concentration of nanoparticles,
thereby enhancing the therapeutic efficiency of PTT.

Conclusion

The current study aimed to extend the clinical utility of
PTT by taking the advantages of theranostic Fe,0;@ Au
nanoparticles. MRI study revealed that Fe,0;@ Au can be
targeted to the tumor when subjected to external magnetic
field. The enhanced tumor accumulation of nanoparticles
due to magnetic targeting and subsequent NIR irradiation
dramatically suppressed tumor growth. Therefore, the as-
developed Fe,O;@Au has the potential to improve the
therapeutic response of PTT by enhancing thermal damage
deposition and heating selectivity of this strategy while
keeping the surrounding normal tissue within the toler-
able temperature range. Although, this magnetic targeting
approach has shown great success in a small animal model,
but further works need to be done to test the reliability
of this method on larger animals to prepare it for future
clinical applications.
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