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Developing multifunctional theranostic nanoplatforms with high
tumor therapeutic efficacy is the focus area of nanomedicine.
In this study, we have designed Fe;O,;—Pd Janus nanoparticles
(INPs) with dual-mode magnetic resonance imaging/photoacoustic
(MRI/PA) imaging properties for magnetic-photo hyperthermia and
chemodynamic therapy simultaneously. Due to the magnetic-
photothermal properties of Fe;0,; nanoparticles and plasmonic
photothermia effect of Pd nanosheets, the combined Fe;0,—Pd
JNPs can achieve synergistic heating effects of 1 + 1 > 2. It is
demonstrated that FesO,—Pd JNPs reached a higher temperature
enhancement under alternating magnetic field (AMF) plus laser
irradiation than the corresponding individual modality (only AMF
or laser irradiation alone for Fe;O4—Pd JNPs) or the sum of two
individual modalities. Besides amplified magnetic-photo heating,
Fez04—Pd JNPs also enhanced ROS generation due to the inter-
face synergistic effect in producing hydroxyl radicals (*OH), which
is realized by Fe;0,4 nanoparticle-based Fenton reaction and Pd
nanosheet-based catalytic properties in the presence of H;O, in
an acidic environment. Remarkably, the ROS level could be further
elevated under external AMF plus laser irradiation. The in vivo anti-
tumor effect of Fe;O04—Pd JNPs was evaluated on a 4T1 orthotopic
mouse breast cancer model. The results showed that Fe;0,—Pd
JNPs enable complete tumor inhibition without appreciable
adverse effects under AMF plus laser irradiation, guided by MRI/
PA dual-mode imaging with a high spatial resolution and accuracy.
This study provides an alternative way for cancer therapy by
on-demand design of high-performance theranostic nanoplatforms
according to the characteristics of the tumor microenvironment
and the intriguing physiochemical properties of inorganic
nanomaterials.
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New concepts

Developing effective antitumor agents with high therapeutic outcomes
and low side effects in combating cancer remains a formidable challenge.
In this work, we report a synergistic magnetic-photo hyperthermia and
chemodynamic therapeutic strategy for efficient cancer therapy.
We designed biocompatible Fe;0,-Pd Janus nanoparticles that are able
to achieve significantly high magnetic-photo heating efficiency accom-
panied by enhanced ROS generation. In addition, Fe;0,-Pd Janus nano-
particles also exhibit a dual-modal MRI/PA imaging signal enhancement.
In vivo antitumor experimentation has demonstrated that the amplified
magnetic-photo hyperthermia and chemodynamic therapy by using
Fe;0,-Pd Janus nanoparticles can exhibit a high tumor-inhibition
efficacy towards 4T1 orthotopic breast tumor (inhibition rate 100% at
animal model), which was enabled by MRI/PA dual-mode imaging
guidance with high spatial resolution and accuracy.

Introduction

Cancer is one of the major causes of mortality worldwide."
Curing cancer is as difficult as getting rid of weeds, and
scientists have developed a variety of ways to fight cancer.
Surgery," radiation therapy,>* and chemotherapy”® are regarded
as the main clinical therapy approaches for cancer but suffer
from many limitations, such as surgical risks and complications,
and serious side effects of radiotherapy and chemotherapy.”
Moreover, all of these three approaches are accompanied or
followed by high local recurrence or distant metastasis, which
have rendered cancer cells hard to be completely eradicated
and hence poor patient survival rate. Despite years of cancer
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treatment, the need for effective cancer treatment remains
urgent. Hyperthermia has been pulled in as an adjuvant
therapy approach for cancer, and is promising for fighting
against cancer.®® Many clinical experiments conducted on
breast, cervix, and bladder tumors etc. have demonstrated that
hyperthermia can intensify the cytotoxic effect of radiation or
anti-drugs on tumors.'”" However, its non-selective tissue
heating could cause potentially severe side effects. Therefore,
continuing efforts have been made to develop more effective
hyperthermia approach. Nanoparticle-mediated hyperthermia,
including nano-photothermal and nano-magnetic therapies,
have drawn great attention owing to their good efficacy in tumor
ablation and minimal damage to normal tissues.® Magnetic
hyperthermia therapy (MHT) is a type of medical cancer treat-
ment. Based on Néel and Brownian relaxation of magnetic
nanomaterials when exposed to an AMF, heat is produced.>™**
A variety of MHT clinical trials have been carried out worldwide,
and commercial clinical settings have already been released
named NanoTherm Therapy (MagForce AG). The most fre-
quently used magnetic nanomaterial is magnetite (Fe;O,4)
nanoparticles because of their favorable biocompatibility. Simi-
larly, in nano-photothermal therapy (PTT), nanomaterials with
optical absorption properties could convert light energy into
localized heat energy, which are used for tumor or diseased
tissue destruction.'®™® Although they have been applied for
years, both MHT and PTT still present some drawbacks. For
example, high concentrations of magnetic nanoparticles are
required for MHT,?® which remains a strong uncertainty in
clinical settings. The limited tissue penetration of light is the
main problem in PTT. Hence, to combine MHT with PTT into
an integrated nanocomposition is a popular dual-mode curative
treatment approach to overcome the main shortcomings found in
individual treatment types, as well as to realize high-efficiency
synergistic therapeutic performance.

Various types of multifunctional theranostic nanoplatforms
have been developed for combination heating therapy. For
example, Yan et al. developed a multifunctional theranostic
nanoplatform, which was composed of Fe;O, nanoparticles,
Cyanine7 (Cy7), poly(3,4-ethylenedioxythiophene):poly(4-styrene-
sulfonate) (PES), and 2-deoxyglucose (2-DG)-polyethylene glycol to
realize photo-magnetic hyperthermia in vivo.>® Yang et al. utilized
Fe;0, nanoparticles and PbS/CdS quantum dots to achieve
synergistic dual-mode hyperthermia therapy for cancer.”" Most
of the studies focused on the construction of nanomaterials with
high MHT-PTT heating efficiency for killing cancer cells, or of
particular interest in developing multifunctional theranostic
nanoplatforms which combine an appropriate diagnostic
modality with a dual-mode (magnetothermal and photothermal)
heating treatment together to achieve “precision medicine”.
Although a multi-mode imaging-guided MHT-PTT heating
modality for cancer therapy can be achieved by Fe;0,-based
multifunctional nanocomposites, the concomitant biological
effects of this multi-composite nanoplatform for killing cancer
cells is still worthy of deep investigation. For instance, as
commonly used MHT agents, Fe;O, nanoparticles are also
classical Fenton nanoagents, based on their specific catalytic
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capability triggered in the tumor microenvironment by gene-
rating reactive oxygen species (ROS), e.g., toxic hydroxyl radicals
(*OH).?* Up-regulation of *OH in cancer cells can lead to the
damage of DNA and lipid peroxidation, and induce tumor cell
apoptosis. However, besides heating effects, the biological
effects of Fe;0,-based multifunctional nanocomposites gene-
rated after being exposed to an external source of energy
(e.g., laser or AMF or both) have not been fully investigated.
It is a neglected area that dual-mode (magnetothermal and
photothermal) heating treatment associated ROS generation
could be applied to achieve multifunctional nanotheranostic
platforms.

Very recently, it has been found that inorganic Janus nano-
particles that integrate the components with distinct physical
or chemical properties could provide exciting characteristics for
advanced cancer theranostics.”® Magnetic iron oxide nano-
particles (MIONS) are significant biomedical inorganic nano-
particles already in use as magnetic resonance imaging (MRI)
and magnetic hyperthermia agents in pre-clinical and clinical
settings.>**® Meanwhile, the Fenton reactions between iron
(I or II) derived from MIONs and H,0, that produce and
accumulate ROS have been widely accepted.>” The metal palla-
dium (Pd) possesses extraordinary mechanical, catalytic, and
electronic properties, and is mainly used in industrial processes.
Unlike the other commonly used noble metal nanoparticles
such as gold and silver, Pd nanomaterials possess excellent
stability.”””® However, investigations on Pd nanomaterials in
cancer theranostic applications are rare, which results from the
fact that the majority of chemically-fabricated Pd nanomaterials
display localized surface plasmon resonance (SPR) in the UV
and visible spectral regions. This is out of the photoacoustic
imaging and photothermal therapy favorable near infrared (NIR)
region.”””® Recently, a great discovery has been made by
Zheng et al. that a strong and tunable SPR band in the NIR
spectral region was observed for hexagonal Pd nanosheets (Pd
NSs), which opens a door for applying Pd NSs with SPR in the
NIR region in biomedicine. More importantly, Wen et al.
observed that Pd nanomaterials could produce *OH in acidic
conditions.”® Considering the unique physical property of
MIONs and Pd NSs, integration of MIONs and Pd NSs into
one entity is expected to be a new high-efficiency magnetic-
photo heating agent and will generate reactive oxygen species
(ROS), which will not only integrate their merits and overcome
intrinsic shortcomings, but also increase the functionalities
that facilitate their usage in nanotheranostics.

In the present study, we established Fe;0,-Pd Janus nano-
particles (JNPs) by combination of both MIONs and Pd NSs for
synergistic dual-modal imaging and hyperthermia treatment,
according to their outstanding magnetic properties and NIR
surface plasmon resonance properties. Motivated by their
excellent magnetic-photo performance in an aqueous solution,
and good biocompatibility in cells, we delivered Fe;0,~Pd JNPs
by intravenous administration to an orthotopic 4T1 breast
tumor for amplified dual-mode magnetic-photo hyperthermia
treatment under the proper guidance of dual-modality imaging
(shown in Scheme 1). The enhanced ROS generation for Fe;0,-Pd
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Scheme 1 A schematic illustration of the design and application of FezO4—Pd JNPs for MRI/PA dual-modal imaging guided amplified dual-mode
hyperthermia and enhanced ROS mediated antineoplastic therapy of orthotopic 4T1 breast cancer.

JNPs after AMF plus NIR laser irradiation exposure in vitro, and
amplified therapeutic effects for magnetic-photo heating in vivo
were observed. The tumor was completely eliminated on day 18,
monitored under MRI/PA dual-mode imaging with a high
spatial resolution and accuracy. This study elaborated the
significant enhancement of ROS generation and amplified
dual-mode hyperthermia for Fe;0,~Pd JNPs in the fight against
cancer, which provides a useful way of designing multifunc-
tional theranostic nanoplatforms with desired properties in
biomedical applications.

Experimental

Materials

FeO(OH) was from Aldrich (iron(m) oxide hydroxide; 99.5%),
oleic acid (90%), 1-octadecene (99.9%), dopamine, tetrahydro-
furan (THF), hydrochloric acid (HCl, 37%), palladium(u) acetyl-
acetonate (Pd(acac),, 99%), polyvinyl pyrrolidone (PVP), N,N-
dimethylacetamide, 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC, 90%), N-hydroxysuccinimide
(NHS, 90%), HOOC-PEG-COOH (molecular weight 5000), 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA), methanol
(99.9%), deionized water (DI water), H,O, (30%), sodium acetate
buffer solution, methylene blue (MB, 82%), cell counting kit-8
(CCK-8), RPMI-1640 medium, fetal bovine serum (FBS), and
penicillin/streptomycin were purchased from Sigma-Aldrich, and
NaBr was purchased from Shanghai deber biotechnology limited
company.
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Synthesis of Fe;0,-Pd JNPs

Pd NSs and Fe;O, NPs were firstly prepared separately. The Pd NSs
were prepared as previously reported.”® Hydrophobic Fe;O, NPs
were firstly prepared and then were surface modified by dopamine
to obtain Fe;0, NP aqueous solutions. Hydrophobic Fe;O, NPs were
prepared as reported by the thermal decomposition of iron carbox-
ylate salts method.*® Hydrophilic Fe;0, aqueous solutions were
prepared by using dopamine to displace oleic acid on the surface of
the as-synthesized hydrophobic Fe;O, NPs. In brief, 50 mg dopa-
mine was dissolved in a mixture of DI water (0.3 mL) and THF
(4.7 mL). The mixture was heated to 50 °C under Ar flow. Then,
2 mL Fe;0, NPs solution (in THF) was added and co-incubated for
another 5 h at 50 °C. After the reaction was complete, HCI (1 M)
was added and the precipitate was collected by centrifugation
(8000 rpm, 10 min). The sample was re-dispersed in DI water.
Fe;0,-Pd JNPs were obtained by mixing Pd NSs and Fe;O, NP
aqueous solutions (Fe;O,/Pd molar ratio is 1:1) under magnetic
stirring. After 1 h, EDC (12 mg mL ") and NHS (10 mg mL ") were
added to activate the amino group, and then mixed with 1 mL
HOOC-PEG-COOH aqueous solution. The reaction was left in the
shaker overnight at room temperature. The obtained products were
purified by dialyzing against Millipore water for three days in a
dialysis sac (molecular weight cut-off = 10 kDa). The number of
HOOC-PEG5,0;-COOH on each Fe;0,~Pd JNP is approximately 800.

Characterizations

The samples’ size and shape were characterized using trans-
mission electron microscopy (TEM, FEI Talos 200s). The crystal
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phase of the samples was examined by powder X-ray diffracto-
metry (Bruker D8 Advanced Diffractometer System) with Cu
Ka radiation. UV-vis-NIR spectra were obtained using a T6
UV-vis-NIR spectrophotometer. The magnetic properties were
characterized by a LakeShore Model 7407 vibrating sample
magnetometer (VSM). Dynamic light scattering (DLS) and zeta
potential was measured using a particle size analyzer (Zetasizer
Nano ZS-90, Malvern). The concentrations of Fe and Pd were
quantified using an inductively coupled plasma mass spectro-
metry (ICP-MS, NexION 300x ). Heating curves were recorded by
an IR thermal camera (FLIR T200).

Cytotoxicity assay

4T1 breast cancer cells were cultured in RPMI-1640 medium
containing 10% FBS and 1% penicillin/streptomycin. 4T1 cells
(2 x 10 cells per well) were seeded on 96-well plates, cultured
at 37 °C in a 5% CO, atmosphere. And then, 4T1 cells were
incubated with Fe;O,-Pd JNPs at various concentrations
(0, 12.5, 25, 50, 100, 200 pg mL ') for 24 h. After 24 h, the
wells were added with CCK-8 and further incubated for another
4 h. The absorbance readings were conducted at 450 nm using
a FluoStar Optima microplate reader.

In vitro magnetic-photo heating

Fe;0,-Pd JNPs were treated with AMF plus 808 nm laser
(0.5 W cm™2, 8 min), treated with AMF alone or 808 nm laser alone
was as control. 1 mL Fe;O,—Pd JNPs at different concentrations
(0, 50, 100, 200 ug mL ") were separately placed inside the Cu coil in
15 mL tubes. Both the optical fiber connected to a multimeter and
the infrared (IR) thermal imaging camera measured and recorded
the temperature increase in real time.

Detection of hydroxyl radicals

CH;COONa buffer solution containing 50 pg mL~" MB, 8 mM
H,0,, and 1 mg mL ™" materials was allowed to stand at 37 °C. The
*OH-induced MB degradation was monitored by the absorbance
change at 664 nm at different time points and various pH values.

Intracellular ROS formation

4T1 cells were placed at a density of 6 x 10* cells per well into
24-well plates and were incubated for 24 h. Then, cells were
treated by Fe;O,-Pd JNPs for 12 h. The cells were washed
with PBS three times and treated with AMF plus 808 nm laser
(0.5 W em ™2, 2 min). The treated cells were incubated with
2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA, 10 uM)
for 30 min. The cells were washed with PBS three times again,
and the fluorescence intensity was recorded by Zeiss LSM 710
(excitation: 488 nm, emission: 525 nm).

Animals and tumor model

All of the animal experiments were conducted according to the
guidelines that were approved by the Institutional Animal Care
and Use Committee (Permit No: 2011-0039) at Peking University,
Beijing, China. Female BALB/c mice (6-8 weeks old, 16-18 g) were
obtained from Weitong Lihua Experimental Animal Technology
Co. Ltd, Beijing, China. 4T1 tumor cells (5 x 10°) were injected
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into the breast fat pad below the abdomen of each mouse. The
mice were anesthetized with isoflurane (1.5%) throughout the
experiment.

In vitro MRI/PA tests

T,-weighted MR imaging of Fe;O,-Pd JNPs fully filled in the
tube, with different Fe;0, concentrations (0, 0.06, 0.13, 0.25,
0.5, 1 mmol Lfl), was performed using a 7T MR imaging
instrument (BioSpec 70/20 USR, Bruker, Germany). T, relaxa-
tion times were measured by a multi-echo spin-echo sequence.
The relaxation rates r, (r, = 1/T,) were calculated according to
the measured T, values.

For the PA imaging of Fe;O,-Pd JNPs in vitro, 0.5 mL of
Fe;0,-Pd JNPs solution with various Pd concentrations (0, 1, 2,
3, 4 pg mL™") was added into the agarose phantom container,
and installed in the multispectral optoacoustic tomography
system (MSOT, model in Vision 128, iThera Medical GmbH,
Munich, Germany) for signal acquisition. The PA imaging
signals of Fe;0,~Pd JNPs were collected under an irradiation
range from 680 to 900 nm.

In vivo MRI/PA dual-mode imaging

For MR and PA imaging in vivo, BALB/c mice were injected with
Fe;0,-Pd JNPs (200 uL of 0.6 mg mL ™" [Fe] for each mouse) by
the tail vein. MR and PA signals were collected at different time
points (pre-, 2, 4, 8, 12 and 24 h). In vivo MRI was performed on
a 7.0 T small animal MRI instrument (BioSpec 70/20 USR,
Bruker, Germany). MRI images were acquired using T,-Turbo
RARE sequence with parameters as follows: TR = 2900 ms,
TE = 40.06 ms, field of view = 35 mm x 35 mm, matrix size =
256 x 256, flip angle = 90° and NEX = 3. In vivo PA images were
acquired on a multispectral optoacoutic tomography system
(MSOT inVision 128, iThera medical, Germany). The mice were
anesthetized, and placed into a water bath (maintain body
temperature at 37 °C) for tumor imaging.

Magnetic-photo hyperthermia therapy

When the tumor volume reached 60 mm?®, the mice were
randomly divided into six groups (n = 5 per group): (1) normal
saline, (2) Fe;0,~Pd JNPs (6 mg kg '), (3) AMF (300 kHz;
300 Oe) + laser (808 nm, 0.5 W cm %), (4) Fe;0,-Pd JNPs with
MHT, (5) Fe;0,-Pd JNPs with PTT, and (6) Fe;0,~Pd JNPs with
MHT-PTT. The tumors were treated once with injection of
samples and once with external energy exposure (8 min).
During the treatment period, thermal images of the mice were
recorded by an IR thermal imaging camera. The tumor sizes
were measured after treatments by a digital caliper every 2 days
for 18 days. The tumor volume was calculated according to
the following formula: width®> x length/2. Body weights were
monitored every 2 days for 18 days. At the end, the tumors were
resected, weighed and photographed. Percent survival of the
mice bearing tumors after treatment was monitored.

Histological analysis

After the in vivo hyperthermia studies, major organs, including
the lungs, spleen, heart, and liver, were excised and preserved
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in 10% formalin for histological sectioning. H&E staining was
performed to examine using an optical microscope.

Statistical analysis

The Graph Pad Prism Version 5.0 (GraphPad Software) was
used for data analysis. The one-way ANOVA with Tukey’s post-
hoc test was used for analysis of different groups. Data are
reported as mean values = SEM. *indicates P-values of <0.05,
and **indicates P-values of <0.01. Both were considered
statistically significant.

Results and discussion

MIONs have been demonstrated to act as powerful negative
contrast agents and magnetic hyperthermia agents because of
their superior magnetic properties. Due to their optimal size for
high T, shortening effects and MHT efficacy, mono-dispersed
15 nm Fe;0,4 NPs (at the superparamagnetism/ferromagnetism
transition stage) were chosen in this work as T,-weighted MRI
contrast agents and magnetic hyperthermia agents.'>?'"3?
Ultrathin two-dimensional (2D) Pd NSs have appeared as a
significant class of nanomaterial with enormous potential
particularly in cancer theranostics. Compared with larger-
sized Pd NSs, it is reported that smaller-sized Pd NSs with an
edge length of 13 nm exhibited more advanced PA imaging and
PTT effects upon ultralow laser irradiation.”””** Due to the
excellent magnetic properties of Fe;O, NPs and high NIR
absorption ability of Pd NSs, the resultant Fe;0,-Pd JNPs could
be used as multifunctional nanoprobes for MRI/PA dual-mode
imaging as well as magnetic-photo thermotherapy in vivo with
high resolution, accuracy and efficiency. High quality mono-
dispersed Fe;O, NPs and Pd NSs were firstly synthesized as
previously reported, and Fe;0,~Pd JNPs were then fabricated by
electrostatic adsorption between Fe;O, NPs and Pd NSs. As
shown in Fig. 1a, the synthesized Fe;O,-Pd JNPs had uniform
size and morphology, in which one component was spherical
Fe;0, NPs with an average diameter of 15 nm (Fig. S1a, ESIY),
and the other was hexagonal Pd NSs with an edge length of
13 nm and 1.8 nm thickness on average (Fig. S1b, ESIf). The
size of Fe;0,-Pd JNPs is considerably uniform with a narrow
distribution (SD < 1.533%). The XRD pattern (Fig. S1c and d,
ESIYT) indicated that both Fe;0, NPs and Pd NSs are crystalline
and matched well with the standard Fe;O, diffraction data
(JCPDS card no. 19-0629) and Pd diffraction data (JCPDS card
no. 05-0681), respectively. The high-resolution TEM (HRTEM)
image (Fig. 1b and c) showed that the lattice spacing of Fe;0,
in the Fe;0,-Pd JNPs was 0.21 nm, which is in agreement with
the (400) lattice plane of Fe;0,. Moreover, a lattice fringe of
0.226 nm corresponding to the (100) plane of Pd further
confirmed the uniform structure and good single crystallization
of Fe;0,—Pd JNPs.

To prevent aggregation of Fe;0,~-Pd JNPs in physiological
conditions and minimize cytotoxicity, HOOC-PEGs,-COOH
(abbreviated as PEG) was grafted on the surface of Fe;0,-Pd
JNPs. The hydrodynamic size of Fe;0,-Pd JNPs after grafting
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Fig. 1 (a) TEM image, (b) enlarged TEM image and (c) HRTEM image of
FesO4—Pd JINPs. (d) Hydrodynamic size of FesO4—Pd JINPs. (e) Zeta
potential of Pd NSs, FesO4 NPs and FezO4—Pd JNPs. (f) UV-vis-NIR
absorption spectra of Pd NSs, FesO4 NPs and FesO4—Pd JNPs. (g) Magneti-
zation hysteresis loops of FesO4—Pd JNPs.

PEG was around 35 nm with narrow size distribution (Fig. 1d).
As is shown in Fig. 1le, the zeta potential of Fe;0,~Pd JNPs
was —8.43 mV, which further demonstrated that PEG was
modified onto the surface of Fe;O0,-Pd JNPs. It also confirmed
the successful combination of positively charged Fe;O,
NPs (+38.2 mV) with amino groups and negatively charged Pd
NSs (—25 mV) with carboxyl groups. After PEG modification,
the Fe;0,-Pd JNPs exhibited significantly improved stability
in different physiological solutions such as DI water, 1 x PBS,
RPMI-1640 medium containing 10% FBS, as well as normal
saline, and was very stable for at least 12 days at 37 °C (Fig. S2,
ESIt).

To further confirm the formation of Fe;O,~Pd JNPs, we
measured the UV-vis absorbance of Pd NSs, Fe;O, NPs, and
Fe;0,-Pd JNPs. As is shown in Fig. 1f, Pd NSs in water displayed
a characteristic absorption peak at 765 nm and the charac-
teristic band of Pd is at 725 nm for Fe;O,~Pd JNPs, which was
slightly blue-shifted, indicating the interactions between Fe;O,
NPs and Pd NSs by electrostatic interaction. The maximum
absorptions of Fe;0,-Pd JNPs implied that the optimal 808 nm
NIR excitation source can be used to irradiate Fe;O,~Pd JNPs
for PTT.

This journal is © The Royal Society of Chemistry 2019
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The magnetic properties of Fe;0,-Pd JNPs were evaluated
using a VSM. M-H curves of Fe;O,~Pd JNPs taken at room
temperature are shown in Fig. 1g. It clearly showed that Fe;O,—
Pd JNPs exhibited superparamagnetic properties with no coerci-
vity at room temperature. The magnetization is 24.4 emu g~ ' at
20 kOe. The reduced magnetization compared with pure Fe;O,
NPs (~60 emu g~ ') resulted from the decreased effective weight
fraction of the magnetic components.

Motivated by the excellent magnetic-photo properties of
Fe;0,-Pd JNPs, the heating effects of Fe;0,-Pd JNPs were then
evaluated by using a magnetic-photo induction heating system
(Fig. 2a). Samples were fixed into a Cu coil; and exposed to AMF
plus 808 nm NIR laser irradiation. The temperature change of
the solution was recorded by an optical fiber connected to
a multimeter and an IR thermal imaging camera. In order to
integrate magnetic-photo hyperthermia, three heating modes
were compared: (i) MHT, AMF (amplitude, 300 Oe; frequency,
350 kHz) for 8 min; (i) PTT, 808 nm NIR laser (0.5 W cm 2 for
8 min; and (iii) MHT-PTT dual-mode, both AMF and 808 nm
NIR laser, for 8 min. Under AMF exposure, the aqueous
suspension of Fe;0,-Pd JNPs showed little magnetic hyperther-
mia effect and the temperature change of Fe;0,-Pd JNPs under
AMF within 480 s was 5 °C (Fig. 2b). Under 808 nm NIR laser
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Fig. 2 Magnetic-photo dual-mode hyperthermia in aqueous solution.
(@) Schematic diagram of the magnetic-photo dual-mode hyperthermia
measurement system. Time dependent heating profiles of FesO4—Pd JNPs
at various concentrations (b) under AMF (300 Oe; 350 kHz), (c) under
808 nm laser irradiation at a power density of 0.5 W cm™2, and (d) under
AMF plus 808 nm laser. (e) Thermal images acquired by the IR camera of
FesO4—Pd INPs at different concentrations under AMF plus 808 nm laser.
(f) Average temperature increase recorded for FezO4—Pd JNPs under the
three heating protocols.
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irradiation (0.5 W cm™?), the Fe;0,-Pd JNPs showed excellent
heating effects with apparent concentration-dependent tem-
perature increase (Fig. 2¢). The temperature change of Fe;0,-Pd
JNPs under 808 nm NIR within 480 s was 20 °C at the
concentration of 200 ug mL™' [Fe + Pd]. For MHT and PTT
dual-mode, the temperature increased to 29.1 °C, 33.4 °C and
32.6 °C with 50 pg mL ™", 100 pg mL~" and 200 pug mL ™" [Fe +
Pd] within 480 s, respectively (Fig. 2d). It was obvious that the
temperature change for dual-mode hyperthermia was higher
than the two individual modalities, and even higher than the
sum of the two individual modalities. In addition, it has been
reported that Fe;O, NPs have both magnetic thermal and
photothermal effects, the temperature change of Fe;O, NPs
under AMF plus 808 nm NIR within 480 s was 11 °C at the same
Fe concentration (100 pg mL " [Fe]) (Fig. 3, ESI{), which is
66% lower than that of Fe;0,~Pd JNPs (32.6 °C). Fig. 2e showed
the corresponding thermal images of Fe;0,-Pd JNP solutions of
different concentrations under AMF plus NIR laser irradiation.
It could be seen that the solution temperature increased with
the increase of Fe;0,-Pd JNP concentration. The temperature
increase of Fe;O,—Pd JNPs with different concentrations after
480 s of each heating strategy (AMF, laser, and dual-mode)
was studied and is presented in Fig. 2f. Remarkably, the
temperature increase of Fe;0,~Pd JNPs under dual-mode heating
exceeded either PTT or MTT heating alone, which confirmed the
synergistic effect of the dual-mode heating strategy, while PTT was
the major contribution of heating in the dual-mode heating.

MIONs have been considered as negative (7,) contrast
agents and magnetic hyperthermia agents. To assess the T,
MR imaging performance of Fe;0,~Pd JNPs, T,-weighted MR
images of Fe;0,~Pd JNPs (with different Fe concentrations)
were acquired by a 7T MR scanner. Fe;O, NPs with the same Fe
concentration as Fe;O,-Pd JNPs were used as a control. Both
Fe;0,-Pd JNPs and Fe;O, NPs presented dose-dependent
darkening effect as a negative T, MR contrast agent. While free
Fe;04 NPs possessed more obvious reduction in T, relaxation
time compared with Fe;O,-Pd JNPs, which was clearly dis-
played by the much darker images at the designated Fe concen-
tration from 0.06 to 1 mM (Fig. 3b). The transverse relaxivity (7)
calculated was 141.38 mM ™' s for Fe;0,-Pd JNPs, which was
lower than that of Fe;0, NPs (216 mM ' s~ ') (Fig. 3a). The
reason for the decreased relaxivity of Fe;0,-Pd JNPs may be the
decreased saturation magnetization (M;). Besides being used as
MRI contrast agents, Fe;O0,-Pd JNPs can also be used for PA
imaging due to the prominent absorbance band in the NIR
region of Pd NSs, which encouraged us to exploit their PA
imaging properties. The PA signal of Fe;O,~Pd JNPs was
recorded by a multispectral optoacoustic tomography (MSOT)
imaging system (Fig. 3d). The PA signal intensities increased
linearly with Pd concentrations for both Fe;O,-Pd JNPs and
pure Pd NSs, which suggested that Fe;O0,-Pd JNPs could serve
as efficient contrast agents. The slope of PA intensity vs. Pd
concentration of Fe;0,-Pd JNPs was 182.9, which was higher
than that of pure Pd NSs (121.7) (Fig. 3c). All of the in vitro
results suggested that Fe;0,-Pd JNPs could be used as MRI and
PA imaging contrast agents.
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Fig. 3 (a) T, relaxation rate (1/T,) as a function of Fe concentration for
FesO4—Pd JNPs and pure FesO4 NPs, respectively. (b) T,-weighted MR
images of FesO4—Pd JNPs and pure FesO4 NPs in aqueous solution at
different Fe concentrations. (c) Linear relationship between PA signal
intensity with FesO4—Pd JNPs and pure Pd NSs, respectively. (d) PA
imaging phantoms of FezO4—Pd JNPs and pure Pd NSs embedded in agar
gel cylinders at various Pd concentrations. (e) T,-weighted MR images
in vivo of 4T1 tumor-bearing mice at various time points before and after
intravenous injection of FesO4—Pd JNPs. (f) T, value at the tumor site at
different time points post-injection. (g) PA images in vivo of 4T1 tumor-
bearing mice taken at different times after intravenous injection of FezO4—
Pd JNPs. (h) Average PA intensity arising from the tumor area before and
after intravenous injection of FezO4—Pd JNPs.

Attributed to the excellent T,-weighted MRI and PA dual
contrast-enhancing performance of Fe;O,-Pd JNPs, the in vivo
tumor accumulation behavior of Fe;0,-Pd JNPs was explored.
Before in vivo experiments, a cell viability assay was conducted
and revealed that Fe;0,~Pd JNPs had minimal cytotoxic effects.
It was safe to use as high as 100 pg/Fe mL of Fe;0,-Pd JNPs on
cells (Fig. S4, ESIT). 200 pL of Fe;0,-Pd JNPs (equivalent to a
dose of 3.0 mg kg~ ' Fe or Pd/mouse body) in normal saline was
injected intravenously into orthotopic 4T1 tumor-bearing mice,
followed by MRI imaging at various post-injection time points.
As presented in Fig. 3e, the evidently darkened T, signals
indicated enhanced MRI effectiveness in the tumor over time.
At 4 h post-injection, the tumors became more distinguishable
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from the other organs. Quantitative MRI data of the tumors at
4 h post-injection showed 14% and 7% T, signal decays
compared to 2 h and 6 h post-injection, respectively (Fig. 3f),
suggesting that 4 h post-injection is the time point with
the highest signal. For a more thorough investigation on the
trafficking profile of Fe;O,-Pd JNPs, PA images based on the
intrinsic PA signal of Pd NSs were also studied. The signal
intensity in the tumor gradually increased with time because of
the accumulation of Fe;0,-Pd JNPs via the EPR effect (Fig. 3g).
Quantification analysis verified the remarkable increase in PA
signal over time at the tumor site, which was in accordance
with the MRI results (Fig. 3h).

Fe;0,-Pd JNPs have high catalytic activity of the decolora-
tion of methylene blue (MB) through the decomposition of
H,0, to *OH in Fenton-like reactions, and Pd nanostructures
can also induce *OH production in the presence of H,O,. The
ROS generation capabilities of Fe;04 NPs, Pd NS, and Fe;0,~Pd
JNPs at different pH values were evaluated by monitoring the
time-dependent degradation of MB (Fig. 4a and Fig. S5, ESIf).
The absorbance intensity of MB showed a time-dependent
decrease in the presence of Fe;O, NPs, Pd NS, and Fe;0,-Pd
JNPs at pH 5.0. The 664 nm absorbance peak of MB exhibited a
62.9% and 84.4% decrease after 24 h for Pd NSs and Fe;0,-Pd
JNPs, respectively. Little change was observed for Fe;O, NPs.
The slightly higher ROS production ability of Fe;O,~Pd JNPs
than that of either Pd NSs or Fe;O0, NPs may be due to the dual-
modal ROS generation capability of Pd NSs and Fe;O, NPs.
Furthermore, The ROS generation capability of Fe;0,~Pd JNPs
when exposed to AMF or 808 nm laser or both was also
estimated. As shown in Fig. 4b, in the presence of Fe;0,-Pd
JNPs, the MB absorption at 664 nm significantly decreased
under external energy exposure, suggesting the efficient gen-
eration of ROS with external energy exposure. When AMF plus
laser irradiation was applied, 99.5% decrease in intensity was
observed. In addition, we also evaluated the ROS generation
capability of Fe;O4 NPs, Pd NS, and Fe;0,-Pd JNPs at pH 6.5
and 7.4, respectively. When the pH was at 6.5, the absorbance
intensity of MB at 664 nm showed an intense decrease.
As shown in Fig. S5a and b (ESIf), only a 40.1% decrease of
the MB absorbance peak, and a 64.5% decrease with AMF and
laser exposure was observed. Further increasing the pH to 7.4,
no difference in the absorbance intensities of MB was observed
(Fig. S5c and d, ESIT). These results suggested that Fe;0,-Pd
JNPs could activate H,O, decomposition by producing a great
many *OH. And the acidic condition was required for effective
Fenton reaction. Such an obvious enhancement resulted from
the synergistic effect of Fe;O, and Pd components at the
interface, which was believed to stabilize the excess *OH. More
importantly, the external energy could promote the enhance-
ment of ROS generation, and showed a higher and sustaining
*OH generation rate.

The capacity of Fe;0,-Pd JNPs in elevating the intracellular
ROS level was investigated by using a fluorescent ROS probe
(dichlorofluorescein-diacetate, DCFH-DA). In the presence of
ROS, DCFH is oxidized to DCF to emit bright green fluores-
cence. The cells were treated with PBS or Fe;O,-Pd JNPs under

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Decay curves of MB absorption at 664 nm in different solutions
as a function of time. (b) Decay curves of MB absorption at 664 nm for
FezO4—Pd IJNPs under AMF or laser or both for 8 min, as a function of time.
(c and d) CLSM images of 4Tl cells incubated with complete media
(control) of FesO4—Pd JINPs containing media under AMF plus laser
treatment. Generation of ROS was monitored using DCFH-DA (green).
Scale bars for all images are 20 pm.

AMF plus 808 nm laser irradiation. It was obvious that cells
treated with Fe;O,-Pd JNPs under AMF plus 808 nm laser
irradiation exhibited significant green fluorescence (Fig. 4d),
indicating that Fe;0,~Pd JNPs could be efficiently internalized
into the cells and then generate ROS. For the control group,
all of the cells showed negligible fluorescence (Fig. 4c).

Encouraged by the amplified dual-mode hyperthermia and
enhanced ROS generation effects of Fe;O,~Pd JNPs, we
employed Fe;O4,-Pd JNPs for MHT-PTT combinatorial therapy
in vitro and in vivo. To prove the therapy effects of Fe;0,~Pd
JNPs in vitro, the 4T1 cells were stained with calcein-AM/PI after
receiving different treatments. Live and necrotic cells appeared
green and red, respectively. As shown in Fig. S6, ESI,f most of
the 4T1 cells treated by MHT + PTT were necrotic cells,
evidenced by the appearance of strong red fluorescence. For
the MHT or PTT group, there was still the appearance of green
fluorescence, indicating that the MHT or PTT alone exhibited
relatively weak killing effects on 4T1 cells.

Before performing the in vivo animal antitumor experiments,
the biodistribution of Fe;0,-Pd JNPs in 4T1 tumor-bearing Balb/c
mice was studied. The results showed that Fe;O,~Pd JNPs
exhibited low distribution in the heart, liver, brain, and kidneys,
and relatively high distribution in the spleen. The tumor uptake
was 249 pg Fe per g tumor at 24 h after intravenous administra-
tion (Fig. S7, ESIt). In vivo experiments were carried out on
six groups of orthotopic 4T1 breast tumor bearing mice, the
treatment plans were as follow: (1) normal saline (control),
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Fig. 5 (a) Thermal IR imaging of 4T1 tumor-bearing mice after intrave-
nous injection of FesO4—Pd JNPs exposed to AMF, 808 nm laser or AMF
plus 808 nm laser (N = 5). (b) Growth curves of tumor volume of mice from
different groups. (c) Tumor mass of different groups. (d) Digital photos of
tumor tissues harvested from mice at the end of treatment. (e) Body
weight curves of mice from different groups. One-way ANOVA with
Tukey's multiple comparisons test was used to analyse differences among
groups. Data are reported as mean values + SEM. *indicates P-values
of <0.05, and **indicates P-values of <0.01. Both were considered
statistically significant.

(2) Fe;0,-Pd JNPs, (3) AMF + 808 nm laser irradiation,
(4) Fe;0,-Pd JNPs + AMF (MHT), (5) Fe;0,~Pd JNPs + 808 nm
laser irradiation (PTT), and (6) Fe30,-Pd JNPs + AMF + 808 nm
laser irradiation (MHT + PTT). 4 hours after injection, when
maximum samples accumulated in tumors from the quantita-
tive results of MRI and PA, AMF exposure or laser radiation was
applied at the tumor site, and the tumor surface temperature
was monitored using an IR thermal camera (Fig. 5a). The tumor
temperature reached 42 °C (6.4 °C increase) for MHT and
48.5 °C (12.5 °C increase) for PTT. While the tumors from the
MHT + PTT group showed a significant temperature increment
up to 52.4 °C (26.2 °C increase), which further suggested a
synergistic effect generated by the Fe;0,-Pd JNPs. We further
evaluated the anti-tumor efficacy of each treatment by monitoring
the average tumor volume over 18 days with 2 day intervals.
As shown in Fig. 5b, tumor volume increased similarly in the
following three groups: (1) normal saline (control), (2) Fe;0,~Pd
JNPs and (3) AMF + 808 nm laser irradiation. Tumors treated by
PTT or MHT alone showed a little inhibitory effect, with the
inhibition ratio of 25.6% and 48.6% compared with the control
group, respectively. Notably, MHT + PTT treatment (with 100%
tumor inhibition rate) showed the strongest anti-tumor effect,
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which validated that the synergistic antitumor effect of the
combination heating treatment and enhanced ROS generation
triggered by AMF plus 808 nm laser irradiation. All of the tumors
from various groups were collected and weighed at the end of the
treatment (Fig. 5¢ and d). Remarkably, the MHT + PTT group
displayed the best therapeutic outcome. Throughout the entire
treatment, none of the mice showed significant changes in body
weight (Fig. 5e). Furthermore, H&E staining results showed
no obvious pathological abnormalities in the major organs,
including the lungs, spleen, heart and liver of mice receiving
combination treatment (MHT + PTT) (Fig. S8, ESIt), validating the
safety of Fe;0,-Pd JNPs. To further assess the therapeutic effects
of MHT + PTT therapy, the mice were monitored after treatment.
We found that all the mice could survive for at least 40 days after
MHT + PTT therapy, in contrast to mice in the other five treatment
groups (Fig. S9, ESIT). Taken together, all of the above results
documented the distinctive therapeutic efficacy of Fe;0,~Pd JNP
mediated MHT + PTT benefiting from their synergistic heating
antitumor effect and enhanced ROS generation in vivo.

Conclusions

In conclusion, multifunctional Fe;O0,-Pd JNPs have been suc-
cessfully constructed as novel theranostic agents that are able
to realize MRI/PA guided magnetic-photo hyperthermia and
chemodynamic therapy for cancer treatment. The Fe;O,-Pd
JNPs synthesized in this work can activate H,0, decomposition
under an acidic environment by producing a great many
tumoricidal *OH, which could be further enhanced by applying
external AMF plus laser irradiation. Amplified dual-mode
hyperthermia could also be achieved by Fe;O,~-Pd JNPs at the
same time. In vivo evaluations on 4T1 breast orthotopic tumor
bearing mice demonstrated the high synergistic magnetic-
photo heating and chemodynamic therapeutic efficacy of
Fe;0,-Pd JNPs in combating cancer. Meanwhile, the intrinsic
MRI/PA dual imaging capability of Fe;0,~Pd JNPs was used to
monitor tumor accumulation of nanoparticles and thus
improved the diagnostic accuracy. This work provides an alter-
native and highly efficient strategy for cancer therapy by
rationally building the linkage between chemodynamic therapy
and physical heating therapy, which is highly dependent on the
unique physiochemical property of nanomaterials. Collectively,
these Fe;0,~Pd JNPs are the first paradigm for the application
of amplified magnetic-photo hyperthermia and enhanced ROS
generation when applying external energy for tumor regression,
providing a new avenue for efficient cancer therapy.
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