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Abstract

Innovative synthesis routes revolutionized nanomaterial combination and design possibilities resulting in
a new generation of fine-tuned nanoparticles featuring exquisite shape and constitution control.
However, there is still room for improvement when it comes to the development of multi-functional
nanoparticle agents merging a plurality of therapeutic functions to tackle tumors simultaneously by
synergic mechanisms. Herein, we report the design of an optimized nanohybrid for cancer tri-therapy
featuring a maghemite (y-Fe20O3) nanoflower-like multicore nanoparticle conceived for efficient magnetic
hyperthermia (MHT) and a spiky copper sulfide shell IONF@CuS) with a high near-infrared (NIR)
absorption coefficient suitable for photothermal (PTT) and photodynamic therapy (PDT).

Methods: Spiky-like IONF@CuS nanohybrids were obtained through a straightforward and scalable
water-based template sacrificial synthesis, which allows the shell shape control by tuning
polyvinylpyrrolidone (PVP) concentration. A comprehensive characterization of nanohybrid size, shape
and structural properties was carried out by combining complementary TEM, SEM, HR-TEM, EELS, XRD
and NTA. The all-in-one therapeutic multi-functionality was assessed on cancer cells and on
tumor-bearing nude mice.

Results: Tests carried out on IONF@CuS nanohybrid aqueous dispersion demonstrated their
impressive efficiency to convert light (conversion coefficient = 42 + 6 %) and magnetic stimulation (SAR
~ 350 W g'!) into heat as well as to induce concurrent reactive oxygen species (ROS) formation upon
laser irradiation. Such capabilities were further confirmed in cellular environment by in vitro tests and at
the organism level by in vivo tests in a murine tumor model. Notably, complete tumor regression was
obtained for the PTT mode at low Cu concentration. Overall, these results allowed determining windows
of applicability for each therapy individually or in combination.

Conclusions: Altogether, the obtained data evidence the successful synthesis of a unique tri-therapeutic
nanoparticle featuring highly relevant assets for clinical translation such as reduced nanoparticle
administered dose, reduced laser power exposure, reduced magnetic field frequency, and the possibility
of serial heating cycles and therapy monitoring by photoacoustic (PA) and magnetic resonance imaging
(MRI). Furthermore, the integration of the dual heating capability (MHT + PTT) with the PDT insult offers
a unique asset to tackle tumors by multiple cytotoxic strategies in order to improve the therapeutic
outcome in a broader spectrum of clinical conditions.
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Introduction

Research in cancer nanotherapy has experienced
a remarkable expansion over the last years.
Nanoparticles unique multifunctional features such as
stimulus-responsiveness can overcome accuracy and
efficiency limitations of current therapies and open up
new avenues in the rising field of nanomedicine [1,2].
For instance, energy-absorbing nanoparticles went
forward very rapidly in the implementation of
hyperthermia or heat-mediated therapy [3].The assets
of this therapeutic modality stem from the unique
nanoparticle feature to act in the site of interest as
locally confined and remotely controllable heat
mediator, sparing healthy tissue by keeping its
temperature at the physiological level [4]. This results
in increased therapeutic efficiency and accuracy,
powering a spatiotemporal controlled action while
reducing invasiveness and side effects. Depending on
the stimulus used as trigger, nanoparticle-mediated
hyperthermia falls into two categories: magnetic
hyperthermia (MHT) that exploits magnetic
nanoparticles within an alternating magnetic field
(AMF) [5,6], or photothermal therapy (PTT) that uses
light-absorbing nanoparticles activated by near
infra-red laser [7-9]. Recent trends explored the
potential of merging different modalities to reach an
optimized global therapeutic effect [10,11]. As such,
one strategy is to combine MHT and PTT with the
objective to produce a cumulative heating in the site
of interest. Beyond the cumulative effect, the rationale
of this combined strategy is based on the
complementarity of MHT and PTT for a synergic
effect. The main advantage of MHT is that it can be
performed without depth limitation, which prompted
magnetic hyperthermia in its way to the clinics
(MagForce, Berlin) [12] to treat solid tumors.
Additionally, iron oxide nanoparticles used for MHT
are efficient contrast agents for MRI [13], allowing
translational tracking in wvivo. However, MHT
provides a heating yield per nanoparticle amount
much inferior to PTT [14,15]. At the opposite, while
extremely efficient, PTT suffers from disadvantages
related to limited light penetration in the tissue.
Combining MHT and PIT implies providing
nanomaterials with responsiveness both a magnetic
field and to light in order to merge the two therapies
strengths while overcoming their intrinsic limitations.
As a result, important advantages, which are quite
relevant from a clinical standpoint, may be achieved:
(i) reduced nanoparticle administered dose; (ii)
reduced laser power exposure; (iii) reduced current
intensity; (iv) single injection of an all-in-one
nanoparticle. In addition, multi-responsive
nanomaterials are image-trackable, by photo-acoustic
imaging for the light-absorbing part, or by magnetic

resonance imaging (MRI) for the magnetic part. The
proposed strategy for elaborating such magneto-
plasmonic hybrids with vocation to combine MHT
with PTT, is to provide a magnetic unit optimized for
MHT (size, structure, magnetization), and a plasm-
onic one tailored for PTT (NIR absorption). In order to
reach high-temperature levels in MHT, many
magnetic particles [16] have been designed to provide
the best nanoheaters over the last decade, including
magnetic nanocubes [17,18], nanoflower-like multi-
cores [19], core-shells [20,21] or magnetosomes [22,23].
For the first NIR (NIR-I) biological window, gold-
based engineered nanoparticles such as nanorods [24],
nanostars [25,26] or nanoshells [27], have shown the
best heating capacities due to enhanced absorption.
Thus, although still in their infancy, optimized
magneto-plasmonic hybrids combining MHT and
PTT have merged the best performing MHT and PTT
nano-heaters [11]. Magnetic nanocubes and magnetic
nanoflowers with gold shells were indeed success-
fully assembled to demonstrate the concept of a
magneto-photo-thermal modality strategy [28-31]. Of
note, several studies implicating magneto-plasmonic
hybrids for other applications, including multimodal
imaging [32], SERS [31,33], PA imaging [34], are far
more numerous. Recently, semiconductor and
plasmonic nanoparticles such as sub-stoichiometric
copper sulfide compounds (Cuz-S denoted as CuS in
the following) have emerged as concurrent candidates
for efficient PTT, as well as for photo-acoustic imaging
with deep penetration [35,36].Compared to available
gold nanoparticles with dimensions suitable for
biomedical applications, CuS semiconductor nano-
materials exhibit fine-tuned localized surface plasmon
resonance (LSPR) and large extinction coefficients in
the second NIR (NIR-II) biological window where the
imaging resolution (signal-to-noise ratio) is optimal
and light has its maximum depth of penetration in
tissues due to the reductions in the intensity of
autofluorescence and the absorption/scattering of
photons [37]. Such optical properties can be tailored
through molecular or self-assembly bottom-up
chemical approaches [29,38,39]. Moreover, copper
sulfide is biodegradable and its synthesis cost is much
cheaper than gold (1 mol of CuS is 330$, while 1 mol
of Au costs 52k$) [40], which is an important criterion
for economically-viable manufacturing, clinical
translation and long-term applications. Last but not
least, CuS also offers the possibility to integrate
different therapies like radio-photo therapy [41,42]
thanks to radioactive cation exchange [43], and
reactive oxygen species (ROS) production [44] giving
the opportunity to combine PTT and photodynamic
therapy (PDT) in one single material without the need
for further addition of photosensitizer molecules,
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which are prone to photo-bleaching and photo-
degradation. PDT is based on the combined action of
three components: a photosensitizer, light, and
oxygen. Upon irradiation at an appropriate
wavelength, the photosensitizer is activated and
transfers its excited-state energy to surrounding
oxygen. This results in the production of ROS, such as
singlet oxygen, which will induce cell death [45,46].
CuS photodynamic properties are particularly
interesting considering the demonstrated synergism
between PDT and PTT: increased blood flow leads to
more O, available [47], while ROS weaken the
heat-shock cellular defense [48]. As such, multiple
nanomaterials have been proposed to combine PDT
with PTT, mostly associating photosensitizers with
gold-based nanoparticles [49,50]. Only a few studies
have also successfully combined PDT with MHT,
using, for instance, photosensitizers-labeled magnetic
liposomes [51,52] or photosensitizer-loaded magnetic
nanoemulsions [53]. Although still very limited,
multifunctional inorganic Fe;O;@CuS  core—shell
nanocomposites synthesis has been described for
biomedical applications: Tian et al [54] reported a
thermal decomposition synthesis method in which
spherical-shaped Fe;O4 nanocrystals were encapsu-
lated into Cu-,S thin shells forming ultrathin (<10
nm) Fe;0,@CuS core-shell nanocomposites for
dual-modal imaging and PTT; more recently Wu et al
[55] described a room temperature synthesis method
in which truncated octahedron 27-nm CTAB-coated
Fe304 nanoparticles were modified with copper oxide
as a sacrificial template for the formation of copper
sulfide after a sulfidation step. The obtained rattle-
type Fe304@CuS nanostructures were used to conduct
magnetically guided photo-induced hyperthermia at
first and second NIR biological windows. So far, the
magnetic component was used only to endow the
compounds with magnetic targeting or MRI contrast,
and the use of copper sulfide shell was only limited to
PTT. To the best of our knowledge neither the design
of a nanocomposite combining iron oxide and copper
sulfide with optimized properties for MHT and PTT
has been reported, nor the evaluation of the three
modalities i.e. MHT, PTT, and PDT together and their
possible synergistic properties, which potentially
stem from the combination of the different materials,
has been ever explored.

Herein, we report the successful synthesis of a
core@shell theranostic nanohybrid composed of a
nanoflower-like iron oxide multicore structure,
optimized for MHT application, and a copper sulfide
shell with enhanced absorption properties for PTT
and PDT applications. Remarkably, tuning polyvinyl-
pyrrolidone (PVP) concentration during the synthesis
allowed reaching an unprecedented spiky flower-like

copper sulfide shell around the single magnetic
nanoflower. Such nanohybrid allowed exploring the
concept of a tri-therapeutic strategy merging MHT,
PTT and PDT using iron oxide@CuS core-shell. The
multiple expected functions of such hybrids at
increasing degrees of complexity from test tubes to
animals were assessed, with the aim to describe a
critical comparison with the stand-alone treatments
(MHT and PTT), and to provide effective windows of
applicability.

Methods

Materials

All reagents were of analytical purity and used
without further purification. Iron(Il) chloride tetra-
hydrate (FeCl,4H>O, 99%), sodium hydroxide
(NaOH, 99.99%), diethylene glycol (DEG, 99%),
N-methyldiethanolamine (NMDEA, 99%), nitric acid
(HNOs, 70%), copper(Il) nitrate hemi(pentahydrate)
(Cu(NO3)22.5H0  299.99%), polyvinylpyrrolidone
(PVP, Mw 55 kDa), hydrazine hydrate (55%), ammo-
nium sulfide solution ((NHa)2S, 20%), dihydrorhod-
amine 123 (DHR123 295%), sodium cacodylatetrihy-
drate (298%), glutaraldehyde solution (25% in H>O),
hydrogen peroxide solution (30 wt. % in H>O) and
formalin solution (10%) were purchased from Sigma-
Aldrich (France). Iron(Ill) chloride hexahydrate
(FeCl3 6H20, 99%) and ethanol were obtained from
VWR (France). Alamar Blue™ cell viability reagent
was purchased from Thermo-Fisher.

Instrument

Electron transmission images were obtained by
120 kV TEM FEI-Tecnai 12. UV-Vis-NIR characteriza-
tion was performed with the real-time Avaspec-USB2
spectrometer. Zeta potential analysis was performed
on NanoZS and nanoparticle tracking analysis was
performed by Nanosight LM10 (Malvern). Microplate
reading was obtained by EnSpire reader
(PerkinElmer). NPs concentration was determined by
elemental analysis using ICP-OES (Thermo Scientific).
Energy filtered elemental mapping and high-
resolution TEM analysis were performed by 200 kV
FE (Field Emission) analytical electron microscope
JEM-2100F (JEOL). The X-ray powder diffraction
(XRD) patterns were recorded using an X'Pert Pro
Panalytical diffractometer equipped with a Co Ka
radiation source (Akasr = 1.78901 A, Axaz = 1.79290 A)
with an X'Celerator detector. SEM imaging was
performed by Zeiss Supra 40 VP Scanning Electron
Microscope (5 kV). Emission spectra of fluorescent
molecules were measured by a Cary Eclipse
fluorescence spectrophotometer. To measure the
temperature increase of solutions and tumors the IR
thermal camera FLIR SC7000 (FLIR Systems) was
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used. Alternating magnetic field (AMF) was applied
by DM3-H magnetic hyperthermia device (Nanoscale
Biomagnetics). Photothermal therapy was obtained
using al064 nm CW laser diode coupled to an optic
fiber (Laser Components S.A.S) with an adjustable
power up to5 W.

Synthesis of water-soluble iron oxide
nanoflowers (IONFs)

In brief, in a 3 neck flask 1.082 g (4 mmol) of
FeCl; 6H>O and 0.398 g (2 mmol) of FeCl, 4H,O were
completely dissolved in 80 g of a liquid mixture of
DEG and NMDEA with 1:1 (v/v) ratio and the
solution was stirred for 1 h. Separately, 0.64 g (16
mmol) of NaOH was dissolved in 40 g of polyols and
mixed to the iron chlorides solution for another 3 h.
Then, the solution was heated with a linear ramp up
to 220 °C in 50 min using a heating mantle. Once the
temperature reached 220 °C, the solution was stirred
for 2.5 h and then cooled slowly to room temperature.
The black sediments were separated magnetically and
washed with a mixture of ethanol and ethyl acetate
(1:1, v/v) several times to eliminate organic and
inorganic impurities. A treatment with 10% nitric acid
at 80 °C for 45 min was performed to remove possible
iron hydroxides and to achieve a complete oxidation
of the nanoparticles. Next the particles were washed
twice with acetone and diethyl ether and redispersed
in water.

Synthesis of the Copper Sulfide Shell

The IONF@CuS nanohybrids were synthesized
in a 2 step reaction through a template sacrificial
synthesis method. In the first step, CuO shell was
formed on the magnetic core as follow: 100 pL of
IONF dispersion (95 mM of Fe), corresponding to 0.5
mg of Fe, were diluted in 30 mL of milliQ H>O and
mixed with different amounts of PVP 55kDa from 0.15
to 0.9 g. The resulting mixture was shaken vigorously
(orbital shaker at 500 RPM) for 15 min before the
addition of 10 mg of cupric nitrate Cu(NOs)2. The
solution was shaken again for 15 min. The pH of the
solution was adjusted to 4 by adding nitric acid (0.15
M). Next, 8 pL of hydrazine 55% (diluted with HO up
to 100 pL) were rapidly injected in the solution
leading to a cloudy straw yellow colored dispersion,
which was allowed to mix for 3 more min (pH ~ 5.6).
The core-shell IONF@Cu,O nanoparticles were
washed twice with milliQ H>O by centrifugation (8100
g for 60 min) and stored at 4 °C or immediately used
for the following step.

The second step of the reaction consisted in the
sulfidation of the CuxO shell of the nanohybrids
synthesized previously. After diluting the sample in
30 mL of milliQ H,O, 22 pL of ammonium sulfide

S(NHs)2 21% solution were added and the reaction
was kept at room temperature for 1 h under vigorous
shaking and the green-brown resulting suspension

was washed twice with by centrifugation (8100 g for
10 min) with milliQ H>O and stored at 4 °C.

Morphology and Optical Characterization

Transmission electron microscopy (TEM),
UV-vis-NIR spectrometry, dynamic light scattering
(DLS), nanoparticle tracking analysis (NTA),

high-resolution TEM (HR-TEM), electron energy loss
spectroscopy (EELS), X-ray diffraction (XRD) analysis
were used to characterize the samples at the different
steps of their synthesis.

Heating measurements in solution

Analysis of the heating profiles of the solution
was obtained placing 100 pL of IONF@CuS aqueous
dispersion in a 0.5 mL tube at the concentration of 20,
40, 80, 160 and 320 mM of Cu (correspondent to 3.1,
6.2, 12.5, 25 and 50 mM of Fe, respectively) in the
middle of the coils of the magnetic hyperthermia
device and simultaneously to 4 cm distance from the
laser source. The samples were irradiated with the
alternating magnetic field (AMF) at 471 kHz of
frequency and 18 mT of field, or with 1064 nm laser at
the power of 0.3 W cm2 and a spot size of 1 cm? or
both at the same time. The increase in temperature
was measured by a FLIR SC7000 infrared thermal
imaging camera.

The SAR, defined as the power dissipation per
unit mass of iron (W g™), was calculated as follows:

SAR = ——
m dt

where m is the total mass of iron in the sample,
Cis the specific heat capacity of the sample (Cwater =
4185 J L' K'), V is the sample volume (300 pL), and
dT/dt is the temperature increase at the initial linear
slope (~ 30 s). The concentration in iron in all the
samples was set approximately to 2 g L.

The photothermal conversion coefficient j of the
IONF@CuS was calculated as follows:

_ hA(Tmax — Tamp) — Qbis
=T, S (1 = 10-Awer)

Where § is the heat transfer coefficient, A is the
area of the container, Tmax — Tamy is the temperature
change, Qpis represents heat dissipated from light
absorbed by the quartz sample cell itself and the
solvent, Iy is incident laser power in W, S is the
illuminated area in cm?2 and A4 is the absorbance at
the IONF@CuS at 1064 nm. The coefficient was
calculated for 6 different Cu concentrations from 0.2
to 20 mM.
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Reactive oxygen species (ROS) in solution and
in cell determination

ROS levels revelation was carried out using the
dihydrorhodamine 123 (DHR), a non-fluorescent ROS
indicator that exhibits green fluorescence once
oxidized. Nanohybrids dispersions at different
concentrations were mixed with a solution of the
DHR at 1.5 uM in water in order to obtain Cu and Fe
concentration ranging from 0.025 to 2.4 mM of Cu and
from 4 to 375 pM of Fe, correspondingly. The
fluorescence of the probe increased with time and also
in presence of the nanohybrids leading to an
augmentation of the probe signal. Such increase was
proportional to the nanohybrids concentration. Thus,
in order to evaluate the effect of the laser on ROS
generation in presence of the IONF@CuS, a non-laser
irradiated control solution was simultaneously
analyzed at the same hybrids concentration. The
ratios of the laser-induced fluorescence signal over the
control one were plotted, together with the laser only
control value. To exclude the heat component
responsible to the ROS induction, the condition at the
highest nanohybrids concentration (2.4 mM of Cu and
375 uM of Fe) was heated to the same temperature (54
°C and AT = 21 °C) that was reached by the
laser-treated corresponding sample.

Since the reduced DHR probe is non-toxic and
neutral, it can passively diffuse across the cell
membranes, where if oxidized it becomes cationic and
unable to go out from the cell, therefore it acts as
direct in situ indication of ROS production in cells.
ROS levels were analyzed in PC3 cells previously
incubated with IONF@CuS at 1.6 mM of Cu and 250
uM of Fe for 4 h. After the incubation, the cells were
rinsed several times with PBS 1x and incubated with a
solution of DHR 10 uM in PBS 1x for 5 min at 37 °C.
Then the probe solution was discarded and the cells
were rinsed several times with PBS 1x before adding
complete DMEM media without phenol red. After 10
min of equilibration in the incubator at 37 °C, the cells
were analyzed by confocal microscopy before and
after illumination with the 1064 nm laser for 15 min at
6 W cm™. As control, a sample treated in the same
way but without nanohybrids was also analyzed
before and after laser irradiation. The superoxide
radical (*O;") formation was shown using the specific
probe  1,3-diphenylisobenzofuran  (DPBF), a
fluorescent dye that progressively decrease its
emission at 477 nm in presence of increasing
concentration of the superoxide anion. The probe was
used at a concentration of 15 uM in H,O with and
without the adding of IONF@Cu$S (130 mM of Cu and
20 mM of Fe). The 500 uL solutions were exposed to
the 1064-nm laser for 5 min at 1 W cm™2, in the same
conditions and for the same time, before being

simultaneously analyzed and normalized with the
non-irradiated solutions. The probe sensitivity to the
heating (at the same temperature reached by
nanohybrids + laser) and the hydrogen peroxide have
been showed as negative controls.

Cell culture, uptake and biocompatibility and
cytotoxicity assay

Human prostate adenocarcinoma PC3 cells
(ATCC® CRL-1435™, France) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, high
glucose) supplemented with 10% Fetal Bovine Serum
(heat-inactivated FBS) and 1% Penicillin-Streptomycin
(5000 U/mL) under 37 °C, 5% CO, and 95% relative
humidity.

For the uptake and the biocompatibility assays, 5
x 105 cells per well were seeded and allowed to grow
until near confluence in 24 multi-well culture plates
prior to incubation with nanohybrids. IONF@CuS at
the concentration of 0.1, 04 and 1.6 mM of Cu,
corresponding to 15, 62 and 250 pM of Fe, were
dissolved in cell media and incubated with cells for 1,
4 and 16 h. At the end of the incubation, the cells were
thoroughly washed 3 times with PBS 1x and
incubated for an additional 2 h with complete DMEM
medium to remove any non-internalized nanohybrids
before further analysis.

To assess the degree of uptake, the iron load
associated with single cells was quantified by single
cell magnetophoresis. After the incubation, the cells
were trypsinized to obtain a dilute suspension. The
magnetophoretic mobility of cells towards a magnet
creating a magnetic field B of 150 mT and a uniform
field gradient (grad B) of 17 T m™ was recorded by
video microscopy. Under these conditions, the
magnetic driving force acting on cells (M x grad B,
where M is the cell magnetic moment) is balanced by
the viscous force (3 7 n7 d v, where 7 is the medium
viscosity, d is the cell diameter and v is the cell
velocity). The cell magnetization was thus deduced
from the velocity and diameter of each cell. The
velocity and diameter of 100 cells were measured,
yielding to the distribution of iron load per cell
population.

To assess the IONF@CuS biocompatibility, PC3
metabolic activity was measured using a resazurin
based test (Alamar Blue™). After washing steps, cells
were incubated with resazurin  containing
non-supplemented DMEM without phenol red,
according to manufacturer instructions. Then, the
medium was transferred in 96 well plates and the
fluorescence due to the reduction of resazurin
(oxidized form) to resorufin by cell activity was
quantified with a microplate reader (excitation 570
nm, emission 585 nm). The results were normalized
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respect untreated controls in the same conditions. All
measurements were performed in quadruplicate.

For the MHT and PTT cytotoxic therapeutic
analysis, 10° PC3 cells were seeded in T25 culture
flasks and 24 h later they were incubated with 0.04,
0.16, 0.32 and 1.6 mM of Cu, corresponding to 6.2, 25,
50 and 250 pM of Fe dissolved in complete DMEM (or
with only complete medium for the CTRL) for 16 h. At
the end of the incubation, the cells were thoroughly
washed 3 times with PBS 1x, trypsinized, pelleted and
5 x 106 cells were resuspended in 50 pL complete
DMEM without phenol red inside a 0.5 mL tube. The
tube was placed inside a thermostated sample holder
which temperature was kept constant at physiological
conditions (37 °C) by circulating water into the circuit
(see Figure S5). MHT (471 kHz and 18 mT for 30 min)
or PTT (1064 nm laser at 0.1 or 0.3 W cm™2 for 5 min)
were applied while the temperature increase was
monitored by the IR camera. At the end of the
treatment, the cells were diluted in complete DMEM,
seeded in 24 multi-well culture plates at a density of 5
x 105 cells per well and allowed to adhere overnight.
Then their metabolic activity was evaluated as
described above.

In vivo experiments

All animal experiments were carried out
according to the relevant European standards. 30
pathogen-free 9-week-old immunodeficient athymic
nude NMRI female mice (Janvier Laboratories,
France) were acclimatized for 1 week (Animalerie
Buffon, Institute Jacques Monod, Paris). PC3 cells (2 x
106 in 100 pL isotonic saline) were injected in the right
and left flanks to induce solid tumors. The tumor
volume has been calculated following the formula:

V = length X width X height X t/6

The treatments were performed 4 to 7 weeks
after the injection, when the tumors had reached a
volume 2 0.125 cm? and the mice weighed ~ 30 g. The
animals were divided into 8 groups: nanohybrids
injected + PTT (at 0.6, 3 and 15 mM of Cu);
nanohybrids injected + MHT (at 650 mM of Cu);
controls (without laser, laser only and nanohybrids
injected at 15 mM and 650 mM of Cu without any
treatment). The IONF@CuS suspension (50 pL) was
intratumorally injected into the xenograft at different
concentrations as described above and one single
treatment was carried out 1 h following the injection.
For PTT and for the control laser only, mice were
anesthetized with isoflurane, and then the tumor was
illuminated with 1064 nm laser at 1 W cm2 for 10 min.
For MHT, mice were anesthetized with intraperito-

neal injection of a mixture of ketamine and xylazine,
and then the tumor was treated with AMF at the
frequency of 471 kHz and the field of 18 mT. During
the treatment, the heating was recorded with an
infrared thermal imaging camera. The animals were
sacrificed 12 days after the treatment and in any case
before the tumors reached 1.5 cm?. For histological
analysis, mice were sacrificed 24 h after the treatment
and their tumors were fixed in 10% formalin solution
in PBS overnight, before paraffin inclusion and
cutting. 4 pm thick slices were treated with
hematoxylin/eosin/saffron (HES), Masson, Pearls
and Rodanine stainings and then analyzed by optical
microscopy. For electron microscopy analysis the
excised tumors were divided into 1 mm?3 pieces and
fixed for 2 h with 2% glutaraldehyde in 0.1 M
cacodylate buffer. Then the sample processing was
performed with a microwave tissue processor for
electron microscopy. The steps included contrasted
with Oolong Tea Extract (OTE) 0.5% in 0.1 M Na
cacodylate buffer, post-fixed with 1% osmium
tetroxide containing 1.5% potassium cyanoferrate,
gradually dehydrated in ethanol (30% to 100%) and
gradually embedded in epoxy resins. Ultrathin slices
(70 nm) were collected onto 200 mesh coppergrids
and counterstained with lead citrate prior to being
observed with a Hitachi HT 7700 TEM operated at 80
kV (Elexience - France).

Statistical analysis

All values are reported as means and standard
error of the mean. Significant differences were
determined using a Tukey's test in one-way analysis
of variance (ANOVA). * denotes for p-value < 0.05
(significant result), ** for p-value < 0.01 (very signif-
icant), and *** for p-value < 0.001 (highly significant).

Results and Discussion

Nanohybrids production: from core to shell.

The choice for the magnetic core took into
account the need for a nanomaterial with optimized
properties for magnetic hyperthermia application.
Therefore, the criteria relied on a high specific
absorption rate (SAR), an indicator of thermal
dissipation per gram of magnetic material, and thus of
its heating capacity. Moreover, the selected
nanomaterial should show resistance and colloidal
stability to withstand the subsequent steps of the
hybrid synthesis. Iron oxide nanoflowers (IONFs)
were chosen as magnetic cores for the nanohybrids
because of their high SAR values, in the 1000 W g1
range [19], and Dbecause, they are completely
superparamagnetic and do not tend to form
dipole-dipole chains and aggregates that could hinder
their heating efficiency [56], unlike other efficient but
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strongly interacting nanoheaters [57]. Therefore,
IONFs successfully meet the starting requirements.
They were synthesized by hydrolysis of the iron(II)
and iron(III) precursors in a polyol mixture, following
a reported procedure [19] (see experimental section
for further details). IONFs are multicore maghemite
monocrystalline nanoparticles constituted by the
assembly of small grains of approximately 11 nm,
which forms a flower-shaped structure. Figure 1A
shows a TEM image of water dispersed IONFs
featuring a mean diameter of 25.5 + 2.7 nm. To cover
them with a copper sulfide shell two synthesis steps
were used [55]. The first step consisted in the
formation of a sacrificial template by reducing copper
ions through successive addition of hydrazine on
IONFs previously modified with PVP in water.
Immediately after hydrazine addition, the suspension
became slightly cloudy featuring an intense straw
yellow color indicating the formation of IONF@Cu,O
nanohybrids. In this step, PVP is used as a scaffold for
the physical absorption of the Cu,O nuclei (resulting
from copper reduction) around the IONF core,
directing the assembly of CuO shell [58]. The
core-shell IONF@Cu,O intermediate was then
transformed, during the second step, in IONF@CuS
by replacing the oxygen ions with sulfur ions in a
Kirkendall reaction [59] (see experimental section for
more details). The successful formation of the
intermediate IONF@Cu,O and the final IONF@CuS
nanostructure was confirmed by TEM (Figure 1B-D)
and UV-Vis-NIR absorption spectroscopy (Figure 1E).
The particle size increased from 25.5 nm (IONF core)
to 100 £ 10 nm after the addition of hydrazine due to
the formation of the Cu,O nanoparticles isotropic
assembly around the iron oxide core (Figure 1B). The
UV-Vis-NIR of the IONF@CuO nanohybrids
demonstrated a strong absorption peak at 454 nm in
accordance with the yellow color observed after the
addition of hydrazine. During the sulfidation step of
the IONF@Cu;O hybrids, the solution underwent
color change with time from yellow to deep green.
Such change can be clearly seen by UV-Vis-NIR that
showed the disappearance of the band at 450 nm and
the appearance of a large LSPR band in the NIR-II
region indicating the transformation of CuxO into
plasmonic CuS shell by Kirkendall effect. TEM
observations at the end of this step revealed structural
modification and reorganization of the CuxO shell
producing hollow CuS architectures, as already
reported [55]. Remarkably, we found also that the
shape/organization and the optical properties of the
resulting IONF@CuS nanohybrids could be tuned by
varying the initial PVP concentration used as a
scaffold for the nucleation of the Cu2O shell impacting
the final shape of the CuS during the sulfidation step.

As shown by TEM, when the sulfidation step was
done on IONF@Cu,;O nanohybrids produced in high
PVP concentration (30 g L-'), the resulting
nanohybrids (TEM diameter = 126 * 4.8 nm)
presented an isotropic hollow copper sulfide shell
with a blunt surface (Figure 1C). Such rattle-type
morphology has been reported recently by Wu et al
[55]. Conversely, for a lower concentration of PVP (5 g
L-1), the shell of the resulting IONF@CuS nanohybrids
indicated a spiky flower-like morphology with an
average diameter by TEM of 120.4 + 7.3 nm formed by
the assembly of anisotropic shape nanoparticles
(Figure 1D). As both synthesis conditions lead to
similar shape and size of the intermediate nanohybrid
IONF@Cu,O, we may attribute such difference to the
fact that increased amount of PVP produces different
packing of the sacrificial CupO nanoparticles, leading
to different resistance and diffusion paths of sulfur in
the intermediate nanostructure during the Kirkendall
process consequently resulting in the formation of
different morphologies. The optical properties of the
blunt and spiky nanohybrids recorded at the same
copper concentration (I mM) using UV-Vis-NIR
absorption spectroscopy are shown in Figure 1E. The
LSPR band centered on 1050 nm for both nanohybrids
can be clearly observed evidencing their plasmonic
properties. Moreover, a higher absorption intensity of
the spiky flower-like nanostructures compared to the
blunt ones could be evidenced. Such differences can
be attributed to disparities in the size, the anisotropy,
the composition of the nanoparticles i.e. building
blocks forming the ultimate nanohybrids as well as
the final geometry of the core@shell structures [29,38].
Considering that our prime interest in this work is to
achieve tri-therapy with optimized magnetic and
optical properties to allow deeper tissue penetration
and efficient heating, the unprecedented spiky
flower-like IONF@Cu»-S nanohybrids were chosen as
the best candidates. Their morphology, as well as
their physical properties, were further investigated
and studied hereafter. Figure 2A illustrates the
HR-TEM image of one single IONF@Cu>-,S
nanohybrid showing the presence of isolated IONF in
the core of a hollow structure surrounded by a shell
(from 40 to 60 nm) formed by the assembly of copper
sulfide spiky nanostructures. To reveal the 3D
ultrastructure and morphology of the assembled
nanohybrids, we conducted scanning electron
microscopy (SEM) (Figure 2B). It evidenced that the
spiky flower-like morphology of the shell observed by
TEM results from the assembly of copper sulfide
nanoflakes with a thickness of ~ 3-5 nm having
different orientations. Ultrafine copper sulfide
nanoparticles such as the ultrathin nanoflakes have
received an increasing attention recently as they can

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 5

1295

produce intense LSPR because of their enhanced
number of superficial defects [60]. HR-TEM
magnified section of the core (Figure 2C) of the
nanohybrid confirmed the presence of the iron oxide
lattice, as also reported by the corresponding fast
Fourier transform (FFT) (Figure 2D) characteristic of a
monocrystalline structure which has been indexed
with a spinel Fd;m cubic phase with a lattice
parameter a = 8.396 A relative to maghemite (JCPDS
00-039-1346) in accordance with the results from XRD
(Figure S1).The structure analysis of the copper
sulfide shell by HR-TEM image at higher magnific-
ation and its FFT pattern were also obtained (Figure
2E-F). Interplanar distances deduced from FFT
pattern are compatible with the sub-stoichiometric
djurleite (JCPDS01-071-1383). These results are in
accordance with the chemical analysis obtained by
inductively coupled plasma atomic emission
spectroscopy (ICP-AES), where a Cu/S ratio ~ 1.9 was
determined but also with XRD where djurleite could
be indexed, even though covellite (JCPDS 00-006-
0464) could be also observed in the final samples.
Identification of copper chalcogenide crystallographic
phases using XRD is particularly difficult since they
exist in a wide variety of compositions and crystal
structures [61]. We also used energy-filtered TEM
(EFTEM) for assessing the structure of these nano-
hybrids. Figure 2H-K shows composition mapping for
IONF@CuS NPs. A higher density of copper and
sulfur elements was observed at the periphery than at
the center, and iron elements were distributed

internally. These observations indicated that the
IONFs were enclosed in the hollow copper sulfide
shell.

IONF@CuS: a bi-modal nanoheater efficient
for both MHT and PTT.

Suspensions of IONF@CuS spiky nanohybrids
(from now on IONF@CuS) were chosen for further
evaluation due to their improved absorption
properties compared to the blunt ones. Their
hydrodynamic diameter in water was measured by
nanoparticle tracking analysis (NTA, Figure S2), prior
to their use revealing a mean hydrodynamic size of
156 nm. Their surface charge measured by zeta
potential in water at pH 7 was —14.1 mV precluding
inter-particle interactions and preventing their
aggregation while supporting a good stability in
water. IONF@CuS heating efficiency was then
evaluated using either magnetic or photo-stimulation
in order to study MHT or the PTT modalities
individually, or both at the same time. Measurements
started at room temperature and continued up to
reaching a steady state temperature (typically within
5 min). Typical IR images are shown in Figure 3, after
5 min exposure to alternating magnetic field (Figure
3A), laser (Figure 3B), or both (Figure 3C). For all
cases, the heating was measured at different
nanohybrids concentrations, in the range of iron
concentrations of 3-50 mM, and equivalent copper
concentrations of 20-320 mM. During MHT modality,
nanohybrids were exposed to a magnetic field at a
frequency of 471 kHz and a field of
18 mT, which is close to the safe
domain of application of magnetic
field (limit setat H x £ =5 x 10° A
m1s1, here Hxf=67x10 Am
s71). Figure 3A clearly shows that

the temperature elevation increases
linearly with the concentration. As
a result, the SAR is independent of
the concentration, with SAR value
reaching ~ 350 W g1. The SAR was
also measured for the bare
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Figure 1. Electronic transmission microscopy images of the synthesis products (A) IONFs, (B)
IONF@Cu20, (C) IONF@CuS blunt and (D) IONF@CuS spiky flower-like as well as their corresponding
schematic sketches; (f) Image at higher magnification of a single IONF@CuS spiky; (E) UV-Vis-NIR spectra of
the IONF (brown), IONF@CuO (yellow), IONF@CuS blunt (light green) and IONF@CuS spiky
flower-like (dark green). Both the IONF@CuS samples were at the same concentration of | mM Cu. Scale

bar = 100 nm.
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magnetic IONF core, which
featured a SAR of ~ 500 W g1 in the
same conditions. Such a value is
among the highest values reported
for the frequency/ field used (471
kHz of frequency and 18 mT of

|'|

field) [19,62,63]. As a comparison,
the magnetic nanocubes, which are
admitted to be between the most
efficient MHT agents, have a SAR
value of 550 W g1 relative to 320
kHz of frequency and 18 mT of
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field intensity [18]. The decreased SAR value of the
core@shell nanohybrid is attributed to the increase in
its diameter that affects the Brownian relaxation time.
Notably, we ruled out any impact the CuS coating
may have on the magnetic properties of the iron oxide
core (see Figure S3 for the magnetization curve of the
IONF core only, or of the IONF@CuS hybrid,
unchanged).

PTT experiments (Figure 3B) were carried out
using a 1064 nm laser and the power density was set
to 0.3 W cm™2 by positioning the fiber tip at a 4 cm
distance from the target, which resulted in a spot size
of 1 cm? The photothermal conversion efficiency at
this wavelength was calculated using the method
used by Roper et al [28] resulting in the value of 42% +
6. This very high efficiency puts these nanohybrids
among the most promising materials for PTT. In
contrast with MHT, during PTT the heating
performance tends to saturate when increasing the
nanohybrid concentration, as already reported [14].
This saturation phenomenon can be explained by

Figure 2. (A) HR-TEM image showing the hollow core@shell nanostructure of a single spiky flower-like
IONF@CuS nanohybrid, yellow dashed square corresponds to the image (C); (B) SEM image of the same
nanostructure revealing the organization of CuS nanoflakes; (C) HR-TEM image of the magnetic core of
the IONF@CuS showing the nanoflower shape and (D) corresponding indexed FFT; (E) HR-TEM image of
one flake of the CuS shell and (F) corresponding FFT in which interplanar distances are given with
uncertainties equal to 0.05 A. Interplanar distances in djurleite: dsoo = 3.362 A, das = 3.039 A, dss» = 2.394
A, di242 = 1.873 A; EFTEM elemental mapping of the flower-like spiky IONF@CuS (G-I): zero loss peak
TEM bright field image (G) and related EFTEM elemental images recorded at respectively Fe-L2,3 and

Cu-L2,3 edges (H) and S-L2,3 edge (l).

looking at the light-to-heat energy transfer equation:
Iy*S(1—=107%) -1 = Mmgample - € - dT/dt

where Iy is the incident laser power in W, S is the
illuminated area in cm?, A is the absorbance of the
sample at the irradiation wavelength, # is the
photothermal conversion efficiency from laser energy
to thermal energy, Mo is the sample mass (in this
case of the water) in g, C denotes the specific heat
capacity (Cwater= 4 x 18 ] g1 K1), and dT/dt denotes
the initial slope of the temperature increase.
Consequently, at high concentration, 104 becomes
negligible, and the initial heating dT/dt remains
almost constant with increasing concentrations. As a
result, while the heating at high nanohybrids doses
was similar for MHT and PTT, heating generation
efficiency at low doses is much higher for PTT. For
instance, only a few degrees of heating was achieved
at 40 mM of Cu (equivalent to 6.2 mM of Fe) for MHT,
which is quite insignificant when
compared to an increase of 14 °C
reached for the PTT modality at the
same concentration. However, at
higher concentration (e.g. [Cu] =
320 mM; [Fe] = 50 mM), heating with
MHT is equivalent with
photo-heating (about 30 °C). We
designed a specific thermostated
support to apply simultaneously
AMF and Laser (see Figure S4 for
details). This dual mode (Figure 3C)
then allowed providing a cumulative
effect at the full concentration range
tested. Indeed, the heating obtained
by bi-modal stimulation closely
corresponded to the sum of the
heating obtained for every single
modality. These data prove the
versatility of nanohybrids and attest
to the cumulative effect of the two
heating approaches, promising for
the delivery of therapeutic heating to
cancer tissues. Of note, the stability
of the nanohybrids was conserved
after several heating cycles (Figure
S5). As a result, the heating efficiency
was constant for repeated applica-
tion, and the colloidal stability was
retained. This is an important point
considering that light-responsive
nanoparticles, such as gold nanorods,
may undergo degradation during
repeated heating cycles [64].
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Photo-driven ROS formation by IONF@CusS: a
third functional asset.

CuS has recently been reported to induce ROS
formation [65,66], rendering it eligible to mediate
PDT, a third therapeutic cytotoxic function. We thus
tested IONF@CuS nanohybrids for the production of
ROS and, in particular, if this could be enhanced by IR
laser irradiation. In order to focus on the laser impact
on ROS generation, these experiments were carried
out in more diluted Cu concentration range to avoid
any ROS signal saturation, and with a higher laser
power of 1 W cm™. As shown in Figure 3D, the ROS
amount detected by the fluorescent signal of the ROS
detection probe dihydrorhodamine 123 (DHR) after
the laser exposition (and normalized by the ROS
formation without laser at the same concentration and
incubation time) increases linearly with the copper
concentration. Accordingly, the temperature increa-
sed linearly with Cu concentration in the investigated
range, as expected, leading to a maximum AT of 21 °C
(corresponding to a final T of 46 °C). To rule out the
possible impact of heating itself on the ROS induction,
a control suspension was heated at the same
temperature of 46 °C in a water bath for the same time
length. The ROS increase at 2.4 mM of Cu and 46 °C is
about 10 times less for the water bath condition when
compared to the laser-induced heating. ROS
generation by CuS have been attributed by others to
the leakage from the nanostructure of Cu(l) under
reducing conditions such as in presence of ascorbic
acid or glutathione, which can undergo Haber-Weiss
reactions resulting in the formation of radicals [65,67].
Intriguingly, our solutions did not contain any
reducing agent and the heating capacity of the
nanostructures was maintained after several cycles
even for high copper concentrations (Figure S5),
which indicates clearly that copper leakage is
negligible and the reaction is probably occurring
within the nanostructure. Moreover, the observed
behavior in ROS generation at constant DHR probe
concentration and increasing Cu, ie linear
dependency at low Cu concentrations and saturation
at high Cu concentrations, demonstrates clearly a
catalytic behavior of the CuS. Haber-Weiss reaction
was proposed by other groups as a plausible
mechanism for ROS generation [65]. In order to
investigate the possible occurrence of such
mechanism we measured specifically the superoxide
radical (*O2") using the probe 1,3-diphenylisobenzo-
furan (DPBF). Results in Figure S6 showed that the
nanohybrids trigger the generation of the superoxide
radicals in absence or presence of laser, yet with a
two-fold increase under laser application. In absence
of the laser the Cu(l) of the nanohybrids can catalyze
the formation of the superoxide from molecular

oxygen, as already reported [68]. Then the superoxide
anions can undergo dismutation leading to hydrogen
peroxide formation and generation of hydroxyl
radicals through a Cu(l) catalyzed Fenton process.
This mechanism allows to explain why the
nanohybrids form ROS even in absence of a laser.
Moreover, the incubation of the magnetic nanoflowers
(at similar Fe concentration and incubation time than
used with the hybrids) with the DHR probe, with or
without laser did not show any increase in the
fluorescence, confirming the unique role of Cu in the
generation of ROS. Thus, herein we propose that the
CusS can act as a catalyst for ROS via superoxide anion
(*O27) generation and the NIR laser seems to act in
synergy to ROS production by speeding-up the
kinetics of the Haber-Weiss reaction resulting in the
formation of more ROS.

A 80 B 8o
o62 062
44 44
L 26 o 26
= 60 » 60
< 50 8 50
40 40
230 £30
20 20

10 10

0 0

[Cu] (MM)20 40 80 160 320
[Fe] (mM)3,1 6,2 12,5 25 50

[Cul (mMM)20 40 80 160 320
[Fe] (mM)3,1 6,2 12,5 25 50

D Ros inc.() [ETEGH

140 25
120 + ~ 2
100 |
80 | 115
ol | 110
40 |
20 + : i
grd EEEEERN
DROLONLOLNY O
SO N_NT
ggoooo 2
[Cul(mM)20 40 80 160 320 = <
[Fel (mM)3,1 6,2 12,5 25 50 [Cu]l (mM)

Figure 3. Heating profiles obtained by MHT, PTT and bimodal stimulation.
Temperature increase was registered for 100 pL of IONF@CuS nanohybrids
dispersion at different concentration (20, 40, 80, 160, 320 mM of Cu and 3.1,
6.2, 12.5, 25, 50 mM of Fe, respectively) exposed to (A) alternating magnetic
field (AMF) at 471 kHz and 18 mT, (B) 1064 nm laser at the power of 0.3 W
cm 2 and (C) the combination of both modalities. In the top panel, typical
infrared images after 5 min heating are displayed. (D) ROS production in
nanohybrid dispersions following laser stimulation: the blue columns display the
relative ROS increase as a function of Cu concentration after 5 min laser
exposure (1064 nm at | W cm2) while the red curve shows the temperature
elevation obtained by the nanohybrid dispersions (500 pL). Relative ROS
increase was normalized by the signal obtained from the non-irradiated samples.
The ROS level was detected by the probe added to the nanohybrids at a
concentration of 1.65 mM that provides a fluorescent signal when oxidized by
ROS. As a control, the nanohybrids were heated at the same temperature
reached by the highest concentration using a water bath for the same duration.

Magnetic and photo-induced cytotoxicity in
vitro: comparative therapeutic efficiencies.

First, we measured the cellular uptake of the
IONF@CuS nanohybrids by single-cell magnetophor-
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esis, providing a measure of the amount of
superparamagnetic iron internalized within each cell
(Figure 4A). For the concentration of nanohybrids
dispersed in the cell medium of 1.6 mM of Cu,
corresponding to 0.25 mM of Fe, during 16 h
incubation with PC3 cells, ~ 11 pg of Fe per cell was
internalized. By contrast, the reduction of the
nanohybrids concentration by 4 times results in less
than half internalization decrease, while shortening
the incubation time of 4 times leads to one-fourth of
nanoparticle uptake in both nanoparticle concentra-
tion scenarios. This indicates a probable saturation of
the cell uptake machinery when shifting IONF@CuS
nanohybrids concentration to the highest dose levels.
The uptake ratio normalized by the amount given per
cell is 43%, 13.7% and 56.5% for the lower
concentration, 2.1%, 7.1% and 23.7% for the higher
concentration for 1, 4 and 16 h of incubation,
respectively. These data were confirmed by ICP
analysis where a 61% Cu uptake was found after 16 h
incubation at the concentration of 0.4 mM of Cu. In
parallel, intrinsic cytotoxicity of the IONF@CuS
nanohybrids was measured on PC3 cancer cell line
after incubation with nanohybrids dispersed in the
cell medium for 3 time lengths (1, 4 and 16 h) at 3
different concentrations (0.1, 0.4 and 1.6 mM of Cu -
6.3, 25 and 100 ppm of Cu) and without any heating
modality. After 24 h from the beginning of the
nanohybrids incubation, no impact on cell metabolic
activity was observed, indicating that nanohybrids do
not induce by themselves an important cytotoxic
effect (Figure 4B). Next, we determined the cytotoxic
therapeutic efficiency of the MHT and PTT, as shown
in Figure 4C, using again the metabolic assay. PC3
cells were incubated 16 h with different concentration
of nanohybrids ([Cu] from 0.04 to 1.6 mM), before
being collected and pelleted to perform MHT or PTT.
One can estimate the Fe content in the 50 pL cellular
sample (containing 5 x 10¢ cells) from the data of
magnetophoresis, providing the average of 6.5 and 11
pg of Fe per cell (relative to the two highest incubation
concentrations), = which  corresponds to the
concentration of the cell sample of about 12 and 20
mM of Fe (equivalent to 75 and 130 mM of Cu).
Remarkably, the respective heating increments (AT =
20 and 27 °C) overlap well with the values found in
solution (see Figure 3B, for [Cu] = 80 and 160 mM,
with AT = 22 and 28 °C, respectively). PTT was very
efficient to induce cell death even at the lower
concentrations as the temperature rapidly reached up
to 45 and 57 °C for 0.04 and 0.16 mM of Cu,
respectively. In the latter condition, nearly total cell
death (90%) is achieved within 5 min of PTT (blue
lines and blue columns). On the other hand, MHT
only induced a very small heating effect (from 37 °C

to ~ 40 °C, AT = 3 °C) corresponding to a slight
decrease of cell viability (15%) even at the highest
dose level. This important discrepancy between MHT
and PTT therapeutic efficiencies highlights the
superior performance of PTT as long as the target
depth enables laser reaching. We next tested if
combining both MHT and PTT in a single modality
could still be a therapeutic asset, even if MHT as
stand-alone therapy appears much less efficient than
PTT. Indeed, Figure 4D shows that at lower laser
density (0.1 W cm™ that mimics the situation in deep
tumors where laser penetration is strongly decreased)
the simultaneous application of AMF and laser
improves by 20% the therapeutic efficiency for both
the conditions tested (see Dual), in a statistically
significant way. Finally, it is also important to
emphasize here is that the laser power used (0.3 W
cm™?) is quite low with respect to the ones generally
reported in the literature [69]. Such an impressive
efficiency at low laser power is probably due to the
combined effects of both the PTT and the PDT. In
order to investigate if PDT is indeed occurring within
cells, we used the DHR probe to detect the
intracellular ROS production by IONF@CuS
nanohybrids within doped PC3 cells (incubation with
1.6 mM of Cu for 4 h). As shown in Figure 4D, the
presence alone of the IONF@CuS induces the increase
of ROS signal (bottom-left box) without the laser
irradiation. However, the signal becomes more
intense and localized in the subcellular compartments
(endosomes, lysosomes) after the IR laser exposure for
15 min. The laser-treated control (top-right box)
shows no increase of ROS signal in the absence of
IONF@CuS nanohybrids. These data suggest that the
IONF@CuS nanohybrids can mediate the
photodynamic process that induces ROS-triggered
cytotoxic insult, this process being boosted upon NIR
light stimulation.

In vivo tumor therapy: MHT versus PTT/PDT.

To confirm the therapeutic potential of the
IONF@CuS nanohybrids, they were injected at
different concentrations in PC3 xenograft-bearing
nude mice (50 pL injected in tumors < 0.125 cm?).
Figure 5A shows typical echographic and photo-
acoustic images of the tumor before and after
injection. As it could be expected, these data demo-
nstrate the feasibility of image-guided nanohybrid
therapy by PA imaging thanks to their excellent
absorption in the IR. Figure 5B shows TEM image of
the tumors 24 h after injection, displaying the
intratumoral integrity of the nanohybrids, and their
subsequent internalization within tumor cells. Figure
5C provides a panel of IR images illustrating the
temperature reached after 10 min (for PTT) or 30 min
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(for MHT) application. The average temperatures are
shown in Figure 5D. The temperature increase is
particularly important under laser stimulation,
reaching 53 °C for injected concentrations as small as
0.6 mM of Cu and 0.1 mM of Fe. By contrast, to
provide a measurable temperature increase of 4 °C
using the magnetic field, it was necessary to increase
the concentration of a thousand-fold up to 650 mM of
Cu (corresponding to 100 mM of Fe). Interestingly,
increasing the dose injected in the tumor higher than 3
mM of Cu lead to no significant increase in the heat
produced during laser application, again confirming
the absorption saturation and in turn that the PTT has
a greater efficiency at low doses, as already noticed
[14]. Tumor growth was then monitored over 13 days
after treatment. Figure 5E illustrates the relative
tumor growth for all conditions, and Figure 57 shows
representative photographs of tumor-bearing mice 13
days after treatment. As expected, all three conditions
of photo-treatment (0.6, 3, and 15 mM of Cu) led to an
almost total tumor regression, slightly less marked for
the 0.6 mM condition. Very interestingly, the MHT
condition at high dose (650 mM Cu MHT) provided a
comparable treatment efficacy than this low laser
dose. This was slightly unexpected considering the
small temperature increase. However, it is probably
the reflection of the total penetration of the magnetic
field within the tumor and of the mechanical stress
triggered at the lysosome sites, as recently reported
for MHT [70]. It is worth mentioning that such a high
dose also triggers per se a small but detectable
cytotoxicity (tumor growth of control condition with
650 mM of Cu in Figure 5C is impacted without
treatment). By contrast, for the 15 mM Cu CTRL
condition, the impact of injection on the tumor growth
is low, similar to the effect of the laser only, and not
significant. All therapeutic effects were confirmed by
histological stainings (Figure 5F) performed 24 h after
the end of the treatments: in detail, the HES staining
shows severe and diffused necrosis in the sample
treated with PTT at 15 mM of Cu (15 PPT) and also
important toxicity for the MHT treated sample
injected with 650 mM of Cu (650 MHT) while no
inflammation was found its corresponding control
(650 Ctrl). Masson trichrome colorations denote also a
strong collagen denaturation for both the PTT and
MHT treated samples while the tumors injected at the
high nanoparticle dose but not treated show no
difference with control. The massive presence of
IONF@CuS injected in both high doses (650 Ctrl and
650 MHT), especially in the cortical part of the tumor,
was pointed out by the Pearls and Rodanine stainings,
highlighting the iron and the copper deposit,
respectively. By contrast, in the tumors injected with
15 mM of Cu and treated by PTT (15 PTT) the iron and

copper signals were very light, nevertheless the huge
therapeutic impact.
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Figure 4. IONF@CuS nanohybrids uptake and cytotoxicity in vitro on PC3 cell
line: (A) Cellular iron uptake per single cell, quantified by single cell
magnetophoresis, reflects the amount of IONF@CuS internalized after 1, 4 and
16 h of incubation at 2 different concentrations. (B) Metabolic activity of PC3
cells at different concentrations of IONF@CuS nanohybrids following 1, 4 or 16
h of incubation. The Alamar Blue analysis, performed 24 h after the beginning of
the incubation, shows negligible cytotoxicity even at the highest nanohybrid
concentration used. (C) Composed plot illustrating the cell treatment study:
depending from the modality used (green for AMF, 470 kHz — 18 mT and blue
for 1064 nm laser, 0.3 W/cm?) and the nanohybrid concentrations during
incubation, the heating (lines in the plot) varies (starting from 37 °C), and it
correlates with the effect on the viability (bars in the plot). Herein the
treatments have been performed on 5 x 10¢ cells resuspended in 50 pL. The
indicated concentrations correspond to the nanohybrids in the incubation
media; (D) Evaluation of tri-therapy efficiency by comparing stand-alone MHT
and laser-mediated therapies (PTT + PDT), with the dual application of AMF
(470 kHz — 18 mT) and laser (0.1 W cm™2). Very low laser power was used to
mimic situation in deep tumors, which strongly decreases laser penetration, but
not MHT performance. PC3 cancer cells samples were prepared by incubating
overnight the nanohybrids at [Cu] = 0.32 mM (intracellular condition, blue) and
preparing a cells pellet in 50 pL, or by injecting directly within the same
tumor-like cell mass the nanohybrids at a final concentration of [Cu] = 80 mM
([Fe] = 12.5 mM) (extracellular condition, red). The temperature (starting from
37 °C) is plotted as lines (secondary axis), and the cytotoxicity as bars (primary
axis). Significance between groups was determined using one-way analysis of
variance (ANOVA), with Tukey's test (* p < 0.05, ** p < 0.01, *** p < 0.001); (E)
ROS detection in PC3 cells by confocal microscopy: after the incubation with
IONF@CuS nanohybrids (NHs) (1.6 mM of Cu and 250 M of Fe for 4 h) the
fluorescent DHR signal already is present (bottom-left box) and it increases
even more after the laser exposure (1064 nm laser at 6 W cm 2 for 15 min).
Scale bar = 100 ym.

Conclusions

The successful synthesis of mnanohybrids
combining a nanoflower-like core optimized for
magnetic hyperthermia and a CuS spiky shell honed
for IR-triggered PTT and PDT allows providing a
class of all-in-one nanohybrids merging MHT, PTT
and PDT in a tri-therapeutic strategy. MHT and PTT
were successfully combined to provide a cumulative
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heating enabling reduced doses to be wused.
Furthermore, the integration of this dual heating
capability to a photodynamic insult is a unique asset
to tackle tumors by distinct cytotoxic strategies so that
cancer cells may be eliminated more efficiently, and
ultimately improving the therapeutic outcome in a
broader spectrum of clinical conditions. Besides a
cumulative effect, the cytotoxic mechanisms of each
strategy may enhance each other, leading to a
much-sought synergism. In this paper, we demonst-
rated that the three therapeutic modalities are
functional both in vitro and in vivo, all using a single
nanohybrid. However, the PTT modality appears far
more efficient than the MHT counterpart. If the tumor

location is not deep in the body being easily accessible
to laser exposure, phototherapy will be the preferred
option to trigger a compelling therapeutic effect.
However, even if MHT requires higher nanohybrid
doses obtaining a temperature increase limited to only
a few degrees, this functionality is of high interest in
case of deeply entangled tumors where laser
penetration is partly impaired. Last but not least, the
magnetic core provides the hybrids with MRI
detection, allowing an in-depth imaging complement-
ary to the photoacoustic one. In overall, IONF@CuS
hybrids provide a multi-faceted theranostic tool that
may find its place in the next-generation approaches
for image-guided synergic tumor therapy.
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Figure 5. In vivo treatment characterization: (A) Ultrasound and corresponding photoacoustic images (A = 950 nm) of a xenograph tumor before and after
intratumoral injection of 50 uL of IONF@CuS nanohybrids dispersion at 75 mM of Cu and 12 mM of Fe; (B) TEM micrographs showing the nanohybrid in the tumor
tissue after 24 h from the injection and their intra- and extracellular distribution; (C) Representative infrared thermal images after 10 min treatment (1064 nm laser
at | W ecm2) of tumor not injected (Ctrl Laser) or injected with nanohybrids at the concentration of 0.6, 3 or 15 mM of Cu (0.6-, 3- and 15 mM PTT) or after 30 min
treatment (471 kHz and 18 mT) of tumor injected with nanohybrids at a concentration of 650 mM of Cu (650 mM MHT); (D) The corresponding average
temperatures at the end of the treatments; (E) Average tumor growths at the conditions corresponding to the temperature analysis (Figure 5D) plus the untreated
control, during the 13 days following the treatment. Significance between groups was determined using one-way analysis of variance (ANOVA), with Tukey’s test (**
p<0.01, * p<0.05); (F) Histology sections of tumor 24 h after the treatment stained with hematoxylin/eosin/saffron (HES) for viable/inflamed tissue, Masson for
collagen fibers, Pearls for iron deposits and Rodanine for copper deposits in non-injected tumors (Ctrl) and injected with IONF@CuS at 650 mM of Cu not treated

(650 Ctrl), at 15 mM of Cu + PTT (15 PTT) and 650 mM of Cu + MHT (650 MHT).
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