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Developing multifunctional therapeutic and diagnostic Self-assembly
(theranostic) nanoplatforms is critical for addressing challenging issues
associated with cancers. Here, self-assembled supernanoparticles
consisting of superparamagnetic Fe;O, nanoparticles and photo-
luminescent PbS/CdS quantum dots whose emission lies within the
second biological window (II-BW) are developed. The proposed self-
assembled Fe;O, and PbS/CdS (II-BW) supernanoparticles [SASNs (II- Deep-tissue NIR
BW)] exhibit outstanding photoluminescence detectable through a tissue imaging

as thick as 14 mm, by overcoming severe light extinction and , g
. . .. Bimodal 1000 1400 e Dual-modal
concomitant autofluorescence in II-BW, and significantly enhanced T,  imaging  Wavelength (m) ; heating

relaxivity (282 mM™' s™!, ca. 4 times higher than free Fe;0, : C-m

nanoparticles) due to largely enhanced magnetic field inhomogeneity. ’

On the other hand, SASNs (II-BW) possess the dual capacity to act as

both magnetothermal and photothermal agents, overcoming the main drawbacks of each type of heating separately. When
SASNs (II-BW) are exposed to the dual-mode (magnetothermal and photothermal) heating, the thermal energy transfer
efficiency is amplified 7-fold compared with magnetic heating alone. These results, in hand with the excellent photo- and
colloidal stability, and negligible cytotoxicity, demonstrate the potential use of SASNs (II-BW) for deep-tissue bimodal
(magnetic resonance and photoluminescence) in vivo imaging, while simultaneously providing the possibility of SASNs
(II-BW)-mediated amplified dual-mode heating treatment for cancer therapy.

MR imaging

self-assembly, multifunctional supernanoparticles, second biological window, bimodal imaging, dual-modal heating

merging nanotechnologies have driven the develop- (QDs), and clusters of Fe;O, NPs and visible QDs.””*
ment of multifunctional (superparamagnetic and photo-
luminescent) nanoparticles (NPs) to fulfill the
increasing needs of contrast agents suited for a bimodal

Nevertheless, the photoluminescent component of these NPs

in most studies operates within the visible range, which results

[magnetic resonance (MR) and photoluminescence] imaging in shallow penetration depth and ambiguous photolumines-
approach.'™ Various bimodal contrast agents have been

fabricated, including dye-incorporated iron oxide nanocompo- August 28, 2018

sites, hybrid nanomaterials composed of magnetic NPs and December 31, 2018

upconversion nanoparticles, magnetically doped quantum dots January 3, 2019
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Figure 1. (a) Schematic illustration of the formation process of SASNs (II-BW). (b, c) TEM images of PbS/CdS (II-BW) QDs and Fe;0,
dispersed in chloroform. (d) DTAB-stabilized PbS/CdS (II-BW) and Fe;O, micelles. (e) SASNs (II-BW). (f) Size distribution of SASNs (II-
BW). (g—i) TEM images of SASNs (II-BW) at different magnifications. (j) HAADF-STEM image and EDX-elemental maps of SASNs (II-
BW). (k) XRD pattern of SASNs (II-BW). Standard peaks of Fe;O, (blue, JCPDS 76-1849) and PbS (red, JCPDS 05-0592) are shown. (1)
Absorption and photoluminescence emission spectra of SASNs (II-BW).

cence signals due to the tissue-induced light extinction and
autofluorescence, thus limiting their use as deep-tissue in vivo
photoluminescence probes.” By introducing NPs with
absorption and emission wavelengths in the biological
windows (BW) located in the near-infrared (NIR) range (I-
BW: 700—950 nm; II-BW: 1000—1350 nm),°"® these
challenges can be overcome, enabling deep-tissue photo-
luminescent imaging with high signal-to-noise ratio. Biological
tissues in BWs are considered to be optically transparent
because the optical extinction (absorption and scattering) of
NIR photons can be largely avoided and the autofluorescence
background greatly diminished.””~"" Thus, it is substantially
beneficial to engineer new multifunctional (superparamagnetic
and photoluminescent) NPs, employing NIR-modulated
probes for deep-tissue in vivo bimodal imaging. Recently Dai
et al. reported a bright non-toxic photoluminescence probe
based on PbS/CdS (II-BW) QDs, which allows for non-
invasive deep-tissue photoluminescence imaging with high
spatial resolution in 2D/3D confocal modes and real-time
photoluminescence imaging of vascular regeneration with

409

dynamic tissue perfusion.'”'” Also, our group has worked on
a series of Pb-based QDs such as PbS, PbS/CdS, and PbS/
CdS/ZnS, which exhibit excellent NIR photoluminescence
properties."*~** However, research regarding hybrid bimodal
contrast agents, which combine Fe;O, NPs and promising Pb-
based NIR QDs, has not been reported thus far.
Magnetothermal therapy is a well-known thermal cancer
treatment technique in which heat is induced by Néel and
Brownian relaxation of magnetic NPs when exposed to an
alternating magnetic field (AMF).” Jordan et al. reported the
first clinical application of magnetothermal therapy in locally
recurrent prostate cancer in 2005.** Subse%uently, a variety of
clinical trials were carried out worldwide,”® paving the way
for NanoTherm Therapy (MagForce AG) in commercial
clinical settings.”” Similarly, photothermal therapy employing
NIR light absorbing agents to generate heat from NIR laser
irradiation to burn cancer cells has received considerable
attention because of its advantages including non-invasiveness,
high specificity, and precise spatiotemporal selectivity.”* ™" In
addition, our previous collaborative work demonstrated Pb-
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based NIR QDs can act as efficient temperature self-monitored
photothermal agents.””

There are still drawbacks that must be addressed in both
magnetothermal and photothermal therapeutics. For example,
magnetothermal therapy agents are used at quite high
concentrations ([Fe] = 1—-2 M, several orders of magnitude
higher than the concentration used for MR imaging), which
remains a strong concern in the clinical setting. Because of the
relatively poor thermal energy transfer efficiency of magnetic
NPs [defined as specific loss power (SLP), the power
dissipation per unit of mass of the magnetic material], large
amounts are required to efliciently convert magnetic energy
into heat.”® For diagnostic purposes, such high concentration
cannot be used for MR imaging because of the signal void in
the areas containing high concentrations of magnetic NPs.**
On the other hand, photothermal therapy is not applicable to
malignancies in distant organs due to the limited penetration
depth of NIR light into the tissue.”® In this regard,
magnetothermal therapy can ignore problems associated with
light tissue penetration as radiofrequency electromagnetic
waves are exploited for the magnetic heating.”” Given these
issues, integrating magnetothermal and photothermal therapy
into a single nanoplatform may provide a dual-mode
therapeutic approach to realize high-efficiency and deep-tissue
cancer treatment. Claire et al. have demonstrated that the
simultaneous stimulation of iron oxide nanocubes under both
AMF and NIR laser irradiation offers remarkable heating
efficiency, addressing the individual challenges of any
monomagnetic and mono-optical heating modality for iron
oxide.” Although overwhelming heating can be achieved by
this nanoplatform, their biomedical applications are restricted
due to lack of appropriate diagnostic modality.

Self-assembled supernanoparticles (SASNs) can be regarded
as the collections of individual colloidal NPs by self-assembly,
which allow for the rational control of the optical, plasmonic,
electronic, and/or magnetic phenomena pairing between
distinct NPs. In this way, supernanoparticles (SNs) possess
not only the intrinsic physical and chemical characteristics of
their individual NPs but also the collective properties of these
NPs due to coupling effects.”® For example, self-assembled
binary magnetic superlattice membranes exhibit collective
interparticle dipolar interactions,”’ and iron oxide clusters
cause remarkably enhanced T, relaxivity in MR imaging.’®
Notably, the self-assembly approach is a simple, reproducible,
and inexpensive way to synthesize multifunctional SNs by
combing two or more types of independently tailored NPs. For
instance, Bawendi et al. demonstrated the preparation of
magneto-photoluminescent SNs based on coassembling CdSe/
CdS QDs and Fe;O, NPs and their application for in vivo
bim%dal imaging of mice bearing murine mammary carcino-
ma.’

Here, we present multifunctional self-assembled Fe;O, and
PbS/CdS (II-BW) supernanoparticles [SASNs (II-BW)]
aimed at synergistic bimodal imaging and heating treatment,
based on their outstanding superparamagnetic and NIR
photoluminescence properties. Our ex vivo deep-tissue imaging
experiments revealed that the NIR emission, lying within II-
BW, endows the SASNs (II-BW) with deep-tissue penetrating
capabilities beneficial for optical bioimaging, superior to their
counterpart operating within I-BW [SASNs (I-BW)]. Mean-
while, owing to the synergistic effect of their clustering
characteristic, SASNs (II-BW) exhibit a significantly enhanced
T, relaxivity for MR imaging compared with that of free Fe;0,
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NPs. In addition, the SASNs (II-BW) allow us to perform
photoluminescence tracking by magnetic confinement, en-
abling potential application for high-sensitivity detection of
cancer cells. Subsequently, we demonstrate that SASNs (II-
BW) can be stimulated by dual-mode heating, which provides
an unrivaled SLP, overcoming the main drawbacks of
magnetothermal or photothermal therapy individually. The
multifunctional SASNs (II-BW) developed here could be
suitable not only for deep-tissue bimodal imaging but also for
dual-mode heating treatment, rendering them an excellent
candidate for realizing future multipronged cancer theranostics.

RESULTS AND DISCUSSION

Schematics of the self-assembling procedures for preparing
superparamagnetic and photoluminescent SASNs (II-BW) are
shown in Figure la. Core/shell PbS/CdS QDs (Figure 1b and
Figure S1b) synthesized by microwave-assisted cation
exchange of PbS QDs (Figure Sla), with their emission
band at ca. 1260 nm (II-BW) (Figure S2), were chosen as the
photoluminescent component.”” The average diameter of
PbS/CdS QDs was about 4.7 + 0.3 nm (Figure S3).
Meanwhile, high-quality Fe;O, NPs (Figure 1c) with an
average size about 8.3 + 0.7 nm in diameter (Figure S3) were
used as the superparamagnetic part. In the first step, by using
dodecyltrimethylammonium bromide (DTAB) as a surfactant,
oleic acid capped PbS/CdS QDs and Fe;O, NPs dispersed in
chloroform were transferred into water by micellar encapsu-
lation, due to hydrophobic van der Waals interactions between
the hydrocarbon chains of oleic acid and DTAB. After water
transfer, it can be observed that the PbS/CdS and Fe;O, NPs
trapped in the micelles retain their monodispersity and size
(Figure 1d). In the second step, the aqueous dispersion of
PbS/CdS and Fe;O, micelles was quickly injected into the
ethylene glycol (EG) solution of polyvinylpyrrolidone (PVP),
in which the van der Waals interactions between oleic acid
ligands and DTAB surfactants were gradually weakened."' This
resulted in the loss of DTAB molecules from the PbS/CdS
QDs and Fe;O, NPs, engulfing micelles, and eventually led to
the decomposition of these micelles. As a consequence, the
self-assembling process occurred, aggregating the PbS/CdS
QDs and Fe;O, NPs, owing to the introduced solvophobic
interaction between the oleic acid ligands on the surface of
NPs and the EG solution. Meanwhile, PVP acted as a capping
agent, coating the SASNs (II-BW) and stabilizing them against
further aggre§ation of individual SNs through repulsive steric
interactions.*” The principal infrared vibrations of C=0, C—
N, and CH, functional groups in the Fourier-transform
infrared (FTIR) spectrum (Figure S4) confirm the PVP
capping on the SASNs (II-BW). The resulting 3D spherical
SASNs (II-BW) with an average size of 61.3 + 0.4 nm in
diameter (Figure 1f) are shown in Figure le.

In order to verify the morphology and distribution of the
Fe;0, NPs and PbS/CdS QDs inside the SASNs (II-BW),
transmission electron microscopy (TEM) images at different
magnifications, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), and energy
dispersive X-ray (EDX)-elemental mapping were acquired
(Figure 1g—j). The higher magnification TEM images
demonstrate that each SASN (II-BW) is composed of multiple
randomly distributed Fe;O, NPs and PbS/CdS QDs. The
molar ratio of Fe/Pb was found to be 1:1.2 as measured by
inductively coupled plasma-optical emission spectrometry
(ICP-OES), which is in agreement with the initially employed
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Figure 2. (a) Scheme of the experiment setup for demonstrating ex vivo NIR imaging through pork tissue of various thicknesses, placed on
one side of the cuvette filled with an aqueous solution containing SASNs. (b) Ex vivo NIR images through pork tissue of different thicknesses
(0,1, 3, 6,9, and 12 mm) for SASNs (I-BW) and SASNs (II-BW) under 806 nm laser excitation. The power density of the 806 nm laser was
adjusted to 10 W/cm? in both cases. (c) Normalized emission intensity of SASNs (I-BW) and SASNs (II-BW) as a function of penetration
depth in pork tissue. Emitted intensity was calculated from the region of interest denoted by a dashed black rectangle.

ratio of Fe;O, NPs and PbS/CdS QDs. Meanwhile, this ratio is
anticipated to be an optimal value for photoluminescent
imaging (Figure SS). Owing to their different sizes (Figure S2),
it is easy to distinguish the Fe;O, NPs and PbS/CdS QDs
(Figure 1h,i). Through the corresponding HAADF-STEM and
EDX-elemental maps, it can be observed that Fe, Pb, S, and O
elements are homogeneously distributed over the entire
SASNs’ volume. In addition, the X-ray diffraction (XRD)
pattern (Figure 1k) verifies the coexistence of Fe;O, NPs and
PbS/CdS QDs in the SASNs (II-BW). Figure 11 shows the
absorption and emission spectra of SASNs (II-BW). The first-
order excitonic absorption and emission bands of SASNs (II-
BW) are located at around 1150 and 1240 nm, respectively,
covering most of the II-BW’s spectral range. Interestingly,
compared with the bare PbS/CdS (II-BW) QDs (absorption:
1185 nm, emission: 1260 nm) (Figure S1), the absorption and
emission peaks of SASNs (II-BW) show a blue shift, which can
be attributed to the change of electronic density in the surface
states of immobilized QDs under passivation by the PVP
coziting.43’44

In the meantime, we have adopted the same self-assembling
protocol to prepare similar superparamagnetic and photo-
luminescent SASNs (I-BW) by using smaller PbS/CdS (I-BW)
QDs (Figure S6a) with an average size about 2.9 + 0.3 nm in
diameter (Figure S6b) and possessing an emission band
centered at ca. 915 nm (Figure S6c). The same Fe;O, NPs
(Figure 1c) were employed as the superparamagnetic
component to prepare SASNs (I-BW). After self-assembling
with Fe;O, NPs, the prepared SASNs (I-BW) (Figure S7a)
show similar morphology to previously observed SASNs (II-
BW) and have an average size about 59.7 + 0.9 nm (Figure
S7b). Due to the larger size difference between the Fe;O, and
smaller PbS/CdS (I-BW) QDs with respect to the PbS/CdS
(II-BW) QDs, it is easier to identify the Fe;O, and PbS/CdS
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QDs in the SASNs (I-BW). After self-assembly, the absorption
and emission peaks of SASNs (I-BW) show a slight blue shift
(Figure S7c), which can be easily understood following the
same reasoning as in the case of SASNs (II-BW).

In order to assess and compare the deep-tissue bioimaging
capabilities of SASNs (I-BW) and SASNs (II-BW), we have
implemented an experimental setup (Figure 2a) in which pork
tissue of different thickness was placed on one side of the
cuvette filled with an aqueous solution containing the SASNs.
Subsequently, NIR images were acquired by an NIR camera
placed above the pork tissue. It is worth mentioning that the
pork tissue herein was chosen to mimic human soft tissue,
since it is photophysically closest to human soft tissue among
commonly used animal tissue models.* Excitation of the
SASNs was achieved by an 806 nm laser diode, which has been
shown to be particularly well suited for optical bioimaging.***”
Foremost, NIR excitation at wavelengths such as 806 nm is
superior to those on the visible spectral side due to the lower
photo-induced cytotoxicity."® Moreover, the water absorption
of 806 nm is significantly reduced compared to that of 980 nm
(another commonly used wavelength for exciting NIR optical
probes), which helps to reduce the undesired overheating
effect of biological tissues. Here, the power density of the 806
nm laser (10 W/cm?) spot on target and the concentration of
both types of SASNs (0.8 mg/mL) were identical in both
cases, to fairly compare the penetration depth of the
photoluminescence signal from the SASNs (I-BW) and
SASNs (II-BW). Figure 2b shows ex vivo NIR images through
pork tissue with different thickness (0, 1, 3, 6, 9, and 12 mm)
for SASNs (I-BW) and SASNs (II-BW). The corresponding
collected light intensity, calculated from the region of interest
(and normalized to 1.0 at 0 mm), as a function of pork tissue
thickness is plotted in Figure 2c. We observed that SASNs (II-
BW) showed a strong photoluminescence signal in the NIR
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Figure 3. (a) Hydrodynamic diameter, denoted as HD, of the SASNs (II-BW). (b) Hydrodynamic diameter and normalized
photoluminescence emission intensity of the SASNs (II-BW) as a function of storage time. (c) Photoluminescence imaging of the
SASNs (II-BW) on a coverslip. (d) Photoluminescence intensity change with time for a single aggregate of SASNs (II-BW) denoted in (c).
(e) Magnetization of SASNs (II-BW) as a function of magnetic field at 300 K. The inset shows the magnified view of the magnetization curve
under low magnetic field. (f) Temperature-dependent ZFC and FC magnetization curves at 100 Oe for SASNs (II-BW). (g) Digital and NIR
photographs of SASNs (II-BW) in aqueous solution before applying a magnet (left), applying a magnet (middle) at 0 min, and after applying
the magnet for 3 min (right). The NIR images were taken by a NIR camera upon excitation of the SASNs (II-BW) with an 806 nm laser. (h)
Photoluminescence emission spectra of the supernatant in SASNs (II-BW) solution measured every 30 s after applying a magnet shown in
the middle of (g). The insert in (h) shows corresponding integrated intensity of supernatant (d) as a function of time. (i) Cytotoxicity study
of SASNs (II-BW) on HeLa and HEK 293T cells cultured with various concentrations of SASNs (II-BW).

images and their emission intensity saturated the detector of
the NIR camera for the <4 mm thick pork tissue; most
importantly, the NIR signal could still be detected even when
the pork tissue thickness reached 14 mm. However, regarding
the SASNs (I-BW), the photoluminescence signal rapidly
diminished with the increasing thickness of the pork tissue and
dropped to <20% of the initial intensity by the 4 mm mark.
These results indicate that the capability of deep-tissue
penetration of SASNs (II-BW) is superior to that of SASNs
(I-BW), since the optical extinction of tissue in the II-BW is
reduced compared to that in the I-BWs, which is also in a good
agreement with our previous report.'” Therefore, the SASNs
(II-BW) are expected to be better imaging probes for deep-
tissue imaging, as their NIR emission is guaranteed to
penetrate further in biological tissues. In the following text,
we focus on studying the greater optical property of SASNs
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(II-BW) and further exploiting them for MR imaging and
magnetothermal and photothermal experiments.

When NPs circulate in biological media such as blood,
colloidal stability is a key parameter entangled with their
physicochemical properties and strongly influences the NPs’
interaction with biological media.”” In order to better
investigate the colloidal stability of SASNs (II-BW), long-
term average size distribution as a criterion for evaluating
colloidal stability was carried out by dynamic light scattering
(DLS) measurements. The hydrodynamic diameter of SASNs
(II-BW) was found to be 97.3 + 5.4 nm (Figure 3a), and, most
importantly, it was retained through a 60-day period (Figure
3b), revealing the superior colloidal stability of SASNs (II-
BW). Alternatively, we also monitored the colloidal stability of
SASNs (II-BW) by tracking their photoluminescence intensity
against storage time (Figure 3b). No significant changes were
observed throughout the 60-day period, once again confirming
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Figure 4. (a) T,-weighted MR images of various Fe concentrations of SASNs (II-BW) and free Fe;0, NPs, respectively. (b) Relaxation rate r,
(1/T,) vs different Fe concentrations of SASNs (II-BW) and free Fe;0, NPs. (c) In vivo T,-weighted MR images of a nude mouse bearing a
tumor with transverse section taken at pre-injection and at 12 h intravenous post-injection of SASNs (II-BW). The position of the tumor is
marked by a red dashed circle in (c). (d) Corresponding SNR in the tumor (c) at pre-injection and 12 h post-injection of the SASNs (II-

BW).

the excellent colloidal stability of the developed SASNs. We
attribute the long-term colloidal stability mainly to the PVP
coating, which endows the SASNs (II-BW) with remarkable
dispersibility in an aqueous milieu. It also shields the Fe;O,
NPs and PbS/CdS QDs from direct contact with water
molecules, avoiding the quenching of PbS/CdS QDs with
time. To testify whether SASNs (II-BW) show any photo-
luminescence photobleaching, SASNs (II-BW) were adsorbed
and immobilized on a coverslip and imaged by a custom-built
multiphoton hyperspectral microscope (Figure 3c). The plot of
the photoluminescence intensity against time of a singled-out
aggregate of multiple SASNs (II-BW) is shown in Figure 3d.
Under illumination by an 808 nm laser for 3600 s, no evidence
of photobleaching of the SASNs (II-BW) was observed,
suggesting that SASNs (II-BW) possess remarkable photo-
stability for deep-tissue photoluminescence imaging.

The magnetic properties of SASNs (II-BW) were charac-
terized by field-dependent magnetization measurements, as
shown in Figure 3e. The magnetization curve of SASNs (II-
BW) shows the characteristic superparamagnetic behavior
(near-zero coercivity and remanence) with a saturation
magnetization of 15.4 emu/g at 300 K. This value is lower
than that of free Fe;0, (61.5 emu/g) (Figure S8) since the
presence of the non-magnetic component of PbS/CdS (II-
BW) QDs inside the SASNs (II-BW) reduces the relative mass
ratio of the magnetic component, thus decreasing the value of
the saturation magnetization per gram of SASNs (II-BW). The
temperature-dependent zero-field-cooled (ZFC) and field-
cooled (FC) magnetization measurements were performed
under an applied field of 100 Oe between 5 and 300 K (Figure
3f). The ZFC and FC curves coincide at relatively high
temperature but separate gradually with decreasing temper-
ature since different sized particles in the same sample
progressively block with decreasing temperature, which is a
characteristic behavior of superparamagnetism.’”>" The block-
ing temperature (T},) is ~123 K, significantly lower than room
temperature, suggesting the superparamagnetic properties of
SASNs (II-BW) at room temperature. Furthermore, a relatively
small external magnetic field was used to check whether the
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superparamagnetism of the SASNs (II-BW) can fulfill the
requirement of easy and fast manipulation for future
biomedical application (Figure 3g). From the digital images,
it can be observed that the SASNs (II-BW) are well dispersed
in solution prior to complete confinement by an externally
placed magnet within about 3 min. Since the movement of the
SASNs (II-BW) can be easily tracked by their photo-
luminescence, the NIR images of SASNs (II-BW) were
acquired by a NIR camera under excitation of an 806 nm
laser, further confirming the observed superparamagnetism and
its effect on the rapid SASNs’ confinement to the desired area.
NIR images clearly show that the SASNs (II-BW) are sensitive
to the magnetic field and can quickly accumulate in the
direction of the applied magnetic field. It should be pointed
out that the photoluminescence signal was only detected in the
confined area under the magnetic field, indicating no free
SASNs (II-BW), at a detectable level, were dispersed in the
solution. In addition, the photoluminescence spectra of the
supernatant in the SASNs (II-BW) solution were measured
every 30 s with the applied external magnetic field (Figure 3h).
The photoluminescence emission intensity decreased gradually
with time, reaching almost zero by 3 min, which can be easily
seen from the integrated emission intensity against time (inset
of Figure 3h). This trend was consistent with the phenomenon
observed in the NIR images, which indicates the rapid
response of SASNs (II-BW) to the magnetic field. Interest-
ingly, the integrated photoluminescence emission intensity
shows a linear behavior, suggesting the homogeneous confine-
ment of the SASNs (II-BW).

The cytotoxicity of SASNs (II-BW) at different concen-
trations was evaluated on HelLa cervical cancer cells and
human embryonic kidney (HEK 293T) cells by the MTT assay
(Figure 3i). Both HeLa cancer cells and HEK 293T cells
showed no obvious toxicity (>90% cell viability), even at a
significantly high concentration of 250 pg/mL, indicating the
non-toxicity and good biocompatibility of SASNs (II-BW).
The non-toxicity of SASNs (II-BW) mainly stems from the
presence of the PVP coating, which effectively prevents the
heavy metals (Pb and Cd) of the QDs from direct exposure to
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modal heating and their thermal images at 3 min post-injection of SASNs (II-BW) under three types of modulations (laser at 3.3 W/cm?,
AMF at 7 kA/m, and dual-mode). The injection point of the SASNs (II-BW) is denoted by a red circle. The blue circle indicates a location
free of SASNs (II-BW) (non-injection spot), and the laser was focused on that spot without AMF in the control experiment.

the biological medium, and further, avoids their leakage to the
exterior of the SASNs (II-BW). The biocompatibility of PVP
has been proven to enhance the application of numerous PVP-
capped NPs in the biomedical field.”*~>*

Understanding the biodistribution and clearance of SASNs
(II-BW) is directly related to the safety issue and is of great
importance for the biomedical application of SASNs in vivo. By
collecting blood samples at desired time points from 0.5 to 24
h and measuring the Fe concentration in blood (Figure $9a),
the blood circulation half-life of the SASNs (II-BW) in a
mouse model was calculated to be 1.7 h. The relatively long
blood circulation half-life is suitable for the effective
accumulation of SASNs (II-BW) in the tumor site by the
enhanced permeability and retention (EPR) effect.”” In the
meantime, the biodistribution of the SASNs (II-BW) in
different organs of mice shows that the accumulation of SASNs
(II-BW) in the liver and spleen becomes dominant at 24 h
post-injection, as shown in Figure S9b. This observation of
clearance of SASNs (II-BW) is similar to some previously
reported studies, suggesting that the SASNs are mainly
excreted through the reticuloendothelial system.***”
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To pursue high-performance MR imaging contrast agents,
ie, high T, contrast relaxivity (r,), many efforts have been
undertaken to rationally engineer magnetic NPs by tuning their
composition, size, shape, crystal structure, and surface
properties.”® °° In addition to the above strategies, another
intriguing design is to form clusters of magnetic NPs from
single magnetic NPs, which can lead to an obvious decrease of
the T, relaxation time and thus an increase of the r, value. The
reason for the enhanced relaxivity within NP clusters may be
the cluster-induced increase of magnetic field inhomogeneity,
which largely enhances the perturbation of proton phase
coherence when water molecules diffuse around adjacent
magnetic NPs.**®” Given a large number of Fe;O, NPs in each
SASN (II-BW), combined with their excellent superparamag-
netic properties, SASNs (II-BW) were expected to be an ideal
T, contrast agent with high relaxivity for MR imaging. To
evaluate the T, MR imaging performance of SASNs (II-BW),
the T,-weighted MR images of various Fe concentrations of
SASNs (II-BW) were acquired by a 3T clinical MR scanner, as
shown in Figure 4a. At the same time, the free Fe;O, NPs were
also examined as a control (Figure 4a). Both SASNs (II-BW)
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and free Fe;O, NPs exhibit a concentration-dependent
darkening effect of the negative T, MR contrast agent.
However, the darkening effect of SASNs (II-BW) is
significantly more pronounced than that of free Fe;O, NPs.
The relaxivity (r,) of the SASNs (II-BW) was calculated to be
approximately 282 mM ™' s™', which is more than ~3.7 times
that of free Fe;O, NPs (77 mM ™' s™") (Figure 4b), as well as
several types of clinically approved Fe-based contrast agents
(72 mM™" s7! for Ferumoxsil, 98.3 mM ™' s™! for Ferumoxide,
and 150 mM ™" s7! for Resovist).”® Such high relaxivity for the
SASNs (II-BW) can be attributed to the synergistic MR
enhancement effect of multiple Fe;O, NPs aggregated inside
the SASNs (II-BW), which is in agreement with previous
reports.’*®” This result strongly suggests the potential of
SASNs (II-BW) as T, contrast agents for in vivo MR imaging,
which was further explored. SASNs (II-BW) (200 uL, 2 mg/
mL, dose = 10 mg/kg) were administered to a mouse bearing
4T1 tumors intravenously and imaged by a 3T clinical MR
scanner. A noticeable darkening effect in the tumor area can be
observed 12 h after post-injection (red dashed circles in Figure
4c), and the corresponding signal-to-noise ratio (SNR) value
of the tumor region (Figure 4d) decreases significantly, which
indicated passive accumulation of the SASNs (II-BW) in the
tumors. Therefore, this remarkable T, negative effect makes
the SASNs (II-BW) ideal as T, contrast agents for in vivo MR
imaging. All together, these results suggest that SASNs (II-
BW) possess excellent superparamagnetic properties, which
renders them suitable for MR imaging and magnetic-driven
applications.

In order to study the combined magnetothermal and
photothermal capabilities of the SASNs (II-BW), we designed
an experimental setup in which an Eppendorf tube containing a
solution of SASNs (II-BW) was placed in the center of a
magnetic coil and irradiated by a 787 nm laser (787 nm is an
equally convenient excitation wavelength for bioimaging,
located within the [-BW), and the temperature increase was
recorded by a thermocouple, as shown in Figure Sa. By
switching the laser and AMF on and off, we can realize three
types of heating: photothermal (only by laser, at power
densities of 1.3—5.1 W/cm?), magnetothermal (only by AMF
with a fixed frequency of 150 kHz and magnetic field
amplitude from 3 to 9 kA/m), and combined magnetothermal
and photothermal (dual-mode, simultaneously with the laser
and AMF). Time-dependent temperature curves of SASNs (II-
BW) solution at concentrations of 10 and 20 mM under S min
of each modulation (laser at 3.3 W/cm? AMF at 7 kA/m, and
dual-mode) were recorded and are presented in Figure Sb. The
temperature of the two samples under three heating modalities
increases monotonically with time, while the rate of temper-
ature increase varies with different modalities (dual-mode >
AMF > laser). We found that the temperature increase after 5
min of dual-mode heating (31 and 43 °C at 10 and 20 mM,
respectively) is approximately equal to the sum of magneto-
thermal heating (22 and 31 °C for 10 and 20 mM samples
under AMF, respectively) and photothermal heating (9 and 13
°C for 10 and 20 mM under laser irradiation, respectively). It is
worth noting that differences in absolute temperatures and
increase rates, when either of the heating modalities is used
alone, stem from the fact that during the AMF modulation the
SASNs (II-BW) solution is being heated homogeneously
throughout the whole volume, whereas heating by laser
irradiation is highly localized to the incident beam spot.
Figure Sc shows the corresponding thermal images of SASNs
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(II-BW) solutions of 10 and 20 mM after S min of magnetic or
optical modulation. It can be seen that dual-mode heating
surpasses either photothermal or magnetothermal heating
alone, while the magnetothermal heating is dominant in the
dual-mode heating at the present experimental conditions. The
temperature increase at different concentrations of SASNs (II-
BW) after S min of each modulation (laser, AMF, and dual-
mode) was investigated and is presented in Figure 5d, e, and f,
respectively. Remarkably, the temperature increase of all the
samples under dual-mode heating matches with the sum of the
heating for laser or AMF conditions alone, which confirms the
cumulative effect of dual-mode heating. It is important to note
that pure water as a control shows only a very low temperature
increase under laser irradiation and near zero increase under
AMF. Hence, our technique can help to avoid damage to the
surrounding biological tissues, which are in the absence of
dual-mode thermal agents, during the treatments. We also
compared PbS/CdS QDs and Fe;O, NPs alone with the same
concentration of SASNs (II-BW) under the three heating
modalities (Figure S10). Of all the samples, SASNs (II-BW)
exhibit much more promising heating capabilities than PbS/
CdS QDs or Fe;O, NPs individually, especially when dual-
mode heating is considered.

The heat output of both photothermal and magnetothermal
modalities can be tuned by varying the laser power density and
the magnetic field (frequency and amplitude), respectively
(Figures S11, S12). The efficiency of magnetothermal heating
is usually expressed as SLP, and the values under AMF are
plotted in Figure Sg. It can be seen that the SLP values increase
with the increasing amplitude of the applied magnetic field.
Moreover, photothermal heating increases with the laser’s
power density, expressed in W/cm? as shown in Figure S12.
After combining laser irradiation with AMF (dual-mode)
(Figure Sh), the SLP value surged up to 1883 W/g at a laser
power density of 5.1 W/cm?, which is almost 7 times higher
than that of the maximum value under AMF (271 W/g). This
result indicated that the SLP value was strongly enhanced by
combining the laser irradiation. Although this value seems not
very high, it can be easily understood since the magnetic field
used in our work is several orders of magnitude lower than for
the other reported studies in terms of frequency (150 kHz)
and amplitude (from 3 to 9 kA/m) (Table S1). The
conclusion was further supported by using a commercial
ferrofluid (fluidMAG-PMO) solution as a control sample
under dual-mode modulation (Figure S13, Table S1) and by
comparing data obtained herein with their previously reported
data. Given the SLP value of commercial ferrofluids is only
one-third that of SASNs (II-BW), we believe that SASNs (II-
BW) possess excellent heating capability with an excellent SLP
value if comparable AMF was employed in combination with
photothermal heating. Furthermore, we sought to evaluate the
potential application of SASNs (II-BW) for dual-mode heating
treatments in biological systems by ex vivo experiments. Briefly,
a pork tissue sample was injected at ca. 2 mm in depth with
100 uL of an aqueous solution of SASNs (II-BW) (2 mg/mL).
The pork tissue was then subjected to laser irradiation, AMF,
and dual-mode, respectively, and the thermal images in each
case were collected in order to determine the temperature
increase at the surface of the tissue, as shown in Figure Si. The
average temperature at the injection site increased to 27 °C
under the laser irradiation, while the temperature also slightly
increased to 18 °C at the non-injection laser irradiated site in
the control experiment (the initial temperature of pork tissue
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was 17 °C), which indicates that significant heating occurs only
at the injection site. In addition, it should be noted that the
laser spot of 3.3 W/cm? power density, used in this
experiment, did not cause any tissue damage (at the non-
injection site) after irradiation for several minutes. The power
density is comparable to that used in in vivo photothermal
therapy based on gold nanorods and carbon nanotubes.”””
The temperature under AMF and dual-mode modulation
increased to 38 and 4S5 °C after 3 min, respectively, and the
temperature increase in the dual-mode manipulation exhibited
the cumulative effect of individual modalities. At this point, we
should note that the AMF for magnetothermal therapy in vivo
is subject to a strict limitation of magnetic field frequency (f)
and amplitude (H): H X f < § X 10° Am™ 57/, so as to avoid
Eddy currents, which have been shown to induce non-selective
heating and cardiac stimulation.”' In our work, the fixed
frequency (150 kHz) and magnetic field amplitude from 3 to 9
kA/m were within this safe application range. Therefore,
notable ex vivo results suggest that SASNs (II-BW) could be
potentially used as highly efficient nanoheaters for in vivo
combined dual-mode thermal treatment.

CONCLUSIONS

In summary, multifunctional (superparamagnetic and NIR
photoluminescent) SASNs (II-BW) were prepared by the self-
assembly method, and their formation mechanism during the
self-assembling process was studied. Under excitation with an
806 nm laser (I-BW), the SASNs (II-BW) allowed us to obtain
NIR photoluminescence imaging with enhanced tissue
penetration depth compared to that of SASNs (I-BW) due
to minimized light extinction in biological tissues. In addition
to their excellent NIR photoluminescence, the SASNs (II-BW)
exhibit remarkable superparamagnetism, impressive photo-
stability, and colloidal stability. Moreover, the MR imaging
results indicate that SASNs (II-BW) can be used as promising
T, contrast agents for in vivo MR imaging due to the
significantly enhanced T, relaxivity arising from the clustered
Fe;O, NPs. The dual-mode heating studies with SASNs (II-
BW) as heating agents showed an extremely efficient heating
output at the local site. Overall this work opens a new avenue
toward the use of SASNs (II-BW) for multifunctional
theranostic applications, specifically, as NIR-excited deep-
tissue bimodal imaging and dual-mode heating agents.

MATERIALS AND METHODS

Materials. Iron chloride hexahydrate (FeCly;-6H,0), sodium
oleate, oleic acid (OA, technical grade 90%), 1-octadecene (ODE,
technical grade 90%), lead chloride (PbCl, 98%), lead acetate
trihydrate (Pb(OAc),-3H,0, 99.9%), sulfur (S, 100%), bis-
(trimethylsilyl) sulfide ((TMS),S, synthesis grade), trioctylphosphine
(TOP, 90%), oleylamine (OLA, technical grade, 70%), cadmium
oxide (CdO, 99%), dimethyl sulfoxide (DMSO, >99.9%), poly-
vinylpyrrolidone (PVP, MW ~55 000), ethylene glycol (EG, 99.8%),
and dodecyltrimethylammonium bromide (DTAB, 99%) were
purchased from Sigma-Aldrich Inc. Commercial ferrofluids (fluid-
MAG-PMO, 25 mg/ mL) with a size of 20 nm were purchased from
Chemicell GmbH (Berlin, Germany). Hexane, toluene, methanol, and
ethanol were purchased from Fisher Scientific Company. All
chemicals were used as purchased.

Synthesis of Fe;0, Magnetic Nanoparticles. The Fe;O, NPs
were synthesized by thermal decomposition of iron oleate precursor
according to a previous report.”” Typically, the iron oleate complex
was prepared by refluxing of FeCl;-6H,0 (1.08 g, 4 mmol) and
sodium oleate (4.87 g, 16 mmol) in a mixture solution of ethanol (8
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mL), distilled water (6 mL), and hexane (14 mL) at 70 °C for 6 h.
After that, the iron oleate precursor was washed several times with hot
distilled water in a separation funnel. The iron oleate precursor (0.9 g,
1 mmol) was then dissolved in a mixture of OA (142 mg, 0.5 mmol)
and ODE (10 mL) and heated to 320 °C with the protection of N,
for 1 h. The black Fe;O, NPs were precipitated by centrifugation and
washed with ethanol and hexane. The unreacted precursors were
completely removed by repeating the centrifugation and washing
several times. Finally, the Fe;O, NPs were dispersed in chloroform as
stock solution.

Synthesis of Smaller PbS (I-BW) QDs (Size: ~2.9 nm in
Diameter). Smaller PbS (I-BW) QDs were synthesized by a hot-
injection method.”>”* Typically, Pb(OAc),-3H,0 (760 mg), OA (2.4
mL), and ODE (15 mL) were added into a three-neck flask and
heated to 150 °C for 1 h with stirring and N, flow. Then the mixture
was cooled to 130 °C under vacuum for 30 min. Subsequently, a 2 mL
mixture of (TMS),S and TOP (1:10 ratio by volume) was quickly
injected into the flask, and the temperature was kept at 100 °C for 5
min under N, flow. Finally, the reaction was quenched by cold water.
The PbS (I-BW) QDs dispersed in hexane were stored at 4 °C for 2
days, then centrifuged at 8000 rpm for 30 min to remove the
sediment. Following the addition of methanol, the QDs were
precipitated and redispersed in toluene. This purification was repeated
one more time, and finally the QDs were dispersed in toluene for the
growth of the CdS shell.

Synthesis of Larger PbS (lI-BW) QDs (Size: ~4.7 nm in
Diameter). Larger PbS (II-BW) QDs were synthesized by using OLA
as capping ligands instead of OA for smaller PbS (I-BW) QDs.*
Briefly, PbCl, (10 g) and OLA (24 mL) in a S0 mL flask were heated
to 160 °C and degassed under vacuum for 1 h. The N, flow was then
opened, and the PbCl,—OLA solution was cooled to 120 °C. After
that, sulfur (115 mg) in OLA (4 mL) was quickly injected into the
above PbCl,—OLA solution. The growth reaction of PbS QDs was
kept at 100 °C for several minutes. When the PbS (II-BW) QDs
reached the desired size, the reaction was quenched by cold water.
The PbS (II-BW) QDs were purified by adding ethanol and toluene,
followed by centrifugation to separate the PbS (II-BW) QDs. Last, the
PbS (II-BW) QDs were dispersed in toluene for the further growth of
the CdS shell.

Synthesis of Core/Shell PbS/CdS (I-BW and 1I-BW) QDs. PbS/
CdS (I-BW) and PbS/CdS (II-BW) QDs were synthesized by a
microwave-assisted cation exchange method.” In a typical reaction,
CdO (3 g), OA (15 mL), and ODE (20 mL) were heated to 200 °C
to form a colorless solution. The Cd oleate solution was then cooled
to 100 °C and degassed under vacuum for 30 min. After this step, 8
mL of Cd oleate solution and 12 mL of PbS (I-BW)/PbS (II-BW)
QDs in toluene were introduced into a 35 mL microwave reaction
tube and heated to 100 °C under microwave radiation for several
minutes. Finally, PbS/CdS QDs were purified by ethanol—toluene
several times and dispersed in chloroform.

Synthesis of Self-Assembled Fe;O, and PbS/CdS (lI-BW)
Supernanoparticles [SASNs (lI-BW)] and Self-Assembled
Fe;0, and PbS/CdS (I-BW) Supernanoparticles [SASNs (I-
BW)I. For a typical synthesis of SASNs (II-BW), 1 mL of Fe;O, (4
mg) NPs and 1 mL of PbS/CdS (II-BW) QDs (6 mg) chloroform
solution (molar ratio of Fe/Pb = 1:1.2) were injected into 1 mL of
DTAB (20 mg/mL) aqueous solution. The solution was thoroughly
mixed by vortex, following chloroform evaporation under N, flow.
After that, the aqueous mixture of PbS/CdS (II-BW) QDs and Fe;O,
NPs was swiftly injected into a PVP-in-EG solution (20 mg/mL) and
left under vigorous stirring for 4 h. The resulting SASNs (II-BW)
were isolated by centrifugation, washed with ethanol, and finally
dispersed in water.

SASNs (I-BW) were synthesized following the same procedure as
the SASNs (II-BW), except for replacing PbS/CdS (II-BW) QDs (6
mg) with PbS/CdS (I-BW) QDs (6 mg).

Characterization. The crystal structure of all the samples was
characterized by using a Bruker D8 ADVANCE X-ray diffractometer,
equipped with a Cu anode X-ray source (Cu Ka, A = 1.540 598 A).
The TEM images, HAADF-STEM images, and EDX-elemental
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mapping were obtained using a JEOL 2100F microscope at 200 kV
equipped with a charge-coupled device camera. The hydrodynamic
size of the SASNs (II-BW) was characterized by a Malvern Zetasizer
Nano-S90 DLS instrument. Content of Pb and Fe elements in the
SASNs (II-BW) was assessed by ICP-OES (Agilent Technologies,
5100). FTIR spectra were collected in the range of 4000—500 cm™
by using a ThermoFisher Scientific Nicolet 6700 FTIR spectrometer.
The magnetic hysteresis loop was measured by a vibrating sample
magnetometer (VSM, model 4 HF-VSM, ADE USA) at 300 K with a
magnetic field up to 3 T. Temperature-dependent ZFC and FC
magnetization curves were taken under an applied field of 100 Oe
between S and 300 K. Absorption spectra of all the samples were
measured by a UV—visible—NIR spectrophotometer (Cary 5000)
with a scan speed of 600 nm/min. NIR photoluminescence spectra
were acquired on a Fluorolog-3 system (Horiba Jobin Yvon) using an
excitation wavelength of 600 nm.

Photoluminescence Time Trace Measurements for a
Singled-out Aggregate of SASNs (II-BW). The NIR photo-
luminescence image of SASNs (II-BW) on a glass coverslip was taken
using a multiphoton/NIR hyperspectral microscope (Photon Etc.,
Canada) with detection limits from 400 to 1750 nm, equipped with a
pulsed femtosecond Ti:Sapphire Mai Tai laser as excitation source
(Spectra Physics, USA) and an excitation wavelength fixed at 808 nm.
The platform is based on the inverted epifluorescent microscope body
(Nikon Eclipse Ti-S, Japan), equipped with a 20X 0.40 NA objective
(Nikon, Japan). The collected photoluminescence signal is spectrally
separated from the excitation beam by utilizing an appropriate NIR
filter cube and passed onto the dispersive element from which the
spectral information at a single excitation spot is registered with an
InGaAs camera (Nunavut, BaySpec, USA). The fluorescence intensity
trace was obtained from the NIR spectra of SASNs (II-BW)
measurement every S2 s.

Cell Culture and Viability Assay. HeLa cervical cancer cells and
human embryonic kidney (HEK 293T) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine
serum (FBS), SO units/mL penicillin, and 50 units/mL streptomycin
in 5% CO, at 37 °C. HEK 293T and HeLa cells were plated at 5 X
10° cells/well into a 96-well plate and incubated for 24 h in DMEM
(100 uL). Cells were then treated with SASNs (II-BW) at various
concentration. Blank controls without SASNs (II-BW) (cells only)
were run simultaneously. Cell viability was measured by using a
CellTiter 96 Non-Radioactive cell proliferation assay kit (MTT,
Promega) according to the manufacturer’s protocol. Briefly, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) sol-
utions (15 L) were added into each well. The medium containing
unreacted MTT was carefully removed after 24 h of incubation. Then
DMSO (100 uL) was added into each well in order to dissolve the
formed formazan blue crystals, and the absorbance at A = 570 nm was
recorded using a Powerwave HT microplate reader (Bio-Tek). Each
concentration was 6-replicated (n = 6). Cell viability was calculated as
the percent ratio of mixtures with SASNs (II-BW) to control (cells
only).

NIR Imaging ex Vivo. NIR images were taken by an Xeva-1.7
infrared camera (Xenics Corp) equipped with a 830 nm filter to
record images in the specific spectral range and to block the scattered
excitation light. The 806 nm laser diode was used as a fixed excitation
source ((Lumics, power density of 10 W/cm?).

Animal Model. 4T1 murine breast cancer cells were cultured in
standard cell media recommended by American Type Culture
Collection (ATCC). Female Balb/c mice were purchased from
Nanjing Peng Sheng Biological Technology Co. Ltd. and used under
protocols approved by Soochow University Laboratory Animal
Center.

T, Relaxivity Measurements in Vitro and MR Imaging in
Vivo. T,-weighted MR images were acquired by a 3T clinic MRI
scanner (Bruker Biospin Corporation, Billerica, MA, USA) at room
temperature. SASNs (II-BW) in PBS buffer with different
concentrations were placed in a series of tubes for T,-weighted MR
imaging. The concentration of Fe was determined by ICP-OES
(Agilent Technologies, 5100). The relaxivity value (r,) was calculated
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based on the fitting curve of 1/T, relaxation time (s™') wvs the
concentration of Fe (mM).

A mouse bearing one 4T1 tumor was administered with SASNs (1I-
BW) in PBS buffer (200 uL, 2 mg/mL, dose = 10 mg/kg) by an
intravenous injection via its tail vein. The MR imaging of the mouse
was conducted on the same scanner equipped with a special coil
designed for small animal imaging. The mouse was scanned before
and after injection of the contrast agent.

Biodistribution Study. SASNs (II-BW) in PBS buffer (200 4L, 2
mg/mL, dose = 10 mg/kg) were injected into the mice intravenously.
Blood samples were collected from the facial vein at the desired time
points (30 min and 1, 2, 4, 6, 12, and 24 h). The Fe content in blood
was determined by ICP-OES after the red blood cells were removed
by centrifugation. The following organs including liver, heart, spleen,
kidneys, and lungs were collected, weighed, completely lysed in aqua
regia, and examined by ICP-OES at 24 h post-injection. The
biodistribution results were expressed as the percentage of injected
dose per gram of organ (% ID/g)

Photothermal, Magnetic Hyperthermia and Dual-Mode
Measurements in Vitro. For magnetic hyperthermia experiment,
the alternating magnetic field was generated by a magnetothermal
equipment (Ameritherm Inc., New York), consisting of a coil (3 turns
of loops of Cu pipe, 6 cm in diameter), which was cooled by a water
circulation system. The magnetic field frequency was fixed at 150 kHz,
and the magnetic field amplitude could be tuned by the current from
0 to 180 A. Magnetic field amplitude (H) was calculated by the
equation

I
Hznﬂi
2R

where g = 47 X 1077 T-m/A, n is the number of turns, R is the loop
radius, and I is the applied current.

Typically, a solution (0.6 mL) of SASNs (II-BW) in an Eppendorf
tube, surrounded by Styrofoam to minimize possible external
temperature fluctuations, was placed at the center of the coil, and
the temperature increase was recorded by a computer-attached optical
fiber based thermocouple (Reflex, SN:T18 217A, Neoptix Inc,
Canada).

For laser photothermal experiments, a continuous wave portable
787 nm NIR laser (Ningbo Lasever Inc., China) was used as an
irradiation source. An Eppendorf tube containing the SASNs (II-BW)
solution was irradiated by the laser placed on the same holder at the
center of coil as for the magnetic hyperthermia experiment (the
magnetic field was switched off). The distance between laser and
sample was fixed at 13 cm. The temperature increase was recorded by
the same sensor above.

For the dual-mode heating experiment, the same configuration for
laser photothermal experiment was adopted while keeping the
magnetic field on.

Thermal images were recorded by an infrared thermal imaging
camera (FLIR E4, FLIR Systems AB, Sweden) from the top of the
sample.

Specific loss power is defined as the power dissipation per unit
mass of magnetic material (W/g) in order to evaluate the heating
effect. The SLP values of different samples were calculated based on
the following equation:

sep = ATV
Atm

where C is the specific heat capacity of the medium (C,., = 4185 ]/
L/K), AT/At is the initial slope of the time-dependent temperature
curve (t & 30 s), V is the volume of the sample, and m is the total
mass of magnetic material in the sample.”®

A discussion regarding the use of three different wavelength NIR
lasers (787, 806, 808 nm) and the excitation spectrum of SASNs (II-
BW) are provided in Figure S14 to avoid confusion and to clarify that
the difference in these wavelengths does not have any significant effect
on relevant experiments.
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