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Nanoscale ternary chalcogenides have at-
tracted intense research interest due to their wealth of
tunable properties and diverse applications in energy and
environmental and biomedical fields. In this article,
ultrasmall magnetic CuFeSe, ternary nanocrystals (<5.0
nm) were fabricated in the presence of thiol-functionalized
poly(methacrylic acid) by an environmentally friendly
aqueous method under ambient conditions. The small
band gap and the existence of intermediate bands lead to a
broad NIR absorbance in the range of 500—1100 nm and
high photothermal conversion efficiency (82%) of CuFeSe,
nanocrystals. The resultant CuFeSe, nanocrystals show
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superparamagnetism and effective attenuation for X-rays. In addition, they also exhibit excellent water solubility, colloidal
stability, biocompatibility, and multifunctional groups. These properties enable them to be an ideal nanotheranostic agent
for multimodal imaging [e.g., photoacoustic imaging (PAI), magnetic resonance imaging (MRI), computed tomography

(CT) imaging] guided photothermal therapy of cancer.

multimodal imaging, photothermal therapy, ternary semiconductors, ultrasmall nanocrystals, magnetic CuFeSe,

uring the past decade, near-infrared (NIR)-light-

triggered photothermal therapy (PTT) of cancer has

received great attention because of its minimal
invasiveness, high spatial resolution, economic viability, and
improved target selectivity."”> Many photothermal transducers
have been exploited for PTT of cancer, including metallic
nanostructures (e.g, Au, Ag, Pd), carbon-based nanomaterials
(eg, carbon spheres, carbon nanotubes, graphene oxide),
nanoscale metal chalcogenides (e.g, Cu,_,E, E = S, Se, and Te),
transition metal dichalcogenide nanostructures (eg, WS,
MoS,, WSe,), metal oxide nanoparticles (e.g, WO,_,,
MoO;_,), polymer nanoparticles (e.g., polyaniline, polypyrrole),
and organic dyes (eg, indocyanine green),” " of which they
either have a strong localized surface plasmon resonance
(LSPR) absorbance in the NIR region, such as in the case of
large metallic nanostructures and heavily self-doped semi-
conductors, or have a sufficiently narrow band gap. From the
applications perspective, most currently available photothermal

-4 ACS Publications  © 2017 American Chemical Society

5633

transducers have issues of either low conversion efficiency (1),
lack of multifunctionality, or large particle size.

Because most photothermal transducers are employed for
PTT and photoacoustic imaging (PAI), both which are based
on the same photothermal conversion effect, the development
of efficient transducers with high photothermal conversion
efficiency (1) is highly significant. The # value has been
improved from the initial ~30% for Au and other metallic
nanostructures’ to ~60% for copper chalcogenide nanostruc-

59,10
tures.””’

Recently, the photothermal conversion efficiency was
further improved by engineering the composition and
morphology of photothermal transducers. For example, an 7
of 73.4% was obtained in CuCo,S, nanoparticles by the

introduction of intermediate bands through cobalt ions into the
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fundamental gap of copper sulfide.'’ An n of 93.4% was
achieved in porous Pd nanoparticles, which is higher than that
of solid Pd nanocubes."

The above examples clearly demonstrate the possibility of
engineering photothermal transducers to achieve high con-
version efficiency. In addition to high photothermal conversion
efficiency, ideal photothermal transducers should exhibit
complementary multifunctionality for achieving precise diag-
nosis and treatment. Most transducers are mainly used for PTT
and/or PAI in which PAI could overcome the disadvantages of
conventional optical imaging with the advantages of deep
penetration (up to 50 mm) and high sensitivity (~10~" mol/
L), but it has a low resolution (0.03—0.05S mm). Therefore, it is
crucial to combine PAI with other complementary imaging
modalities, such as magnetic resonance imaging (MRI) and
single-photon emission computed tomography (SPECT), to
realize high sensitivity and high resolution. In comparison, MRI
has higher spatial resolution (10—100 gm), and SPECT has
higher sensitivity (107'°~107"* mol/L)."

Compared with mono- and binary photothermal transducers,
nanoscale ternary chalcogenides offer a broad spectrum for
tuning their intrinsic optical, electronic, and magnetic proper-
ties for multimodal imaging and multiple therapies. One class of
such chalcogenides is the magnetic ternary metal chalcogenides,
in which magnetic ions not only induce interesting magnetic
properties but also change their photoelectronic properties by
the formation of intermediate bands in the fundamental gap.
These properties have been exploited for diagnosis and
treatment of cancer. For example, 10 nm CuCo,S, nanocrystals
prepared by a hydrothermal method were proven to be an
efficient photothermal transducer (7 = 73.4%) for photo-
thermal therapy and a good contrast agent for MRI of tumors."
The 10 nm CuFeS, nanocrystals prepared by a hot-injection
approach were also employed as an efficient photothermal
transducer for in vitro photothermal ablation of tumor cells."*
The 20 nm CusFeS, nanocrystals obtained from the similar
method were also employed as a photothermal transducer for
photothermal therapy and as a contrast agent for MRL'> These
examples clearly illustrate the potential of magnetic ternary
nanocrystals in multimodal imaging and photothermal therapy,
due to their impressive photothermal conversion efficiency and
multifunctionality.

It should be noted that most works on magnetic ternary
chalcogenide nanostructures are focused on Cu—Fe—S and
Cu—Co—S nanocrystals, whereas less attention has been paid
to Cu—Fe—Se nanostructures (eg, CuFeSe,) due to the
difficulties in the preparation of well-defined monodisperse and
pure phase products. The smaller band gap of CuFeSe, (Eg =
0.16 eV) suggests higher photothermal conversion efficiency
and better performance in PAI and PTT, in comparison with
those ternary nanocrystals with wider band gaps.'®”'* However,
the currently available CuFeSe, nanostructures are prepared by
the hot-solution injection method,”® the solventothermal
process,”" a high-temperature chemical method,'® and other
processes under harsh conditions. They have a large size and
issues of water solubility and biocompatibility for bioapplica-
tions.

The ideal photothermal transducers should be also as small
as possible to reduce their risk of rapid clearance by phagocytes
and the reticuloendothelial system (RES). The small size could
also endow them with quick clearance properties to reduce the
potential side effects. It is well-known that nanoparticles can be
cleared through two different routes after systemic admin-
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istration, that is, through the liver (into bile) and through the
kidneys (into urine).”” The renal clearance route is favorable
for inorganic nanostructures containing heavy and toxic metal
ions because of the rapidity of this process. Whether
nanoparticles can pass through the kidney is strongly
dependent on their size, surface charge, and shape. To escape
from the vascular compartment, nanoparticles have to pass
through the endothelium with fenestrae (70—90 nm), the
glomerular basement membrane (meshwork structure with 2—8
nm pores), and the epithelium with filtration slits (4—11 nm)
between the 2podocyte extensions, three layers of glomerular
capillary wall.”> Due to the combined effects of each layer, it is
easy for nanoparticles with a hydrodynamic diameter smaller
than 6 nm to pass through the glomerular capillary wall, but it is
difficult for larger nanoparticles. In this context, preparation of
ultrasmall multifunctional photothermal transducers is highly
significant. Most photothermal transducers, however, have an
average size large than 5 nm.

In this article, ultrasmall magnetic CuFeSe, ternary nano-
crystals (<5.0 nm) with high photothermal conversion
efficiency (82%) were prepared by an environmentally friendly
aqueous method under ambient conditions and labeled with
radioactive **™Tc. These ternary photothermal transducers
were successfully used for multimodal imaging [i.e, MRI, PA],
SPECT, and computed tomography (CT) guided photo-
thermal therapy of cancer.

RESULTS AND DISCUSSION

Ultrasmall magnetic CuFeSe, nanocrystals (NCs) were
prepared by a wet chemistry method in aqueous solution
under ambient conditions. As illustrated in Scheme 1, selenium

Scheme 1. Schematic Illustration of the Synthesis of
Multifunctional CuFeSe, NCs
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powder was first reduced by NaBH, in agueous solution with
magnetic stirring under inert atmosphere.”** Then, a mixture
of CuCl,-2H,0, FeSO,-2H,0, and trithiol-terminated poly-
(methacrylic acid) (PTMP—PMAA)***” was immediately
injected into the selenium precursor solution to form CuFeSe,
NCs. The resultant nanoparticles were characterized with
transmission electron microscopy (TEM) to determine their
morphology and size. Small spherical particles with a size of 4.1
+ 0.4 nm are clearly observed (Figure la and Figure S1). The
crystal structure of nanoparticles was revealed by their high-
resolution TEM (HRTEM) image (Figure 1b), which clearly
shows the lattice fringes with an interplanar spacing of 0.32 nm,
matching well with (112) planes of tetragonal CuFeSe,. The
continuous selected area electron diffraction (SAED) rings in
the inset further prove that the interplanar spacings are
consistent with those of the (112) and (220) planes of the
tetragonal structure. The crystal structures of CuFeSe,
nanocrystals with or without PTMP—PMAA (P—P) were
further characterized by X-ray powder diffraction (XRD), and
the obtained patterns entirely fit well with that of tetragonal
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Figure 1. Characterization of as-prepared CuFeSe, NCs: (a) TEM image, (b) HRTEM image with corresponding SAED pattern (inset), (c)
XRD patterns of CuFeSe, prepared with and without PTMP—PMAA (P—P) in comparison with the standard peaks of cubic berzelianite
(JCPDS card no. 81-1959), (d) hydrodynamic size, (e) magnetization isotherms of CuFeSe, NCs at different temperatures, and (f)
temperature dependence of the magnetization of CuFeSe, NCs measured in a field of 100 Oe.

eskebornite (CuFeSe,, JCPDS no. 81-1959) (Figure lc). The
chemical composition of obtained nanocrystals was determined
by electron energy loss spectroscopy (EELS) on the single-
particle level (Figure Slc), which clearly reveals the coexistence
of Cu, Fe, and Se elements in individual particles. The average
atomic ratio of Cu/Fe/Se was determined to be 1.00:1.07:1.97
by inductively coupled plasma optical emission spectrometry
(ICP-OES, Table S1). The binding energies of Cu 2p, Fe 2p,
and Se 3d of resultant CuFeSe, NCs were determined by X-ray
photoelectron spectroscopy (XPS) to reveal their valence
states, which are +1, +3, and —2, respectively (Figure S2).

The above characterization results illustrate that pure
CuFeSe, NCs can be simply synthesized from CuCl,, FeSO,,
and Se precursors in aqueous solution under ambient
conditions. The formation of CuFeSe, NCs involves the
following key reactions. First, selenium powder was reduced by
NaBH, in aqueous solution to form NaHSe (eq 1), which
reacted with the mixture of CuCl, and FeSO, to generate FeSe
and CuSe precipitates (eqs 2 and 3). Then the formed FeSe
and CuSe precipitates further reacted and resulted in CuFeSe,
nanocrystals (eq 4). To confirm eq 4, pristine FeSe and CuSe
precipitates were prepared separately and then mixed in water
and stirred for 40 min at room temperature. The suspension
was centrifuged to collect precipitates, which were characterized
by XRD (Figure S3a) to be CuFeSe, and unreacted precursors.
The formation of CuFeSe, illustrates the spontaneous reaction
between FeSe and CuSe.

5635

2Se + 4NaBH, + 7H,0

— 2NaHSe + Na,B,O, + 14H,t (1)
Fe’* + HSe™ — FeSe + H 2
Cu’* + HSe™ — CuSe + H* ®3)
FeSe + CuSe — CuFeSe, (4)

It should be noted that CuFeSe, NCs can be also prepared
from cuprous (Cu') and ferric (Fe®*) precursors, and the
crystal structures of the resultant nanocrystals were identified to
be CuFeSe, by XRD (Figure S3b). The fundamental aspect for
the formation of CuFeSe, NCs is that cuprous (Cu*) and ferric
(Fe*) ions are quickly transformed into cupric (Cu**) and
ferrous (Fe*") ions through redox reactions when they are
mixed together, which is confirmed by the similar absorption
curves (Figure S3c) of the complexes formed between their
mixtures with phenanthroline. The amount of Fe®* formed
from the cuprous (Cu*) and ferric (Fe*") mixture is similar to
that of a Cu® and Fe? mixture, as determined by their
ultraviolet—visible (UV—vis) absorption spectra.

To characterize the surfaces of CuFeSe, NCs coated with
polymer ligand, the Fourier transform infrared (FTIR)
spectrum of as-prepared CuFeSe,@PTMP—PMAA NCs (blue
line in Figure S4a) was compared with that of PTMP—PMAA
(red line in Figure S4a), in which both exhibit the characteristic
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Figure 2. (a) Photothermal images and (b) corresponding heating curves of pure water and aqueous dispersions of CuFeSe, NCs at different
concentrations under continuous irradiation by a 808 nm laser with a power density of 0.75 W/cm” for 5 min, (c) photoacoustic and (d)
corresponding intensity of a series of CuFeSe, NC solutions with different concentrations, i.e., 0, 6.25, 12.5, 25, 50, and 100 pgg/mL from left
to right. (e) CT images and (f) X-ray attenuation of intensity in Hounsfield units (HU) of CuFeSe, NCs as a function of CuFeSe,
concentration in contrast to iopromide, (g—j) in vitro T,- and T,-weighted magnetic resonance imaging using different concentrations of
CuFeSe, NCs. The longitudinal (r;) and transverse (r,) relaxivities of CuFeSe, NCs were determined to be 0.20 and 0.33 mM ' s7/,

respectively.

peak of a carbonyl group at 1693 cm™ (—CO-). Compared
with PTMP—PMAA, the symmetric and asymmetric stretching
bands of carboxylate (—COO—-) in CuFeSe,@PTMP—PMAA
are, respectively, red-shifted from 1388 and 1482 cm™ to 1411
and 1586 cm™'. The difference between the symmetric and
asymmetric bands is 96 cm™' for PTMP—PMAA and 175 cm™
for CuFeSe,@PTMP—PMAA. The large difference indicates
that the carboxylic groups of PTMP—PMAA had become
coordinated with the surface metallic atoms of CuFeSe, NCs
through a unidentate mode.”® The polymer contents on the
surfaces of CuFeSe, NCs were determined by thermogravi-
metric analysis (TGA) to be approximately 34.1 wt % (Figure
S4b).

Both FTIR and TGA results demonstrate the successful
coating of CuFeSe, NCs with PTMP—PMAA. The surface
PTMP—PMAA endows them with excellent water solubility.
Their hydrodynamic size was analyzed by dynamic light
scattering (DLS) to be 204 nm (Figure 1d). Figure SS

5636

shows photographs and UV—vis—NIR absorbance of CuFeSe,
NC solutions with different concentrations. The broad
absorbance in the NIR region (500—1100 nm) is attributed
to the narrow band gap of CuFeSe,, which arose from the
formation of intermediate bands in the fundamental gap by
Fe®* jons.'"'* The absorbance of CuFeSe, NCs at 808 nm is
linearly increased with their concentration (Figure SS5c).
According to the Lambert—Beer law, their extinction coefficient
is calculated to be 5.8 Lg_lcm_l, which is two times that of
Cu,_,Se NCs (2.9 Lg~'em™)' and higher than those of
graphene oxide nanosheets (3.6 Lg 'cm™) and Au nanorods
(3.9 Lg~'em™) at this wavelength (i, 808 nm).*

Due to their surface hydrophilic carboxylic groups and
negative charges ({-potential of —34 mV), CuFeSe, NCs
possess excellent solubility and stability in different media, such
as H,0, phosphate-buffered saline (PBS), 10% fetal bovine
serum (FBS) solution, and low ionic strength saline (NaCl)
solutions (e.g, 0.5% NaCl, 1% NaCl, and 2.5% NaCl), as

DOI: 10.1021/acsnano.7b01032
ACS Nano 2017, 11, 5633—-5645


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01032/suppl_file/nn7b01032_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01032/suppl_file/nn7b01032_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01032/suppl_file/nn7b01032_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01032/suppl_file/nn7b01032_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b01032

y = 71.2exp(-x/0.18) + 28.4exp(-x/3.58) + 1.2
t,,=358+0.32h

30 4
15 4
0 T T T T T
0 18 36 54 72
Time (h)

ACS Nano
a 4004
:\: 754
>
3 50
d
>
3 25 4
o
0
VP B 9 PO N\
Wl VS
Concentration (ug/mL,)
(o]
>
X
a

Figure 3. (a) In vitro relative cell viabilities of 4T1 cells after incubation with various concentrations of CuFeSe, NCs for 24 h; (b) blood
circulation and (c) time-dependent biodistribution kinetics of CuFeSe, NCs after intravenous injection into mice, as determined by
measuring Cu concentrations in organs, tissues, and blood samples with ICP mass spectrometry (ICP-MS); (d) in vivo SPECT/CT images of
a mouse taken at different times after intravenous injection of CuFeSe,—**"Tc NC solution.

demonstrated by their similar absorbance and similar hydro-
dynamic size measured after they were dissolved in these media
(Figure S6a—g). They are slightly aggregated over the time in
highly concentrated NaCl solution (5%), which is indicated by
the increase in the hydrodynamic size from 21 to 33 nm, as
shown in Figure S6h. Their excellent colloidal stability is further
demonstrated by the absence of precipitates or aggregates in
their aqueous solutions during one month of storage (Figure
S6i).

The introduction of magnetic Fe** ions induces very
interesting magnetic properties. Figure le shows the magnet-
ization isotherms (ie, M—H curves) of CuFeSe, NCs at
different temperatures. Superparamagnetic characteristics with a
magnetization value of 1.08 emu/g at 300 K were observed. As
the temperature decreased from 300 to 5 K, CuFeSe, NCs
experienced a transition from paramagnetism to ferromagnet-
ism. To determine their transition temperature, zero-field
cooling (ZFC) and field cooling (FC) measurements were
carried out between S and 300 K in an applied magnetic field of
100 Oe (Figure 1f). The ZFC and FC curves diverged around
70 K, which is the transition temperature and consistent with
previous 1‘eports.30_32 The magnetic results suggest the
potential of CuFeSe, NCs as a contrast agent for MRIL

The broad NIR absorbance and the large extinction
coefficient of CuFeSe, NCs guarantee their excellence in
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photothermal conversion. The particle solutions with different
concentrations were irradiated continuously with an 808 nm
laser (0.75 W/cm?) for 300 s, and their temperatures were
recorded with an infrared thermal imaging camera. Figure 2a,b
clearly demonstrates the strong dependence of the photo-
thermal conversion of CuFeSe,@PTMP—PMAA NCs on their
concentration, and the temperature increments (AT) can be
finely tuned between 3 and 47 °C by simply changing their
concentrations. The photothermal conversion efficiency is
calculated to be 82%, and the detailed calculations are shown
in the Supporting Information (Figure S7ab). The high
conversion efficiency is attributed to the narrow band gap
and intermediate bands formed by introduction of Fe*" ions. In
addition to high conversion efficiency, CuFeSe, NCs also
exhibit excellent photothermal stability (Figure S7c), which is
an important feature for photothermal transducers.

The above remarkable photothermal conversion performance
suggests that CuFeSe, NCs could be a promising photothermal
transducer for PA imaging. The in vitro PA imaging was
performed with a laser wavelength of 680 nm. The photo-
acoustic signal was significantly enhanced with the assistance of
CuFeSe, NCs, and it was linearly increased with increasing
concentration (Figure 2c,d), which highlights the potential of
CuFeSe, NCs for PA imaging.
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The heavy Fe, Cu, and Se elements suggests the potential of
CuFeSe, NCs in X-ray imaging. The attenuation of X-rays in
ternary CuFeSe, could be considered as the sum of
attenuations in the individual elements, and the total
attenuation coefficient (i) can be expressed by eq S:

= 023y, + 020, + 0.57u,, )
where ¢, Hpe, and pg, are the attenuation coeflicients of Cu,
Fe, and Se, respectively. There are three interactions between
X-rays and individual elements, such as coherent scattering (@),
the photoelectric effect (7), and Compton scattering (o).
Thergﬁore, each attenuation coefficient (i) can be expressed by
eq 6:™

pu=w+7t+o0

H CuFeSe,

(6)

The minor contribution of coherent scattering could be
excluded without consideration. Due to the fact that the
photoelectric effect is from the interactions between the X-ray
photons and the inner shell electrons, the atomic number (Z)
and photon energy (E) significantly influence this process
through eqs 7 and 8:

T 7 (7)
vod
E (8)

which clearly show that an element with high Z has a
pronounced photoelectric effect, whereas the high photon
energy means less contribution to p. In contrast, Compton
scattering occurs when X-ray photons collide with outer-shell
electrons, and it gradually diminishes with the increasing X-ray
photon energy. Therefore, the contribution of Compton
scattering is high for an element with low Z, but it is very
low for one with high Z.

7=z Z 22 ®

In our case, the effective atomic number of CuFeSe, is
calculated to be 49.85 through eq 9, and the X-ray attenuation
coefficient (i) is calculated to be 1.94 cm?/g for 60 keV X-rays
by eq 5.>**° Both y and Z are larger than that of Cu,_,Se due
to the introduction of Fe*" ions, which demonstrates the
potential of CuFeSe, NCs in CT imaging.w’36 Figure 2e,f
displays the CT images and Hounsfield unit (HU) values of
different concentrations of CuFeSe, NCs in comparison with
the clinically used iopromide. A well-correlated linear relation-
ship is observed, and the slope of the HU value against the
concentration is approximately 54.0 HU L/mmol, which is nine
times that of commercial iopromide (5.9 HU L/mmol), due to
the larger attenuation coefficient and the similar effective
atomic number to iodine (Z = 53).

In addition to PA imaging and CT imaging, the in vitro MRI
imaging performance of as-prepared CuFeSe, NCs was
evaluated with a clinically used 3.0 T MRI instrument. Figure
2g—j shows typical T}- and T,-weighted images of CuFeSe,
NCs. Their longitudinal and transverse relaxivities (r, r,) are,
respectively, calculated to be 0.2 and 0.33 mM ™" s™', which are
comparable to those of weak magnetic nanoparticles; for
example, r; and r, of MnO nanoparticles are 0.12 and 0.44
mM™! 57!, respectively.’”

The in vitro imaging results indicate the robustness of
CuFeSe, NCs as a contrast agent for in vivo multimodal
imaging if they are safe and have good biocompatibility.
Therefore, the potential cytotoxicity of the CuFeSe, NCs was
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assessed through a standard MTT [(3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide)] assay with 4T1 cells
(murine breast cancer cells). The results in Figure 3a
demonstrate that CuFeSe, NCs have good biocompatibility,
and no serious cytotoxicity toward 4T1 cells was observed in
the range of 0—200 ug/mL, in which the cell viability was
higher than 80%. Then, the circulation behavior of CuFeSe,
NCs in the blood was assessed by determining the Cu contents
in blood samples withdrawn at different intervals after
intravenous injection of the nanocrystals into healthy mice.
Due to their small size, CuFeSe, NCs exhibit a blood
circulation time of around 3.6 h, as shown in Figure 3b.

The accumulation and metabolism of CuFeSe, NCs were
investigated after they were intravenously injected into 4T1
tumor-bearing BALB/c mice (200 yL, 2 mg/mL). The time-
dependent biodistributions of nanoparticles (characterized with
Cu contents) in the tumor and in the major organs are shown
in Figure 3c. The accumulation of nanoparticles is in the order
of liver & spleen > lung > intestine > heart > stomach > kidney
> bone > tumor > brain > skin > muscle. The Cu contents in
the liver and spleen reached 16 ID%/g (percentage of injected
dose per gram tissue) and 15 ID%/g at 2 h postinjection and
then decreased to 8 and 5 ID%/g at 72 h, respectively. Their
higher contents are attributed to the rich phagocytes in the liver
and spleen, which can readily eliminate nanoparticles larger
than 10 nm.** Similarly, the Cu contents in the lung gradually
decreased from 11 ID%/g at 2 h postinjection to 3 ID%/g at 72
h postinjection. The fast decrease in the Cu contents in these
organs indicates the easy degradation of ultrasmall nano-
particles.

There are around 4 ID%/g of nanoparticles excreted by the
kidney. The less renal clearance of CuFeSe, nanoparticles is
due to their average hydrodynamic size (D}, = 20.4 nm), which
is larger than the threshold of the glomerular capillary wall, and
their negatively charged surfaces ({-potential of —34 mV), both
which make the complete renal clearance difficult. The
nanoparticles found in urine were characterized to be CuFeSe,
with TEM (Figure S8). The small CuFeSe, NCs can be also
accumulated in the tumor through the enhanced permeability
and retention (EPR) effect due to the leaky blood vasculature
in tumors, and the maximum Cu contents in tumor were 3.2 ID
%/g at 4 h postinjection.

To further demosntrate the dynamic distribution of nano-
particles, CuFeSe,@PTMP—PMAA NCs were chelated with
radioactive technetium-99m (*"Tc, half-ife, ¢, , = 6.02 h, y-ray
energy, E, = 140 keV) through their surface multifunctional
groups (—COOH and — SH), with a labeling yield of 57%. The
colloidal stability of labeled nanoparticles (denoted as
CuFeSe,—"Tc NCs) was assessed by determining their
hydrodynamic size with the DLS method. As shown in Figure
S9a,b, there is no big difference in their hydrodynamic size
before and after labeling with *™Tc. **™Tc was tightly bound
with CuFeSe, NCs, and the overall relative radioactivity in H,O
and 10% FBS was decreased slightly over time and maintained
at around 80% (Figure S9c,d). The distribution of labeled
nanoparticles in major organs was quantified by counting y-rays
from the SPECT/CT images, which were successively acquired
at 0.3, 0.6, 1, 2, 4, 6, and 8 h after they were intravenously
injected into 4T1 tumor-bearing mice (Figure 3d and Figure
S10). A high uptake of CuFeSe, NCs in the liver, spleen, and
bladder was observed (Figure S10f). The quantification of
dynamic accumulation of CuFeSe,—**™Tc NCs in the tumor
(Figure 4a) shows that the intensity of the y-rays increased with
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Figure 4. (a) SPECT images of a mouse bearing a tumor (indicated by the yellow circles) after intravenous injection of CuFeSe,—*Tc NCs;
(b) in vivo PA images of tumor (indicated by the yellow circles), acquired at 0, 0.25, 0.5, 1, 2, 4, 6, and 8 h after the mouse was intravenously
injected with CuFeSe, NCs (dose = 6 mg/kg); (c) photograph and 3D in vivo CT image, and (d) signal intensity of a mouse bearing two
tumors after intratumoral injection of iopromide (I, left) and CuFeSe, NCs (CFS, right) with the same concentration (dose = 25 mg/kg, *p <
0.5, #¥p < 0.01, ¥***p < 0.001); (e) T,-weighted MRI images of mice collected at 0, 2, 4, 6, 8, and 12 h after intravenous (i.v.) injection of
CuFeSe, NCs (dose = 20 mg/kg); (f, g) T,-weighted MRI images and signal intensity of mice collected pre- and post-intratumoral injection of

CuFeSe, NCs.

time and reached its maximum of 1.93 ID%/g at 4 h
postinjection (Figure S11a).

To demonstrate whether the accumulated CuFeSe, NCs
through the EPR effect are enough for the in vivo multimodal
imaging of tumors, 200 uL of CuFeSe, NCs (0.6 mg/mL) was
intravenously injected into 4T1 tumor-bearing mice. First, PA
imaging was performed at different intervals of postinjection
(Figure 4b and Figure S11b). The tumor area was gradually
enhanced to the brightest at around 4 h postinjection and then
gradually reduced to the control level. The maximum tumor
signal is about two times higher than control level. The time-
dependent PAI signal demonstrates the dynamic accumulation
of nanocrystals in the tumor, which is similar to the
observations in other organs such as spleen and liver (Figure
S12).

Second, the same amount of CuFeSe, NCs was intravenously
injected into mice bearing 4T1 tumors, and CT images were
acquired at different time points. No obvious enhancement was
observed, however, because there was less passive accumulation
of nanocrystals in the tumor (<S ID%/g). Therefore, the
potential of CuFeSe, NCs in CT imaging was demonstrated by
intratumoral injection of nanocrystals, in comparison with
commercial iopromide. Both contrast agents were injected into
two tumors on the same mouse with the same dose (25 mg/
kg). Figure 4c,d shows drastic enhancements after injection of
the two agents, and CuFeSe, NCs exhibit better performance
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than iopromide, as indicated by the higher CT values (349.23 vs
65.69 HU). The results demonstrate the superior CT imaging
performance of the CuFeSe, NCs as a contrast agent if they are
accumulated sufficiently in the lesion area.

Third, 200 uL of CuFeSe, NCs (2 mg/mL) was intra-
venously administered into 4T1 tumor-bearing mice, which
were imaged at 0, 2, 4, 6, 8, and 12 h with a clinically used 3.0 T
MR instrument (Figure 4e). The results clearly show gradual
enhancement of the tumor area with the accumulation of
nanoparticles; that is, 12% positive enhancement was observed
in T,-weighted MRI images (Figure Sllc). To further
demonstrate the pronounced enhancement of MRI, a CuFeSe,
NC solution (50 L, 10 mg/mL) was intratumorally injected,
and then MRI images of the tumor were acquired (Figure 4f,g).
The drastic enhancement demonstrates that CuFeSe, NCs can
significantly shorten the longitudinal relaxations of water
protons if they are accumulated sufficiently in the tumor.

The above in vitro and in vivo imaging results demonstrate
that CuFeSe, NCs are promising in multimodal imaging and in
photothermal therapy of cancer, as illustrated in Scheme 2. A
major concern for these in vivo theranostic applications of
CuFeSe, NCs is their inmune response, which was investigated
by blood routine examination and blood biochemistry analysis
(Figure S). The inflammatory response induced by any side
effects of a foreign substance could be reflected in
hematological factors.”” Four groups of healthy BALB/c mice
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Scheme 2. Illustration of Multimodal Imaging (PAI, CT,
SPECT/CT, MRI) and Photothermal Therapy of Cancer
Using CuFeSe, NCs
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were intravenously injected with CuFeSe, NCs at a dose of 20
mg/kg. The mice were sacrificed at day 1, day S, day 10, and
day 1S to collect blood samples for analysis. The detected
blood indices include hemoglobin (HGB), white blood cells
(WBC), red blood cells (RBC), mean corpuscular volume
(MCV), platelet (PLT), and hematocrit (HCT). There is no

notable difference in HGB, MCV, or PLT between the treated
and untreated mice. The slight decreases in the WBC and HCT
in the mice on day 1 and day S after treatment and gradual
recovery to the level of untreated mice at day 10 and day 15
indicate a mild immunological stress.

The slight decrease in total protein (TP) in serum
biochemical analysis performed on day 1 and day S implies a
potential inflammation caused by disorder in the immune
system. As mentioned previously, nanoparticles can be cleared
through the liver into bile and through the kidneys into urine.
The level of alanine aminotransferase (ALT) reflects the liver
function, and urea nitrogen (UREA) is a specific serological
index for the kidney function. The slight decrease in UREA on
day 1 and day $ is consistent with the variation of RBC, HCT,
TP, and ALB. The recovery of all detected indices obtained
through the blood sample count on day 1S5 suggests that
CuFeSe, NCs are less toxic.

The minor immune response and less toxicity suggest that
CuFeSe, NCs could be used for in vivo photothermal therapy of
cancer, as they can efficiently convert NIR light into heat with
an efficiency of 82%. Prior to the in vivo experiments, the in
vitro photoablation of cancer cells was performed using 4T1
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Figure S. (a—1) Blood biochemistry of female BALB/c mice treated with CuFeSe, NC solution at a dose of 20 mg/kg. Four mice without
injection were used as untreated control mice. Time course changes of hemoglobin (HGB, a), white blood cells (WBC, b), red blood cells
(RBC, c), mean corpuscular volume (MCV, d), platelets (PLT, e), hematocrit (HCT, f), total protein (TP, g), globulin (GLOB, h), albumin
(ALB, i), ratio of albumin to globulin (A/G, g), urea nitrogen (UREA, k), and alanine aminotransferase (ALT, 1) from control mice (0) and
CuFeSe, NC-treated mice. Statistics are based on four mice per data point.
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Figure 6. (a) Fluorescence images of 4T1 cells stained with live/dead kit after in vitro photothermal ablation under NIR laser irradiation with
and without CuFeSe, NC solutions in different concentrations, with the scale bar = 100 gm. (b) Infrared thermal images and (c) temperature
curves of 4T1 tumor-bearing mice intravenously injected with CuFeSe, NC solution (dose = 20 mg/kg) and then irradiated with an 808 nm
NIR laser at a power density of 1 W/cm? for 5 min, in comparison with injection of PBS solution followed by NIR irradiation. (d) Relative
tumor volumes normalized to their initial volumes (analysis of variance was used to assess statistical significance; *p < 0.5, **p < 0.01, **¥p <
0.001). (e) Survival curves of different groups of mice after various treatments. (f) Photographs of whole lungs stained with India ink and lung
slices stained with hematoxylin and eosin (H&E) from different groups of mice, with the abnormal tissues caused by tumor metastasis

highlighted by dashed circles.

cells, which were cultured with 0, 50, 100, and 200 yg/mL of
CuFeSe, NCs and then exposed to an 808 nm laser with power
densities of 0.75 and 1 W/cm? for 5 min. Figure S13a shows
time-dependent temperature curves of the cells exposed to the
laser with different power densities after incubation. A strong
dependence of temperature on laser intensity was clearly
observed. After photothermal ablation, the living and dead cells
were stained and shown in Figure 6a, where the number of
dead cells (red) increased with both the concentration of
CuFeSe, NCs and the laser power density. These results
illustrate the feasibility of killing cancer cells by using CuFeSe,
NCs as a photothermal transducer.

Based on the above results, four groups of 4T1 tumor-
bearing mice (7 mice per group) were used to demonstrate in
vivo photothermal therapy of cancer under the guidance of
multimodal imaging. The mice in the treatment group were
intravenously administered CuFeSe, NCs (20 mg/kg) with a
single dose and then irradiated with an 808 nm laser at a power
density of 1 W/cm? for § min at 4 h postinjection. Three other
control groups were denoted as (1) mice without any treatment
(control group), (2) mice only injected with CuFeSe, NCs
without laser irradiation (CuFeSe, group), and (3) mice
injected with PBS and irradiated with the laser (PBS + laser
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group). Figure 6b,c compares the tumor temperatures of the
mice injected with CuFeSe, NCs and the mice injected with
PBS, both which were irradiated with the 808 nm laser under
the same conditions. The tumor temperature of mice in the
treatment group increased quickly and reached ~52 °C within
5 min, which is much higher than that of the mice administered
with PBS (40 °C). The relative higher tumor temperature in
the treatment group than in control groups could effectively kill
cancer cells, which was demonstrated by the hematoxylin and
eosin (H&E) staining of tumor slices from different groups of
mice at day 1 (Figure S13b). There was severe damage to
tumor cells of mice in the treatment group, but no obvious
necrosis was found in three control groups.

Photographs of the mice (Figure S14), their body weights
(Figure S15a), and the tumor volume (Figure 6d and Figure
S15b) were taken and measured every 2 days after different
treatments. The negligible difference in the body weights of the
four groups of mice indicates that the current dose of CuFeSe,
NCs did not induce acute toxicity or noticeable systemic
toxicity. This is further supported by the absence of damage
and inflammation in the major organs (e.g, heart, liver, spleen,
lung, and kidney) of mice from the treatment group that were
harvested at day 1, day 7, and day 21 after H&E staining
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(Figure S16). The staining results are consistent with those for
healthy mice. The tumors of mice in the treatment group
became smaller and smaller after PTT treatment and finally
disappeared without relapse (Figure 6d and Figure S15b). As a
consequence, all the mice lived well and survived (Figure Ge).
In contrast, the tumors in other three groups kept growing with
a similar trend, and they cannot be completely eradicated
through laser irradiation or administration of CuFeSe, NCs
alone. Moreover, the tumors grew faster after laser irradiation in
comparison with the mice without any treatment and the mice
only injected with CuFeSe, NCs, which suggests that
appropriate heat could promote the proliferation of tumor
cells (Figure 6d). All the mice from the three control groups
died eventually (Figure Ge).

The above treatment shows excellent results for the
photothermal therapy of cancers with the assistance of CuFeSe,
NCs due to their high conversion efficiency. To further
demonstrate the effectiveness of treatment without tumor
metastasis, the lungs and livers of the mice in different groups
were carefully examined because pulmonary and hepatic
metastases are very common for breast cancer and usually
lead to high mortality. As revealed by the photographs of lungs
stained with India ink (Figure 6f), no obvious pulmonary
metastasis was observed in the mice from the treatment group
after 30 days post-treatment, in comparison to the healthy mice.
Metastasis was not observed in the heart, spleen, or kidney of
mice from the treatment group (Figure S17). In contrast,
aggressive lung metastases were found in the mice from the
other three groups after 30 days post-treatment. The H&E
staining of lung and liver slices further demonstrates the
effectiveness of photothermal therapy, by comparison with the
healthy mice and the mice with metastasis in the other groups.

CONCLUSION

In summary, sub-5 nm ternary CuFeSe, NCs stabilized with
PTMP—PMAA were successfully prepared by an environ-
mentally friendly aqueous route under ambient conditions. The
resultant ultrasmall CuFeSe, NCs exhibit broad NIR
absorbance, high photothermal conversion efficiency, super-
paramagnetism, and effective attenuation of X-rays, in addition
to possessing excellent colloidal stability, biocompatibility, and
multifunctional groups. These excellent properties enable them
to be a promising nanotheranostic agent for in vivo multimodal
imaging (PA, MR, CT, SPECT/CT) and photothermal therapy
of cancer. Their excellence in theranostics highlights the
potential of the ultrasmall ternary chalcogenide nanocrystals in
precise diagnosis and treatment of cancer.

EXPERIMENTAL SECTION

Materials. Copper(II) chloride dihydrate (CuCl,-2H,0, >99%),
ferrous (II) sulfate heptahydrate (FeSO,-7H,0, >99%), selenium
powder (Se, >99.5%), and sodium borohydride (NaBH,, 99%) were
bought from Sigma-Aldrich. Thiol-functionalized poly(methacrylic
acid) with a number-average molecular weight of 6359 g/mol and a
polydispersity of 1.18 was prepared as described elsewhere.**™* Milli-
Q water with a resistivity above 18 MQ-cm was used in the
experiments.

Preparation of CuFeSe,@PTMP—PMAA Nanocrystals. In a
typical synthesis, 39.48 mg of Se powder was dispersed in 100 mL of
Milli-Q_water, and then S0 mg of NaBH, was added to reduce it at
ambient conditions with protection of nitrogen flow. A S mL mixture
of CuCl,-2H,0 (42.62 mg), FeSO,-7H,0 (69.75 mg), and PTMP—
PMAA (400 mg) was separately prepared. After Se powder was
completely reduced, the above mixture was added into the selenium
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precursor solution immediately to form a black solution. The resultant
solution was ultrafiltrated through a membrane with a molecular
weight cutoff (MWCO) of 100 kDa with a speed of 3500 rpm. The
supernatant solution was dialyzed against Milli-Q water (MWCO of
8—14 kDa) subsequently for 48 h to remove impurities. The purified
CuFeSe, NC solution was concentrated by a similar ultrafiltration
method and stored at 4 °C for further characterization and application.
CuSe and FeSe nanoparticles were prepared by the similar method
except that different amounts of NaBH, and Se powder were used.

Characterization. The size and morphology of CuFeSe, NCs
were characterized with a FEI Tecnai F20 transmission electron
microscope operating at 200 kV. The crystallography structure of
CuFeSe, NCs was determined by the powder XRD, which was
recorded using a Shimadzu XRD-6000 diffractometer with a radiation
wavelength of 0.15406 nm from Cu Ka,. Their hydrodynamic size was
determined by a Malvern Zetasizer Nano ZS90 armed with a solid-
state He—Ne laser (4 = 633 nm) at 25 °C. The absorbance of CuFeSe,
NC solution was measured with a PerkinElmer Lambda 750 UV—vis—
NIR spectrophotometer. The valence states of elements in CuFeSe,
NCs were determined by XPS measurements, which were recorded
using a Thermo Scientific Sigma Probe instrument with Al Ka X-ray
radiation and fixed analyzer transmission mode. The coordination
environment of CuFeSe, NCs with surface polymer ligands was
characterized with a Nicolet iS50 FTIR spectrometer in a range of
400-3500 cm™'. The polymer contents were determined by TGA,
which was performed under nitrogen atmosphere with a heating rate
of 10 °C/min from room temperature to 700 °C on a synchronous
thermal analyzer (DSC/DTA-TG, STA 449 F3 Jupiter).

Photothermal Effect, Photostability, and Photothermal
Conversion Efficiency. A series of CuFeSe, NC solutions with
concentrations of 0, 25, 50, 100, and 200 pg/mL were irradiated with
an 808 nm laser (Hi-Tech Optoelectronics Co., Ltd. Beijing, China),
and their temperatures were recorded with an infrared thermal imaging
camera (FLIR, A6S). The photostability of CuFeSe, NCs was
estimated by irradiating SO pug/mL solution in a quartz cuvette with
an 808 nm laser (0.75 W/cm?) for S min (laser on) and then cooling
to room temperature without irradiation (laser off). Such heating/
cooling processes were repeated five times to test the photostability.
To determine the photothermal conversion efficiency (17) of CuFeSe,
NCs, 50 pig/mL solution was continuously irradiated with an 808 nm
laser (0.75 W/cm?) to reach a steady temperature, and then the laser
was turned off to allow the solution to naturally cool to room
temperature. The details of calculations are given in the Supporting
Information.

Cytotoxicity of the CuFeSe,@PTMP—PMAA NCs. The 4T1
cells (1 x 10* cells per well) were seeded into 96-well plates in the
standard cell media, cultured at 37 °C in a 5% CO, atmosphere, and
then incubated with CuFeSe, nanocrystals in different concentrations
(1.56, 3.13, 6.25, 12.5, 25, 50, 100, and 200 pg/mL) for 24 h. The
relative cell viabilities were determined by the standard MTT assay.

Blood Test and Bioanalysis. The blood samples were collected
from four groups of mice (4 mice/group) at day 1, day S, day 10, and
day 15 after they were intravenously injected with CuFeSe, NCs (a
dose of 20 mg/kg). The blood samples from another four healthy mice
without injection of CuFeSe, NCs were used for comparison. All
blood samples were tested to obtain the blood routine and blood
chemistry data.

Animal Model. The 4T1 tumor models were generated by
subcutaneous injection of 2 X 10° cells in 50 L of PBS into the flank
region of the right back of S week old male BALB/c mice (for the MR
imaging, CT imaging, SPECT/CT imaging, and PTT treatment) or
nude mice (for the PA imaging). Mice were selected for imaging and
therapy experiments when their tumors grew to 90 mm?®. All animal
experiments were carried out with approval and protocols of the
Soochow University Laboratory Animal Center.

Multimodal Imaging Experiments. Photoacoustic Imaging. In
vitro and in vivo PA imaging was performed on a multispectral
optoacoustic tomography scanner (MSOT, iThera Medical). A series
of CuFeSe, NC solutions (0, 6, 25, 12.5, 25, 50, and 100 yg/mL) were
prepared for in vitro testing. To evaluate the imaging performance in
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vivo, a nude mouse bearing a tumor was anaesthetized and scanned
with MSOT before and after intravenous injection of CuFeSe, NC
solution (0.6 mg/mL, 200 uL).

MRI Measurements. MRI was performed on a clinically used 3.0 T
MRI instrument. The longitudinal and transverse relaxivities (ie., r;
and r,) of CuFeSe, NCs and their in vitro T|- and T,-weighted MRI
images were measured using nanoparticle solutions with different Fe
concentrations (0, 0.2, 0.4, 0. 6, 0.8, 1.0 mM of Fe). T,-weighted MR
imaging was performed with a saturation recovery spin—echo sequence
(echo time, TE = 7 ms, repetition time, TR = 3000, 2600, 2400, 2200,
2000, 1800, 1600, 1400, 1200, 1100, 1000, 900, 800, 700, 600, 500,
200, and SO ms). T,-weighted imaging was conducted with the Carr—
Purcell-Meiboom—Gill method using the rapid imaging with
refocused echoes (RARE) sequence and the following parameters:
TR = 2.0 s, TE = 10—320 ms (time interval is 10 ms). For in vivo
imaging, the mouse was anesthetized with isoflurane (1.5%) at 1 L/
min flow throughout the experiment. CuFeSe, NCs (200 yL, 2 mg/
mL, 20 mg/kg) were administered by intravenous injection. T-
weighted MRI images were acquired using the T,-RARE sequence
with parameters as follows: TR = 600 ms, TE = 12 ms, field of view =
49 mm X 60 mm, matrix size = 512 X 512, number of slices = 7, slice
thickness/gap = 2.0 mm/0.6 mm, flip angle = 160°, and number of
excitations, NEX = 2.

CT Imaging. The potential of CuFeSe, NCs in CT imaging was
illustated by comparison with commercial iopromide agent. CuFeSe,
NCs and iopromide solutions with different concentrations (0, 3, 6, 9,
12 mM) were loaded into capsules for measuing Hounsfield units to
evaluate their performance. For in vivo CT imaging, CuFeSe, NCs
were either intratumorally or intravenously injected into 4T1 tumor-
bearing mice, which were placed in an animal bed and anesthetized
with isoflurane continuously. The parameters of CT scan are 3 frames
averaging, 615 mA tube current, and 55 keV tube voltage.

PmTc-Labeled CuFeSe,@PTMP—PMAA NCs for SPECT Imaging.
First, 2 mCi Na[*™TcO,] (purchased from Shanghai GMS
Pharmaceutical Co., Ltd.) was reduced with 200 uL of stannous
chloride solution (SnCl, 1 mg/mL in 0.1 M HCl), and the
nanocrystal solution (200 yL, 2 mg/mL) was added into and reacted
for 30 min at room temperature. The obtained CuFeSe,—*™Tc NCs
were purified by ultrafiltration to remove the free *™Tc, and the
radioactivity of the labeled nanocrystals was determined to be 1.14
mCi. The mice bearing 4T1 tumors were intravenously injected with
CuFeSe,—”*"Tc NCs for SPECT imaging with an animal SPECT
(MILabs, Utrecht, The Netherlands) imaging system at various time
points after injection.

Photothermal Therapy. For in vitro photothermal ablation of
cancer cells, 4T1 cells (8 X 10* cells per well) were seeded into 12-well
plates and incubated with CuFeSe, NCs with concentrations of 0, 50,
100, and 200 pug/mL for 10 h. Then, the cells were irradiated by using
an 808 nm laser with 0, 0.75, and 1 W/cm? for 5 min and stained with
a live/dead kit (Thermo Fisher) for 30 min to distinguish the live cells
(green color) and the dead cells (red color) with a fluorescence
microscope (OLYMPUS, IX73).

For in vivo PTT, CuFeSe, NCs (200 4L, 2 mg/mL) or PBS solution
was intravenously injected into tumor-bearing mice, which were
irradiated for S min with an 808 nm NIR laser (Hi-Tech
Optoelectronics Co., Ltd., Beijing, China) at a power density of 1
W/cm?. The real-time thermal images of the mice were recorded with
an infrared thermal imaging camera (FLIR, A6S) during treatment.
The tumor size was measured with calipers every 2 days, and the
tumor volume (V, mm?®) was calculated as V = LW?/2, where L and W
are the length and width of the tumor, respectively.

Blood Circulation Behavior. Blood samples were collected from
retinal veins of four healthy BALB/c mice before and after intravenous
injection of CuFeSe, NCs (200 yL, 2 mg/mL) at 0.25, 0.5, 1,2, 4, 6, 8,
12, 24, 48, and 72 h. The Cu contents in the blood samples were
measured by ICP-MS after the samples were digested with a HNO;/
H, 0, mixture (ratio of 2:1 HNO;/H,0, by volume). The decay curve
of the Cu contents in the blood was fitted with a two-compartmental
model to extract the blood circulation time.
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Biodistribution. Eight groups of 4T1 tumor-bearing mice (n = 4 per
group) were injected with CuFeSe, NC solution (200 xL, 2 mg/mL)
via tail vein. The major organs and tissues, including the heart, liver,
spleen, lung, kidney, stomach, intestines, skin, bone, muscle, brain, and
tumor, were dissected at 2, 4, 6, 8, 12, 24, 48, and 72 h postinjection,
weighed, and digested with the HNO;/H,O, solution (ratio of 2:1
HNO;/H,0, by volume). The Cu contents in each organ/tissue were
analyzed with ICP-MS.

Histological Analysis. The mice from the control group or
treatment groups were sacrificed to resect their heart, liver, spleen,
lung, and kidney. These organs were dipped in 10% formalin,
embedded in paraffin, cut into a series of slices with S ym thickness,
and stained with H&E. The histology and morphology of slices were
captured with a Leica microscope (DM750).
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