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Localized surface plasmon resonances (LSPRs) in heavily doped copper chalcogenides

are unique because LSPR energy can be adjusted by adjusting doping or stoichiometry.

However, there are few investigations on the LSPRs of bimetal copper-based

chalcogenides. Herein, bimetal Cu5FeS4 (CFS) nanoparticles were synthesized by a facile

hot injection of a molecular precursor. The tunable plasmon resonance absorption of CFS

nanoparticles is achieved by the decrease of the ratio of copper to iron and the treatment

of n-dodecylphosphoric acid (DDPA). After surface modification with polyethylene glycol

(PEG), the CFS nanoparticles with a plasmon resonance absorption peak at 764 nm can

serve as promising photothermal agents, showing good biocompatibility and excellent

photothermal performancewith a photothermal conversion efficiency of up to 50.5%, and

are thus used for photothermal therapy of cancers under the irradiation of an 808-nm

laser. Our work provides insight into bimetal copper-based chalcogenides to achieve

tunable LSPRs, which opens up the possibility of rationally designing plasmonic bimetal

copper-based chalcogenides.

Keywords: Cu5FeS4 nanoparticles, plasmon resonances, bimetal copper-based chalcogenides, photothermal

agents, photothermal therapy

INTRODUCTION

Localized surface plasmon resonances (LSPRs) of nanostructures contribute to enhanced tunable
optical absorption in the near-infrared (NIR) region, which is great for the improvement of
the photothermal performance of photothermal nanoagents (Luther et al., 2011; Manthiram and
Alivisatos, 2012; Yang et al., 2013; Li et al., 2015). As noble metals are stable under various
conditions and have high carrier densities, most reports of LSPRs have been performed on them
(Huang et al., 2011a,b; Manthiram and Alivisatos, 2012). There are also reports of LSPRs in doped
semiconductor nanostructures, including copper chalcogenides (Liu et al., 2013; Balitskii et al.,
2014), tin oxides (Kanehara et al., 2009; Garcia et al., 2011), and zinc oxide (Buonsanti et al., 2011).
LSPRs in heavily doped copper chalcogenides are unique because LSPR energy can be adjusted by
adjusting doping or stoichiometry (Luther et al., 2011; Tian et al., 2011; Li et al., 2015). There have
been a few reports on copper chalcogenides with enhanced photothermal performance by adjusting
doping for photothermal therapy of cancers (Hessel et al., 2011; Tian et al., 2013; Li et al., 2014a,
2015).

The LSPRs of copper-based chalcogenide compounds is an important factor affecting their
photothermal conversion efficiency. As the plasmon resonance absorption of gold nanostructures
is much higher than the inter-band absorption of organic materials, the photothermal conversion
efficiency of gold nanostructures is one of the currently reported high photothermal conversion
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materials (Yavuz et al., 2009; Tang et al., 2012). The hole-doped
copper-based chalcogenides have a high extinction coefficient
similar to that of the metal plasmon resonance absorption. Tian
et al. developed a novel hole-doped semiconductor photothermal
conversion material, i.e., Cu9S5 disk-shaped nanocrystals (Tian
et al., 2011). The extinction coefficient and photothermal
conversion efficiency of this Cu9S5 nanocrystal at 980 nm are
as high as ∼1.2 × 109 M−1 cm−1 and 25.7%, respectively,
which are higher than the extinction coefficient (∼1.1 ×

109 M−1 cm−1) and the photothermal conversion efficiency
(23.7%) of gold nanorods under the same test conditions.
Therefore, the photothermal conversion efficiency of the hole-
doped semiconductor can be improved by regulating the
plasmon resonance absorption. Zhao et al. and Luther et al.
have demonstrated that the plasmon resonance absorption of
hole-doped copper-based chalcogenides depends on the carrier
concentration in the doped semiconductor (Zhao et al., 2009;
Luther et al., 2011). Therefore, the plasmon resonance absorption
of hole-doped copper-based chalcogenide is different from that of
metals. It can control the position and intensity of the plasmon
resonance absorption peak not only by changing the morphology
and particle size of the semiconductor, but also by changing its
structure and composition. For a hole-doped alloy copper-based
chalcogenide [such as Cu2−xSySe1−y, Cu2−xSyTe1−y (0 ≤ x, y ≤
1)] compound, the bandgap can be controlled by tuning the ratio
of chalcogen (S and Se, Te) (Wang et al., 2011; Liu et al., 2013),
and it is also possible to increase the hole density by increasing the
Cu defect to achieve the regulation of the position and intensity
of local surface plasmon resonance absorption (Dorfs et al., 2011;
Garcia et al., 2011; Hsu et al., 2011; Scotognella et al., 2011).Wang
et al. have prepared Cu2−xSySe1−y compounds by a simple one-
step synthesis method and have realized the effective regulation
of plasmon resonance absorption by regulating the composition
and structure of the compounds (Wang et al., 2011). Many
groups have reported hole-doped plasma resonance absorption
effect of copper chalcogenides. Recently, it has been reported that
the doping of indium can change the particle size, morphology,
and crystal phase of Cu2−xS nanocrystals, which in turn affects
its plasmon resonance absorption (Wang and Swihart, 2015). In
addition, the synthesized copper chalcogenide compounds can
still achieve the regulation of plasma absorption by oxidation
or reduction (Kriegel et al., 2012). Balitskii et al. have reported
an interesting phenomenon: They synthesized oleylamine-
coated Cu2−xSe nanocrystals, and then partially exchanged the
oleylamine ligand with n-dodecylphosphoric acid (DDPA) or 1-
dodecanethiol (DDT) to blue or red shift the plasma absorption
of the Cu2−xSe nanocrystals (Balitskii et al., 2014). Therefore,
plasma absorption can also be adjusted by changing the surface
ligand. In summary, the plasmon resonance absorption of copper
chalcogenides can be changed and improved by controlling
the doping, morphology, structure, composition, particle size,
and surface ligand of the hole-doped copper chalcogenide
compounds, thereby improving the photothermal conversion
efficiency. However, there are few investigations on the LSPRs of
bimetal copper-based chalcogenides.

In this work, we report Cu5FeS4 (CFS) nanoparticles as
a promising photothermal agent for efficient photothermal

therapy of cancers. The plasmon resonance absorption of
CFS nanoparticles could be tuned by the increase of the
ratio of iron to copper during the reaction leading to the
increased defect structure in CFS. The plasma absorption of
CFS nanoparticles could also be tuned by exchanging the
oleylamine ligand with n-dodecylphosphoric acid (DDPA). The
CFS nanoparticles with a plasmon resonance absorption peak at
764 nm can be used as the 808-nm laser-driven photothermal
agents for the photothermal therapy of cancers after surface
modification by polyethylene glycol (PEG). To the best of our
knowledge, this work is the first report on the tunable plasmon
resonance of CFS.

MATERIALS AND METHODS

Synthesis of Molecular Precursor
CuCl2·2H2O and FeCl3·6H2O were fully dissolved in water, and
then a solution of sodium diethyldithiocarbamate (SDEDTC)
was added and stirred for 1 h. The brown products were then
filtered, washed with water several times, and then dried at room
temperature before use.

Synthesis of CFS Nanoparticles
Twenty-five milliliters of oleylamine (Aladdin) was added in
a flask, and then heated to 120◦C within under the magnetic
stirring with a continuous flow of dry argon gas. The solution
was then heated to 300◦C and kept for 30min. Subsequently,
another 5ml of oleylamine containing the molecular precursors
was injected into the above hot solution. The reaction was kept
for 10min. After cooling to room temperature, the end products
were collected via centrifugation and washed with ethanol twice.

DDPA Treatment
Three hundred microliters of the resulting solution containing
about 4mg of CFS nanoparticles was mixed with 4ml of 0–
20mM DDPA in toluene. The solution was then sonicated for
about 15 min.

Surface Modification
Two milligrams of PEG-NH2 was added in 4ml of the resulting
solution containing about 10mg of CFS nanoparticles in toluene.
The resulting solution was then sonicated for 10min. Thereafter,
10ml of deionized water was added in the above solution and
sonicated for another 10min. The products were obtained by
centrifugal collection and washed with ethanol twice.

Characterization
TEM (JEOL JEM-2010F, Japan) was used to measure the
morphology and size of the CFS nanoparticles. UV-Vis-NIR
absorbance spectra of CFS nanoparticles were obtained through
a UV-Visible spectrophotometer (UV-1900, Phenix) at room
temperature. X-ray photoelectron spectra (XPS, ESCA-Lab
250Xi) were used to test the oxidation state analysis of CFS
nanoparticles. XRD (Bruker D4) was used to measure the crystal
phase of CFS nanoparticles. ICP-AES (Leeman Laboratories
Prodigy) was used to measure the concentration of ions released
from CFS nanoparticles.
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Photothermal Effect
To measure the photothermal effect of the CFS nanoparticles,
CFS nanoparticles with different concentrations dispersed in
deionized water were irradiated under an 808-nm laser (0.5W
cm−2) for 5min. Temperature change of CFS nanoparticles was
monitored and recorded by an infrared thermal camera.

Cellular Experiment in vitro
K7M2 cells were used as a model to assess the cytotoxicity of
the CFS nanoparticles to cancer cells. K7M2 cells were cultured
in Roswell Park Memorial Institute (RPMI-1640) and incubated
at 37◦C in the presence of 5% CO2. For cytotoxicity evaluation
of the CFS nanoparticles in vitro, K7M2 cells were seeded in
the 96-well-plates at a density of 1 × 104 cells every well. After
cultivation for 24 h, the suspension medium was aspirated by
pipette and washed with PBS three times. CFS nanoparticles
dispersed in RPMI-1640 with different concentrations were
added into the wells one by one. After co-culture 24 h, a standard
CCK8 evaluation was used to investigate the cell viability of CFS
nanoparticles to K7M2 cells. For photothermal therapy effect of
K7M2 cells in vitro using CFS nanoparticles, K7M2 cells were
cultured CFS nanoparticles in RPMI-1640 for 24 h. These cells
were then irradiated upon an 808-nm laser at a power density of
0.5W cm−2 for 5min. After then, the K7M2 cells were stained
with both calcein AM and PI and then imaged by a Leica
DMi8 fluorescence microscope. All of the tests were measured
three times.

Photothermal Therapy in vivo
The immunodeficiency nude mice were subcutaneously injected
by K7M2 cells (4× 106 cells for each mouse) into the left thigh to
obtain the desired tumor model. K7M2 model mice were then
divided randomly into four groups (six mice for each group)
when the tumor volumes reached about∼100mm3. PBS solution
containing CFS nanoparticles (50 ppm, 100 µl) or PBS solution
alone was injected intravenously into the tumor sites of the nude
mice. The mice with or without the CFS nanoparticle’s injection
were then irradiated to an 808-nm laser with a power density at
0.5W cm−2 for 5min. During the treatment, the temperature
changes of tumor surface were monitored and recorded by a
NIR thermal medical camera. After the indicated treatments, we
recorded the body weight and tumor size of the mice in four
groups every 2 days to evaluate the photothermal therapy effect.
Relative tumor volumes were calculated as V/V0, where V0 was
the initial tumor volume before the therapy.

Long-Term Toxicity Analysis
As for the tumors’ histological examination analysis, a mouse
from the each group was sacrificed under anesthesia after the
indicated treatment. Then, the tumors from the sacrificed mice
were harvested, sectioned into 4-µm slices, and stained with
hematoxylin and eosin (H&E). The slices were examined via a
microscope. Mice were sacrificed to collect blood sample for
blood biochemistry and complete blood panel analysis after
intervals of 3, 6, 9, and 12 days, respectively.

RESULTS AND DISCUSSION

Oleylamine-capped CFS nanoparticles were synthesized
by a facile hot injection of a molecular precursor. The
molecular precursors were obtained by reacting CuCl2·2H2O
as well as a certain molar ratio of FeCl3·6H2O with sodium
diethyldithiocarbamate (SDEDTC). Figure 1A presents the
transmission electron microscopy (TEM) image of CFS
nanoparticles obtained from the reaction with a ratio of 20% for
iron source to copper source. One can see that the as-prepared
CFS products showed very good dispersion from the TEM
image. The size of CFS nanoparticles was found to be 18.2 nm
based on the statistics of 100 nanoparticles from the TEM
images (Figure S1). Figure 1B showed more microstructure
information from the high-resolution TEM; an interplanar
spacing of 0.194 nm was observed, assigned to (110) planes of
bornite structured Cu5FeS4. In addition, selected area electron
diffraction of the individual CFS nanoparticles from the high-
resolution TEM can be indexed to the [110] zone axis of bornite
structured Cu5FeS4, which indicated the single-crystalline nature
of these nanoparticles (Figure S2). As shown in Figure 1C, all of
the main peaks of X-ray XRD pattern of the CFS products can be
matched well with those of bornite structured Cu5FeS4 (JCPDS
file no. 24-0050), showing a high crystallinity for pure CFS. XPS
results (Figure S3) demonstrated that the obtained products
mainly contain Cu, Fe, and S elements. We also analyzed the
valency state of Cu and Fe in CFS nanoparticles. In Figure 1D, it
exhibited the high-resolution Cu 2p spectrum (red line) and Fe
2p spectrum (blue line) for the CFS nanoparticles. The binding
energy peaks at 931.8 and 951.7 eV could belong to Cu (I)
coordinated to Cu in CFS nanoparticles (Chang et al., 2013).
Generally speaking, the existence of Cu(II) in copper-based
photothermal agents could contribute to the defect structure,
thus resulting in NIR absorption (Li et al., 2015). However, no
binding energy peak at around 940 eV was detected, indicating
that there was no Cu (II) existing in CFS nanoparticles (Chang
et al., 2013). Therefore, no copper defect structure was found
in CFS obtained from the reaction with a ratio of 20% for iron
source to copper source. In addition, the binding energy peaks at
711.2 and 724.1 eV could be assigned to Fe(III) coordinated to Fe
in CFS nanoparticles (Guan et al., 2018). Based on the obtained
results, we can conclude that CFS nanoparticles with high purity
and crystallinity were achieved.

The optical absorption spectrum of CFS nanoparticles,
obtained from the reaction with a ratio of 20% for iron source
to copper source, showed a peak around 1,100 nm. The NIR
absorption may be attributed to 3d electronic transitions from
the valence band to an intermediate band, similar to CuFeS2
nanocrystals (Ghosh et al., 2016) and CuCo2S4 nanocrystals
(Li et al., 2017). The ratio of Cu to Fe was found to be 4.99,
confirmed by ICP-AES. Interestingly, the ratio of 4.82, 4.75, 4.71,
and 4.67 for Cu to Fe can also be obtained by the addition
of precursors with the ratio of 22, 24, 26, and 28% for iron
source to copper source, respectively, indicating different copper
deficiencies. The high-resolution XPS spectra of Fe 2p and Cu
2p in CFS nanoparticles obtained from the reaction with a ratio
of 28% for iron source to copper source are given in Figure S4.
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FIGURE 1 | (A) A typical TEM image of CFS nanoparticles. (B) The high-resolution TEM image of CFS nanoparticles. (C) XRD patterns of CFS nanoparticles. (D) The

high-resolution XPS spectra of Fe 2p (blue line) and Cu 2p (red line) in CFS nanoparticles.

FIGURE 2 | (A) UV-vis-NIR spectra of the CFS nanoparticles obtained from the addition of precursors with different ratios for iron source to copper source.

(B) UV-vis-NIR spectra of the CFS nanoparticles after the treatment of DDPA.

It was found that the peaks of Cu2+ and Fe2+ were detected,
further indicating the formation of defect structures (Chang et al.,
2013; Guan et al., 2018). Previous work has demonstrated that the
plasmon resonance absorption peak will shift blue as the copper
defects increase (Balitskii et al., 2014). In order to verify it, we
measured the optical absorption spectrum of CFS nanoparticles
with different ratios of Cu to Fe. As expected, there was a blue
shift with the increase of copper deficiencies (Figure 2A). It
has been revealed that copper deficiency could be achieved by
oxidizing copper in the crystal. When the CFS was prepared
from the reaction with a ratio of 20% for iron source to copper
source, the obtained CFS products were processed with DDPA
to achieve CFS with different deficiencies. When treating the

CFS nanoparticle solution with DDPA, a blue shift was observed
(Figure 2B). The blue shift up to 500 nm was achieved when
the concentration of DDPA was increased to 20mM. After the
treatment by 20mM, the CFS nanoparticles showed little change,
which can be confirmed from the TEM image and XRD pattern
of CFS nanoparticles (Figure S5). Therefore, the LSPRs of CFS
nanoparticles can be tuned by the addition of precursors with
different ratios for iron source to copper source and the treatment
of DDPA, respectively.

In general, both 980-nm light and 808-nm light have been
used as laser sources for the photo-responsive imaging and
treatments of tumors due to their security and deep tissue
penetration (Smith et al., 2009). However, as themain constituent
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FIGURE 3 | (A) The temperature changes of the CFS nanoparticles dispersed in water with different concentrations of Cu2+ (0–100 ppm) vs. the irradiation time of the

808-nm laser. (B) Relationship curves of temperature change as a function of the concentration of CFS nanoparticles.

FIGURE 4 | (A) Photothermal effect of CFS nanoparticles under the irradiation of an 808-nm laser for 300 s; then, the laser was shut off and the temperature was

recorded for another 300 s. (B) Time constant of CFS NCs from the system. τs = 73.2 s.

of living organisms, the absorption intensity of the water at
980 nm is confirmed to be 30 times higher than that at 808 nm
(Li et al., 2014b). It has been proved that a 980-nm laser
irradiation at a power intensity of 0.72 W/cm2 can make the
temperature of the pure water increase by 15.1◦C, while only
3.0◦C for an 808-nm laser in the same conditions (Li et al.,
2014b). This means that the 808-nm laser exhibits deeper tissue
penetration and less photo-damage to the surrounding healthy
tissues compared to the 980-nm laser (Wu and Butt, 2016). In our
experiments, The CFS nanoparticles, obtained from the reaction
with a ratio of 22% for iron source to copper source, showed a
plasmon resonance absorption peak at 764 nm, which is close to
808 nm. Therefore, an 808-nm laser was used as the excitation
source for photothermal therapy. Photothermal agents should
be hydrophilic before realizing their biological application; thus,
a ligand exchange process was performed to modify the CFS
nanoparticles’ surface property using PEG. We then measured
the photothermal effect of PEG-coated CFS nanoparticles. As
shown in Figure 3, CFS nanoparticles exhibited a concentration-
dependent photothermal effect. As a control, the pure water
showed almost no temperature raise under the exposure of an
808-nm laser (0.5W cm−2). However, with the increase of the
concentration of CFS nanoparticles (i.e., 12, 25, 50, and 100
ppm), the temperature was increased by 12.7–37.2◦C, indicating

that CFS nanoparticles can efficiently convert NIR light energy to
heat energy.

The 808-nm laser-driven photothermal conversion efficiency
of the CFS nanoparticles was also measured and calculated by
Roper et al.’s reported method (Roper et al., 2007). The CFS
nanoparticles with a concentration of 50 ppm were exposed to
the 808-nm laser (0.192W) for 300 s. The laser was shut off when
the temperature of the system reached a steady state (Figure 4A).
Cooling time constant was measured to confirm system’s rate
of heat transfer (Figure 4B). Then, the photothermal conversion
efficiency (ηT) of CFS nanoparticles could be calculated by
the following:

ηT =
Q1 − Q0

I(1− 10Aλ )
(1)

In which Q1 and Q0 are the rate of heat input (in units of mW)
of the solvent with and without CFS nanoparticles. I is the laser
power (in units of mW, 192 mW). Aλ is the absorbance (0.8345)
at irradiation wavelength (808 nm). The value of Q1 and Q0 are
derived according to:

Q = hA(Tmax − Tamb) (2)
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FIGURE 5 | (A) Cell viability incubated with different concentrations of CFS nanoparticles. (B) Cell viability after the indicated photothermal treatments. (C–F)

Live/dead cell staining analysis after photothermal therapy with CFS nanoparticles at different concentrations. Magnification: 100 times.

h is the heat transfer coefficient, and A is the container’s surface
area. Tamb is the ambient surrounding temperature, Tmax is the
maximum temperature of the system, and (Tmax – Tamb) was
17.6◦C obtained from Figure 4A. The Q0 was independently
measured with a quartz cuvette cell containing pure water and
calculated to be 18.7mW. The value of hA can be calculated from:

hA =
mDcD

τs
(3)

where mD and cD are the mass (0.1 g) and heat capacity (4.2 J
g−1) of pure water, which was used as solvent, respectively. τs is
the sample system time constant. According to the achieved data,
the 808-nm laser-driven photothermal conversion efficiency (ηT)
of the CFS nanoparticles was calculated to be 50.5%, indicating
the promising potential for photothermal therapy of cancers. To
evaluate the NIR photostability of the CFS nanoparticles, the
aqueous dispersion (50 ppm) was irradiated with 808-nm laser
(1.0W cm−2) for 10min (LASER ON, Figure S6), respectively,

followed by naturally cooling to room temperature for 30min
(without irradiation, LASER OFF). It was shown that there
was little loss of the maximum temperature elevation after four
cycles of LASER ON/OFF. The result indicated that the CFS
nanoparticles showed good NIR photostability.

Motivated by the excellent photothermal performance of CFS
nanoparticles, we evaluated the potential of these nanoparticles
as photothermal agents. Before realization of their biological
application, the cytotoxicity of CFS nanoparticles was evaluated
by a standard CCK-8 assay method with K7M2 cells (Figure 5A).
It can be seen that these CFS nanoparticles appeared to be
very low toxicity. With a concentration up to 200 ppm, the
cell viability can still be up 80%. The in vitro photothermal
therapy to K7M2 cells using CFS nanoparticles was then
studied. After the treatment with varied concentration of CFS
nanoparticles, a standard CCK-8 evaluation was used to test
the cell viability (Figure 5B). The cell mortality rate increased
with the increase of the concentration. The cell mortality rate
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FIGURE 6 | (A) Temperature curves of tumors as a function of irradiation time of an 808-nm laser. (B) The infrared thermal images of the tumor-bearing mice

intravenously injected with the PBS (the left mouse) or CFS nanoparticles (the right mouse), respectively. (C) Body weight curves over time in the four groups after

indicated treatments. (D) Growth curves of tumors over time in the four groups after indicated treatments. (E) Photographs of mice in the four groups after the

indicated photothermal treatments for 14 days.

of the treatment combined CFS nanoparticles (50 ppm) and the
irradiation of an 808-nm laser was ∼92%, demonstrating an
excellent photothermal effect in vitro. When the concentration
of nanoparticles was increased to 100 ppm, the cell death rate
was increased by 7%. Thus, the optimized concentration should
be 50 ppm. In addition, to visualize the in vitro photothermal
therapy effect of CFS nanoparticles, K7M2 cells after the showing
treatments were co-stained with calcein-AM and propidium
iodide. The results (Figures 5C–F) were consistent with the result
of the CCK-8 assay, demonstrating the efficient photothermal
effect in vitro.

The photothermal therapy effect of cancers in vivo was
evaluated. The tumor-bearing mice were divided randomly into

four groups: (a) CFS nanoparticle injection + 808-nm laser
irradiation (CFS+NIR); (b) PBS + 808-nm laser irradiation
(PBS+NIR); (c) PBS injection (PBS); and (d) CFS nanoparticle
(CFS). The temperatures of tumor surface injected with CFS
nanoparticles could dramatically increase from ∼30 to ∼59◦C,
resulting from the photothermal effect of CFS nanoparticles
(Figure 6A). As a control, the temperatures of tumor surface
injected with PBS solution only increased by less than 3◦C.
During the treatment, a medical thermal camera was used to
monitor and record the temperature change of tumor sites. As
expected, infrared thermal images with a high contrast were
achieved (Figure 6B), indicating that CFS nanoparticles still
showed excellent photothermal effect in vivo.
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FIGURE 7 | (A) H&E-stained slices of main organs. Magnification: 100 times. (B) Blood biochemistry of mice receiving intravenous injection of CFS at different time

points. The examined parameters include aspartate aminotransferase (AST, left) and alanine aminotransferase (ALT, right).

After the indicated treatment, the body weights and tumor
sizes from each group were recorded every 2 days. We can see
that there was almost no difference in body weight among the
four groups of mice (Figure 6C), indicating the low toxicity
of CFS at the given conditions. In addition, tumors of mice
in group (a) disappeared and there was no reoccurrence
observed (Figures 6D,E), while the tumors gradually increased
and showed no difference in the three control groups. H&E
staining analysis was also analyzed immediately after treatment
to evaluate the photothermal therapy effect after the CFS/NIR
laser treatment. The tumor cells in the three control groups
showed very little change in morphology and size, while those
in the experimental group (CFS+NIR) showed obvious necrosis,
such as nuclear condensation, shrinkage of the malignant
cells, lysis, and fragmentation (Figure S7). Therefore, CFS
nanoparticles showed great potential for photothermal therapy
of cancers.

As in vivo biosafety of nanomedicines is always of great

concern for application in photothermal therapy, further bio-

safety experiment on histological examination analysis with

H&E staining for the main organs was conducted to observe
the size, shape, and number of cells after the intravenous
injection of CFS nanoparticles (10 mg/kg). From the HE
staining of the major organs, including heart, kidney, spleen,
liver, and lung, no inflammation or damage is observed
(Figure 7A). The parameters related to the serum biochemistry
(Figure 7B) showed no meaningful changes. The evidence
further confirmed that the CFS nanoparticles have promising
potential for photothermal therapy. However, deep systematic
studies of pharmacokinetics and pharmacodynamics are still

pretty important for future clinical application of such a
material. This kind of material may also have other specific
potential, such as magnetic resonance imaging, that can
further transform the platform for multiple use to promote its
clinical translation.

CONCLUSION

In conclusion, hydrophilic Cu5FeS4 nanoparticles with a
plasmon resonance absorption peak at 764 nm that served as
an efficient photothermal agent have been successfully prepared
by a facile thermal decomposition route and, subsequently, a
surface modification process. The plasmon resonance absorption
of Cu5FeS4 nanoparticles could be tuned by the decrease of the
ratio of copper to iron and the treatment of DDPA leading to
the formation of defect structures. Moreover, CFS nanoparticles
showed excellent biocompatibility, demonstrated by the in vitro
and in vivo toxicity results. With the exposure of the NIR light,
the Cu5FeS4 nanoparticles can be used for efficient photothermal
therapy of cancers.
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