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ABSTRACT: Ternary transition-metal chalcogenide nanosheets have
shown great potential in diverse applications owing to their intrinsically
amazing properties with a broad tunable window. Direct preparation of
water-soluble and biocompatible ternary chalcogenide nanosheets for
theranostic application remains a challenge. In this article, we prepared
Cu−Fe−Se nanosheets (CFS NSs) in an aqueous solution under
ambient conditions by a sequential coprecipitation method. They were
functionalized with anticancer drug doxorubin (CFS@DOX) through
electrostatic interactions and labeled with radioactive isotope 99mTc
through surface coordination effect. The resulting nanosheets have a
size of 70 nm and a thickness of 5 nm, and can be well dispersed in
water, phosphate-buffered saline, 10% fetal bovine serum, and 0.9%
NaCl with an excellent colloidal stability. They also exhibit a high
photothermal conversion efficiency of 78.9% for in vitro and in vivo
photoacoustic imaging and photothermal therapy. The isotope-labeled nanosheets (99mTc-CFS NSs) were used for single
photon emission computed tomography/computed tomography imaging to quantify their blood circulation time (∼4.7 h) and
biodistributions in major organs, which follow an order of liver > bladder > lung > spleen > heart > kidney. The DOX-
functionalized nanosheets (CFS@DOX) were used for chemotherapy of cancer and exhibited excellent anticancer efficacy. Our
research shows the great promise of ternary metal chalcogenide nanosheets for combined imaging and therapy of cancer.

KEYWORDS: two-dimensional ternary nanosheets, transition-metal chalcogenides, photothermal therapy, chemotherapy,
radiolabeling, multimodal imaging

■ INTRODUCTION

Two-dimensional (2D) nanomaterials exhibit excellent chem-
ical, mechanical, thermal, and optical properties, which make
them very attractive for diverse applications in energy
storage,1,2 energy conversion,3−5 electronics,6,7 catalysis,8 and
sensors.9,10 In addition, they also harbor diverse strengths for
personalized theranostics of cancer, including high uploading
of drugs and genes, high photothermal conversion efficiency,
and great capability of producing reactive oxygen species.11 For
example, their large surface makes them promising for drug
delivery as a large amount of drugs can be loaded on a small
amount of nanosheets (NS).12 Their ultrathin thickness also
makes them very sensitive to external stimuli such as light and
pH, which was explored for multiresponsive drug release,
photothermal therapy (PTT), and photodynamic therapy.13

The increasing interest in theranostics of novel 2D
nanomaterials with extraordinary physicochemical properties
has led to a burst in the development of various 2D materials,14

in which 2D binary transition-metal chalcogenides (TMCs)

have received significant attention because of their tunable
band gaps and versatile properties.15−17 Various types of binary
TMC nanosheets have been fabricated for imaging and therapy
of cancer.18 For example, PEGylated (PEG = poly(ethylene
glycol)) WS2 nanosheets were demonstrated to be suitable for
computed tomography (CT) and photoacoustic (PA) imaging-
guided PTT.19 Chemically exfoliated MoS2 nanosheets were
used as a carrier of doxorubicin (DOX) and applied for
combined chemo/photothermal therapy of cancer.20 TaS2
nanosheets were also proven to be a novel theranostic agent
for simultaneous near-infrared (NIR) hyperthermia, chemo-
therapy, and CT imaging.21 All these examples clearly
demonstrate that 2D TMC nanostructures could be a
promising theranostic agent for multimodal imaging and
combined therapy.
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As their elemental components and ratios could significantly
influence their intrinsic properties and performance, ternary
TMC nanostructures offer a broader spectrum for tuning their
functions and applications in comparison with binary
ones.22−26 For example, engineering copper sulfide and
selenide with different ratios of Fe3+ ions could induce
intermediate bands in the fundamental gap and very interesting
magnetism.27−31 The resultant ternary nanostructures, includ-
ing CuFeS2 nanocrystals,27 CuFeS2 nanosheets,28 CuFeSe2
nanocrystals,29 and Cu5FeS4 nanoparticles,30 have been used
not only as an excellent nanotheranostic agent for PA imaging
and PTT by taking advantage of their enhanced photothermal
conversion property, but also as a contrast agent of magnetic
resonance imaging by using their induced magnetism.
In contrast to the abovementioned ternary spherical

nanoparticles, there have been only a few reports on 2D
ternary nanostructures for biomedical applications because of
difficulties in directly synthesizing small water-soluble 2D
nanostructures. Most ternary 2D nanostructures usually have
been prepared by wet exfoliation of layered bulks, chemical
vapor deposition method, or by thermal decomposition of
metalorganics in hydrophobic organic solvents, and sub-
sequently modified for bioapplications.9,18 For instance,
CuFeS2 nanoplates were prepared via a thermal decomposition
route and then modified with the assistance of cetyltrimethy-
lammonium bromide for synergistic chemo/photothermal
therapy.32 Hence, it is essential to develop an aqueous
approach to directly prepare water-soluble and biocompatible
nanosheets for combined therapy.

In this article, we show that water-soluble and biocompatible
Cu−Fe−Se nanosheets (CFS NSs) can be prepared in aqueous
solution under ambient conditions by a sequential coprecipi-
tation method and then functionalized with DOX by
electrostatic adsorption (Scheme 1a). The resulting CFS NSs
can efficiently convert near-infrared (NIR) light into heat for
PA imaging and PTT. They can also act as a contrast agent for
CT imaging and for single photon emission computed
tomography (SPECT) imaging after they are labeled with
radioactive 99mTc. In addition, the drug-loaded CFS NSs
exhibit drastically enhanced antitumor efficacy by synergistic
chemo/photothermal therapy (Scheme 1b).

■ RESULTS AND DISCUSSION

Two-dimensional CFS nanostructures were prepared under
ambient conditions and were characterized by transmission
electron microscopy (TEM). The irregular flaky nanosheets
are around 70 nm (Figure 1a). Their continuous selected area
electron diffraction (SAED) pattern in the inset clearly shows
the strong diffraction from three planes, which were indexed to
be (112), (220), and (200) planes of tetragonal CuFeSe2.
Their crystal structure further proved to be tetragonal
eskebornite (CuFeSe2, JCPDS no. 81-1959) by X-ray powder
diffraction (XRD, Figure 1b). Their thickness was charac-
terized by atomic force microscopy (AFM) to be about 5 nm
(Figure 1c,d). The composition and element distribution of
these NSs were analyzed by high-angle annular dark field-
scanning transmission electron microscopy with energy-

Scheme 1. (a) Synthesis of Cu−Fe−Se Ternary Nanosheets for Uploading Doxorubicin (CFS@DOX NSs); (b) CFS NSs as a
Theranostic Probe for Multimodal Imaging and Combined Chemo/Photothermal Therapy
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dispersive X-ray spectroscopy, which shows the presence of
three elements with uniform distribution throughout the whole
nanosheet (Figure S1a in the Supporting Information). The
ratio of Cu/Fe/Se in nanosheets is 1.00:0.5:1.06, measured by
inductively coupled plasma-optical emission spectrometry
(ICP-OES). The redox states of Cu, Fe, and Se elements
were characterized to be +1, +3, and −2 (Figure S1b),
respectively, according to their binding energies determined by
X-ray photoelectron spectroscopy.33−36 Figure 1e shows
photographs and the UV−vis−NIR absorption of CFS NS
solutions, in which a unique absorption peak around 500 nm is
observed. In addition, their NIR absorbance is much stronger
than that of zero-dimensional nanoparticles, which demon-
strates the significant influence of morphology on their
intrinsic properties. Similar to other nanomaterials, their
absorption follows the Lambert−Beer law and linearly
increases with their concentration (Figure 1f).37 Their
extinction coefficient at 808 nm (23.9 L g−1 cm−1) is 4-fold
that of CuFeSe2 nanoparticles (5.8 L g−1 cm−1).29

Since CFS NSs were stabilized with thiol-functionalized
poly(methacrylic acid), their surfaces are strongly negatively

charged (Figure 1g) so that they can be simply modified with
NH2−PEG2000−NH2 and then loaded with DOX via electro-
static interactions. The modified nanosheets (referred to as
CFS@DOX NSs) were separated by centrifugation and
washed by water several times to remove the free NH2−
PEG2000−NH2 and DOX. The ζ-potential of the nanosheets
changed from −32 to −20 mV after surface modification. In
addition, the characteristic absorbance of DOX at 500 nm was
clearly observed in the UV−vis−NIR absorption of the CFS@
DOX NSs (Figure 1h).38 The TEM image in Figure S2a shows
no obvious difference in the size or morphology of the
nanosheets before and after functionalization with DOX. Their
Fourier transform infrared spectra further prove the successful
modification of nanosheets with both NH2−PEG2000−NH2

and DOX (Figure S2b,c). In addition, the release of DOX from
CFS@DOX NSs in acidic solution (pH = 5.0) is faster than in
physiological solution (pH = 7.4), which is favorable for
tumor-targeted drug delivery because of the weakly acidic
microenvironment in tumors (Figure 1i). The profile of drug
release was fitted with the Wagner log-probability (Figure S3),
which is one of the closet models for analysis of multi-

Figure 1. Characterization of as-prepared CFS NSs: (a) TEM image (inset: SAED pattern); (b) XRD pattern with the standard diffractions of
cubic berzelianite (JCPDS card no. 81-1959); (c) AFM image; (d) height profiles of the typical nanosheets numbered in (c); (e) UV−vis−NIR
absorbance and photograph (inset) of nanosheet solutions with different concentrations; (f) concentration-dependent absorbance of CFS NSs at
808 nm; (g) ζ-potentials; (h) UV−vis−NIR absorbance of CFS, CFS−NH2, and CFS@DOX; and (i) release of DOX from CFS@DOX NSs in
buffer solutions at different pH values.
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mechanistic drug release from nanoparticles.39−41 The results
show that the kinetic constant of the release of DOX in acidic
solution was 5.3 times higher than that of in neutral solution.
Previous reports have demonstrated that ternary nanocryst-

als feature stronger attenuation of X-rays than binary ones as
the overall attenuation of X-rays can be considered as the sum
of the attenuation of X-rays by individual elements.42,43 Figure
2a presents the concentration-dependent Hounsfield unit
(HU) values of the CFS NSs and the clinical CT agent (the
inset is their CT images), in which the signals of their CT
images are positively linearly increased with their concen-
tration, and the slope of the CFS NSs (13.23 HU L/mmol) is
2-fold that of the clinically used iopromide (I) (5.92 HU L/
mmol). This result suggests the potential of CFS NSs in CT
imaging.
As mentioned previously, the introduction of Fe3+ ions into

copper chalcogenides could induce intermediate bands in the
fundamental gap, leading to dramatic enhancement of the
photothermal conversion efficiency.27 Figures 2b,c and S4a
display that the temperature of the nanosheet solutions is
increased with concentration increasing from 0 to 30 μg/mL
after laser irradiation and shows a positive linear relationship.
To measure the photothermal conversion efficiency (η),44,45

we used an 808 nm laser to irradiate 1 mL of CFS NS solution
(10 μg/mL) to achieve the maximum temperature and then
cooled it naturally to room temperature (Figure S4b). The η
was calculated to be 78.9% (Figure 2d) by a method reported
previously.46 To examine its photothermal stability, we heated
and cooled a CFS NS solution (10 μg/mL) for five cycles, in
each of which the laser was turned on to heat the nanosheet

solution for 10 min and then turned off. The similar
temperature profiles of the five cycles illustrate their excellent
photothermal stability (Figure 2e). Their excellence in
photothermal conversion indicates their potential in PA
imaging, which has been proven in vitro (Figure 2f). The PA
signal linearly increases with concentration of CFS NSs.
All the above characterization demonstrates that CFS NSs

could be used for multimodal imaging-guided chemo/photo-
thermal therapy of cancer if they are safe and biocompatible.
The hydrodynamic sizes of CFS NSs and CFS@DOX NSs
dispersed in different media (i.e., water, phosphate-buffered
saline (PBS), 10% fetal bovine serum, and 0.9% NaCl) for 5
days were recorded to verify their stability in a simulated
biological environment (Figure S5a,b). Except for a slight
increase in PBS and 0.9% NaCl, they retained good stability in
other cases, indicating that CFS NSs could be used for in vivo
applications. Their biocompatibility was assessed by the
standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay, in which CFS NSs exhibited some toxicity at
higher concentrations (i.e., >12.5 μg/mL). At the same
concentration, CFS@DOX NSs were much more toxic than
CFS NSs because of additional DOX carried by those
nanosheets (Figure 3a). Furthermore, the cytotoxicities of
polymer ligand and DOX indicate that pentaerythritol tetrakis
3-mercaptopropionate−poly(methacrylic acid) was safe for
surface modification and that DOX was an effective antitumor
drug (Figure S6a,b).
The dependence of cellular uptake on the nanosheets and

culture time was quantified by ICP-OES measurements. The
results indicate that when the cells were cultured with different

Figure 2. In vitro CT imaging, photothermal conversion, and PA imaging of CFS NSs: (a) CT images (inset) and X-ray attenuation of intensity in
Hounsfield units (HU) of CFS NSs as a function of their concentration in contrast to iopromide, (b) photothermal images and (c) the
corresponding heating curves of pure water and aqueous solutions of CFS NSs with different concentrations under continuous irradiation by an
808 nm laser with a power density of 0.75 W/cm2 for 10 min, (d) plot of cooling time (t) versus the negative natural logarithm of the temperature
driving force (θ) obtained from the cooling stage as shown in Figure S4b for evaluating the photothermal conversion efficiency (η), (e)
temperature variation curve of 1 mL of aqueous solution of CFS NSs (10 μg/mL) recorded during five heating/cooling cycles using an 808 nm
laser as the heating source (with a natural cooling process applied following each heating process), and (f) PA images (inset) and the corresponding
PA intensity of a series of CFS NS solutions with different concentrations.
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concentrations of CFS NSs for 12 h, the ideal concentration of
nanosheets for cells to achieve the highest uptake was 20 μg/
mL (Figure 3b), and when 20 μg/mL CFS NS solution was
incubated with the cells for different times, the optimal culture
time for cells to maximally phagocytose the nanosheets was 18
h (Figure 3c). In addition, the PA images of cells incubated
with different concentrations of CFS NSs or for different times
show the same results (Figure S7a,b). After optimization of the
nanosheet concentration and culture time, the endocytosis of
CFS@DOX NSs by 4T1 cells and the release of DOX in the
cells were investigated. Figure 3d shows the gradual intra-
cellular release of DOX, as evidenced by the gradual variation
and diffusion of the characteristic red fluorescence from DOX.
The results also indicate that DOX was released into the
cytoplasm within the initial 1 h and then diffused into the
nucleus.
To assess their in vivo biosafety, 200 μL of CFS@DOX NSs

(2 mg/mL) was intravenously administrated into healthy
female mice through their tail veins. Their main organs were

excised for sectioning and hematoxylin and eosin (H&E)
staining at 1, 3, 7, 15, and 30 days after the injection of
nanosheets and compared with those of untreated healthy mice
(Figure 3e). The nuclei of the hepatic cells became larger on
day 1 and day 3 and then recovered to normal on day 7,
indicating that the reticuloendothelial cells in the liver
phagocytosed a large amount of CFS@DOX NSs, which
caused cell necrosis within the first 3 days due to an immune
stress reaction.47 There was no abnormality in other organs
(i.e., heart, spleen, lung, and kidney) in comparison with
healthy organs.
The above results demonstrate low toxicity of our CFS@

DOX NSs. Their pharmacokinetics were then assessed by
quantification of γ-rays from SPECT/CT images because of
their very high sensitivity (10−10−10−12 mol/mL). CFS NSs
were labeled with radioactive 99mTc (subsequently referred to
as 99mTc-CFS NSs), which did not cause any change in their
hydrodynamic size (Figure S8a). The labeled nanosheets were
intravenously injected into a tumor-bearing mouse (7.5 mg/kg,

Figure 3. (a) Relative viabilities of 4T1 cells after incubation with CFS NSs and CFS@DOX NSs at different concentrations for 24 h, (b)
endocytosis of different concentrations of CFS NSs by 4T1 cells, (c) ratios of CFS NSs endocytosed by the cells and in the culture media, and (d)
confocal fluorescence images of 4T1 cells after incubation with CFS@DOX NSs for 0, 1, 2, 4, 6, and 8 h. Red and blue represent the fluorescence of
DOX and that of cell nuclei stained with 4,6-diamidino-2-phenylindole, respectively. (e) Hematoxylin and eosin (H&E) staining of major organs
sectioned from healthy mice sacrificed on days 1, 3, 7, 15, and 30 after injection of CFS@DOX NSs.
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400 μCi 99mTc), and their blood circulation time was
quantified to be 4.7 h by fitting the intensity of the γ-rays on
the heart (Figure S8b). The absence of γ-emission at the
thyroid gland of the mouse (Figure 4a) indicates the negligible
dissociation of 99mTc from nanosheets.
The distributions of labeled nanosheets in the other organs

were quantified similarly. The signal intensity of γ-rays in the
liver increased quickly in the first 2 h after injection of 99mTc-
CFS NS solution, and the γ-emissions were the strongest
among the major organs. Obviously, the liver serves as an
important organ for the clearance of foreign substances
through phagocytosis and provides the critical functions of
metabolism and biliary excretion of nanosheets.48 The
distribution of nanosheets in other organs followed the order
of bladder > lung > spleen > heart > kidney (Figure 4b−g).
Parts of the 99mTc-CFS NSs were quickly cleared in the first 4
h and excreted through the bladder. In addition, 99mTc-CFS
NSs accumulated in the heart and lungs were quickly
metabolized within 2 h. The nanosheets in the spleen increased

first and then decreased, indicating their gradual accumulation
and metabolization. These results demonstrate that our CFS@
DOX NSs were mainly captured by the reticuloendothelial
system (RES) due to their large particle size and negatively
charged surface. The RES is a network of cells located
throughout the body that helps filter out dead and toxic
particles and also works to identify foreign substances in both
the blood and tissues.
The above results demonstrate the feasibility of quantifying

the biodistribution of nanosheets by the highly sensitive
SPECT/CT imaging. Compared with a conventional method
such as ICP-mass spectrometry, this approach not only saved
many mice, but also provided real-time dynamics with higher
reliability. Therefore, SPECT/CT imaging is an ideal option
for quantifying the pharmacokinetics of nanomaterials in
animals. In addition to SPECT/CT imaging, CT imaging and
PA imaging of tumors were carried out with our nanosheets to
show their potential in multimodal imaging. A mouse bearing
two tumors on both sides of the thigh was used for CT

Figure 4. (a) SPECT/CT images of a mouse bearing a tumor at different times after intravenous injection of CFS NSs, and (b−g) time-dependent
pharmacokinetics of 99mTc-CFS NSs in different organs: (b) heart, (c) liver, (d) spleen, (e) lung, (f) kidney, and (g) bladder.
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imaging. The right tumor was injected with CFS NSs (25 mg/
kg), and the left tumor was injected with the same dose of
iopromide (I) for comparison. The three-dimensional (3D)
CT image in Figure 5a shows that the signal in the right tumor
was 2 times higher than that in the left one, as analyzed with
PMOD image quantitative analysis software (Figure S9a). The
PA imaging was performed on a tumor-bearing nude mouse
over 8 h with the multispectral PA imaging system (MSOT
inSight) after the mouse was intravenously injected with
nanosheets. The intensity of the PA images of tumor was the
strongest at 2 h post injection and then gradually weakened
(Figures 5b and S9b), which suggests that the best treatment
time was 2 h post injection.
To demonstrate the performance of CFS@DOX NSs for

combined chemo/photothermal therapy, the tumor-bearing
mice were randomly classified into seven groups: (1) control
group without treatment; (2) CFS NSs group; (3) free DOX
group; (4) CFS@DOX NSs group; (5) laser group; (6) PTT
group (CFS NSs + Laser); and (7) combined therapy group
(CFS@DOX NSs + Laser). The time-dependent temperatures
of tumors from the latter three groups of mice irradiated by an
808 nm laser are shown in Figures 5c and S9c. For the mice
treated with CFS NSs or CFS@DOX NSs, the temperature of
their tumors was increased from ∼35.1 to ∼54.1 °C after they
were irradiated for 10 min. However, the temperature of
tumors of mice from the laser group was slightly increased to
40.9 °C. In the following month after treatment, the mice were
photographed, weighed, had their tumor volume measured,

and their survival status recorded every two or three days.
There was a slight difference in their weights in the first two
weeks, but after that, the weights of the mice gradually
decreased with the growth of the tumor (Figure 5d). The
pictures of mice in Figure S10 also show the changes in the
tumor. Except for the combined therapy group, the tumors in
the other groups kept growing, and the mice eventually died.
For the mice treated with PTT only, their tumor shrunk in the
first week and then continued to grow (Figure 5e). The results
demonstrate the significance of combined therapy.
The rapid growth of the tumors consumed a large amount of

nutrients in mice and led to increasingly worse immunity in the
mice, which caused infection and loss of function in some
organs, eventually resulting in the death of the mice. During
the period of observation, the mice from groups 1−5 died
subsequently, and some mice from group 6 also died (Figure
5f). For humanitarian reasons, all the mice were sacrificed after
30 days, and their major organs were harvested for observation.
The observation of tumor cells in the liver and lung and their
irregular distribution in mice from groups 1−6 suggest
metastasis of the tumors (Figure S11, black circle). It is
noteworthy that the mice from group 7 recovered gradually
after the combined chemo/photothermal therapy by using
CFS@DOX NSs. Their tumors sloughed off, accompanied by
the growth of new skin and hair. Their organs were observed to
have similarity to that of healthy ones. The results demonstrate
the great potential of CFS@DOX NSs in combined chemo/
photothermal therapy.

Figure 5. (a) Photograph (left) and 3D in vivo CT image (right) of a mouse bearing two tumors, which were intratumorally injected with CFS NSs
and iopromide, respectively; (b) in vivo PA images of tumor acquired at different times after the mouse was intravenously injected with CFS NSs;
(c) infrared thermal images collected at different times post injection of 4T1 tumor-bearing mice intravenously injected with CFS NS and CFS@
DOX NS solutions, respectively, and then irradiated with an 808 nm NIR laser at a power density of 1 W/cm2 for 10 min, in comparison with
tumor-bearing mice injected with PBS solution followed by NIR irradiation; (d) average body weights of mice from each group after various
treatments: (1) control, without treatment; (2) CFS, injection of CFS NSs only; (3) DOX, injection of free DOX; (4) CFS@DOX, injection of
CFS@DOX NSs; (5) laser, irradiation with laser only; (6) CFS + Laser, injection of CFS NSs and irradiation with laser; (7) CFS@DOX + laser,
injection of CFS@DOX NSs and irradiation with laser; (e) relative volumes of tumors (photographs in inset) after the above treatments,
normalized to their initial volumes; (f) survival rates of different groups of mice after the various treatments.
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■ CONCLUSIONS
In summary, we successfully prepared Cu−Fe−Se ternary
nanosheets in an aqueous solution under ambient conditions
by the sequential coprecipitation method in the presence of
thiol-functionalized poly(methacrylic acid). The resultant
nanosheets are 70 nm in diameter and 5 nm in thickness.
They can be well dissolved in different media with excellent
colloidal stability due to the negatively charged surface and the
steric effect of the polymer ligand. They also show excellent
photothermal conversion property, which was used for PA
imaging to determine the optimal time window for treatment.
Their negative charged surface and multifunctional groups
make them attractive for uploading anticancer drugs and for
labeling with radioactive isotopes for SPECT/CT imaging.
The unique 2D structure and properties make them ideally
suitable for multimodal theranostic agents for multimodal
imaging and combined chemo/photothermal therapy, of which
the former imaging was used to quantify the pharmacokinetics
of nanosheets and drugs and the latter therapy was used to
successfully kill cancer cells. Although only a small amount of
nanosheets could reach the tumor site by the EPR effect, they
are enough for the imaging and therapy. This work
demonstrates the promise of ternary metal chalcogenide
nanosheets in theranostics of cancer. Reducing their
accumulation in major organs and improving their accumu-
lation in tumor through active targeting to achieve better
efficacy will be our next goal.
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