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ABSTRACT: Copper-based nanomaterials have broad applica-
tions in electronics, catalysts, solar energy conversion, antibiotics,
tissue imaging, and photothermal cancer therapy. However, it is
challenging to prepare ultrasmall and ultrastable CuS nano-
clusters (NCs) at room temperature. In this article, a simple
method to synthesize water-soluble, monodispersed CuS NCs is
reported based on the strategy of trapping the reaction
intermediate using thiol-terminated, alkyl-containing short-chain
poly(ethylene glycol)s (HS-(CH2)11-(OCH2CH2)6-OH, abbre-
viated as MUH). The MUH-coated CuS NCs have superior
stability in solutions with varied pH values and are stable in pure
water for at least 10 months. The as-prepared CuS NCs were
highly toxic to A549 cancer cells at a concentration of higher than
100 μM (9.6 μg/mL), making them be potentially applicable as
anticancer drugs via intravenous administration by liposomal encapsulation or by direct intratumoral injection. Besides, for the
first time, CuS NCs were used for antibacterial application, and 800 μM (76.8 μg/mL) CuS NCs could completely kill the E. coli
cells through damaging the cell walls. Moreover, the NCs synthesized here have strong near-infrared (NIR) absorption and can
be used as a candidate reagent for photothermal therapy and photoacoustic imaging. The method of trapping the reaction
intermediate for simple and controlled synthesis of nanoclusters is generally applicable and can be widely used to synthesize
many metal-based (such as Pt, Pd, Au, and Ag) nanoclusters and nanocrystals.
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1. INTRODUCTION

Copper-based nanomaterials have been developed for applica-
tions as printed electronics,1,2 photovoltaic semiconductors,3

and antimicrobial products4,5 due to their lower cost compared
to that of other widely used metal nanomaterials such as gold
and silver. Among them, copper sulfides (CuS) have attracted a
great deal of interest not only due to their unique optical and
electrical properties such as photocatalytic,6,7 photovoltaic,8,9

plasmonic,10−14 thermoelectric,15 ion-storage,16,17 superionic,18

and supercapacitor behaviors19 but also due to their potential
broad applications in solar energy conversion,20 chemical
sensing,21 batteries,22 and beyond. Besides the traditional
semiconductor related applications, CuS materials have
received attention recently due to their appealing applications
in the field of biomedical engineering, especially for photo-
thermal cancer therapy, bioimaging, and biomolecule detection.

For example, using the near-infrared (NIR) absorption
property of CuS, various CuS nanomaterials such as hollow
CuS nanoparticles (NPs) coated with chitosan, CuS NPs
coated with poly(ethylene glycol) (PEG), and PEG-graphene
oxide (GO)/CuS nanocomposites were synthesized for photo-
thermal therapy, which can be used in combination with
immunotherapy, chemotherapy, as well as simultaneous
micropositron emission tomography (PET)/computed tomog-
raphy (CT) imaging.23−25 Also, CuS nanomaterials have been
used for deep tissue imaging,26 hydrogen peroxide detection,27

and photoacoustic visualization of protease activity in vivo.28 In
terms of early diagnosis of cancer, a fluorescent immunosensor
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utilizing the oxidation property of CuS NPs was developed for
the sensitive detection of human prostate cancer biomarker,
prostate specific antigen (PSA).29

To utilize these CuS nanomaterials, excellent synthetic
control over their crystallization processes is crucial. Generally,
the synthetic routes to obtain CuS compounds are diverse and
complicated. Moreover, CuS materials can have different phases
including Cu2S (chalcocite),30 CuS (covellite),13 and also a
variety of nonstoichiometric phases such as Cu1.75S (anilite),31

Cu1.8S (digenite),13 and Cu1.97S (djurleite).13,32 To date,
different CuS materials have been prepared by using varied
Cu/S ratios,33 starting materials,34 stabilizing ligands,35 and
reducing abilities of solvents.36 However, most of the CuS
materials were obtained under air-free conditions37 or at high
temperatures.38,39 We aim to develop a simple method to
synthesize CuS nanomaterials at room temperature. A previous
finding reported that during the CuS formation, there were
aqueous CuS clusters existing as the intermediates prior to the
formation of the final precipitation phase.40 Interestingly, it was
reported that in the preparation process of CuS NPs, a yellow
solution could be obtained immediately upon the addition of
sodium sulfide and the final product solution changed to green
after heating the yellow solution to 90 °C for 15 min.25 We
believe that this yellow solution must be the reaction
intermediate. Further characterizations and applications of
this intermediate would be possible if an appropriate stabilizing
reagent could be introduced to trap and stabilize this
intermediate. Besides, the stability of a nanoparticle dispersion
is crucial since it determines the property and application of the
nanoparticles (e.g., determines how the nanoparticles interact
with living organisms).41 Thus, finding a trapping reagent for
stabilizing the CuS nanomaterials in the yellow solution is very
important for their environmental or biological uses.
Here, we introduced a thiol-terminated, alkyl-containing

short-chain poly(ethylene glycol) (HS-(CH2)11-(OCH2CH2)6-
OH, abbreviated as MUH) to trap the CuS nanocluster (NC)
intermediate at room temperature (Scheme 1). Character-
ization of this intermediate demonstrated that monodispersed
CuS NCs were obtained with a uniform size of ∼5 nm, and
these MUH-coated CuS NCs exhibited superior stability in
aqueous solution compared to that of other thiol-terminated
trapping molecules. High resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD) results
showed that the phase of the trapped CuS NCs was different
from previously reported copper sulfides, indicating the
formation of a new phase. Moreover, the CuS NCs synthesized
in this research can strongly absorb NIR light, enabling them to
be potentially used for photothermal therapy and photoacoustic
imaging in the future. Importantly, we have demonstrated that
these CuS NCs are highly toxic and can be used as potential
anticancer drugs or for antibacterial applications.

2. EXPERIMENTAL SECTION
Materials. Copper(II) chloride (CuCl2·2H2O), sodium sulfide

(Na2S·9H2O), dithiothreitol (DTT), and sodium citrate dihydrate
were purchased from Aladdin Reagent Company (Shanghai, China). L-
Cysteine (Cys), mercaptosuccinic acid (MSA), mercaptoacetic acid
(MAA), (11-mercaptoundecyl) hexa-(ethylene glycol) (HS-(CH2)11-
(OCH2CH2)6-OH, MUH), and sodium 3-mercapto-1-propanesulfo-
nate (HS-(CH2)3-SO3

−Na+, MPS) were ordered from Sigma-Aldrich
(St. Louis, MO). 1-Thio-β-D-glucose sodium salt (NaS-Glu) was
obtained from Santa Cruz Biotechnology, Inc. Methoxyl PEG thiol
(HS-PEG2K) was purchased from Nanocs Inc. Propidium iodide (PI)
was purchased from Fanbo Biochemicals Co. Ltd. (Beijing, China). All

of the chemicals were directly used without further purification.
Dialysis membranes (Spectra/Por6 Dialysis membranes, Regenerated
Cellulose, MWCO 3.5K and 10K) were purchased from Spectrumlabs.
Deionized water (18.2 MΩ·cm) was obtained from a Milli-Q synthesis
system (Millipore, Billerica, MA). A549 human lung cancer cells were
obtained from Cell Resource Center of Shanghai Institute for
Biological Sciences (Chinese Academy of Sciences, Shanghai,
China). AT II human lung normal cells were obtained from Medical
School of Southeast University. E. coli and S. aureus bacteria were
obtained from China Center of Industrial Culture Collection (CICC,
Beijing, China).

Synthesis of Copper Sulfide Nanostructures. CuS NP (0.1
mg/mL) were prepared according to a previously reported method.28

In brief, 17.8 mg of CuCl2·2H2O and 22.8 mg of sodium citrate
dihydrate were dissolved in 100 mL of deionized water upon stirring at
room temperature for 5 min. Then, 24.0 mg of Na2S·9H2O was added
to the solution after which the original pale-blue solution changed
color and turned to yellow immediately. The yellow solution was
directly allowed to react overnight until a green solution was obtained,
which indicates the formation of CuS NPs. To improve the stability of
the CuS NPs in aqueous solution, for 1 mL of the CuS NPs solution, 2
mg of HS-PEG2K was added, and the mixed solution was incubated
for 12 h under stirring at room temperature. Then, the modified CuS
NPs were dialyzed (MWCO: 10K) against water for 3 days before final
use.

To synthesize CuS NCs, after the formation of the above yellow
solution, 46.9 mg of MUH (equal amount in mole to the copper
element in the solution) was added to stabilize the reaction
intermediate. After shaking at room temperature for 12 h, the
obtained CuS NCs were dialyzed (MWCO: 3.5K) for 3 days to
remove the reaction residues and unbound ligands. To evaluate the
stabilizing effect of MUH, other thiol-containing reagents instead of
MUH with the same concentration were also introduced to the yellow
solution using the same procedure. Concentrations of CuS NPs and
CuS NCs were determined using atomic absorption spectroscopy
(AAS, Hitachi 180/80, Japan).

Characterization of CuS Nanostructures. The shape, size, and
crystal structure of the CuS nanostructures were investigated by
transmission electron microscopy (TEM), high resolution trans-
mission electron microscopy (HRTEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD). For HRTEM and

Scheme 1. Schematics of the Formation of CuS NCsa

aDifferent kinds of thiol molecules were introduced into the
intermediate solutions. Only MUH could trap the intermediate,
resulting in the formation of ultrastable CuS NCs.
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EDS, aqueous solutions of CuS nanostructures were dropped on
carbon-enhanced copper-free nickle grids. The samples were air-dried
and then examined using a transmission electron microscope (FEI
TECNAI, G2 20, USA) at an accelerating voltage of 200 kV. XRD was
performed using an X-ray diffraction system (BRUKER D8-discover,
Germany). UV−vis spectra of CuS nanostructures were recorded on a
UV−vis spectrometer (SHIMADZU UV-3150, Japan).
Stability of the MUH-Coated CuS NCs. Stability of the CuS NCs

in different pH solutions and in the presence of two small thiol-
molecules (DTT and cysteine) were investigated by monitoring the
changes of hydrodynamic diameter using a Zetasizer instrument
(Nano ZS, Malvern Instruments, UK). Successful conjugation of
MUH molecules on CuS NCs was confirmed using a Fourier
transform infrared (FTIR) spectrometer (Nicolet iS50, Thermo
Scientific, USA).
Cell Culture and Cytotoxicity Evaluation. A549 lung cancer

cells and AT II lung normal cells were used to evaluate the cytotoxicity
of CuS NCs, CuS NPs, copper ions, and MUH molecules. The two
types of cells were both cultured in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum (FBS),
and 100 IU/mL penicillin−streptomycin at 37 °C in a humid
atmosphere with 5% CO2. The viability of the treated cells was
measured through the MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide) assay. The cells were seeded onto a 96-well
plate at a density of 5 × 103 cells per well in 100 μL of complete
culture medium. After culturing for 1 day when the cells grew to 80%
confluence, the medium in each well was replaced with 100 μL of fresh
medium containing a certain concentration of one of the materials
mentioned above for testing and further cultured for 24 h. Then the
medium containing the tested material was replaced with 100 μL of
fresh medium, and 10 μL of MTT solution (5 mg/mL in PBS) was
added into each well after which the cells were incubated for an
additional 4 h at 37 °C, and the the medium was carefully aspirated.
The cells were solubilized in 150 μL of DMSO, and then absorbance at
492 nm was measured against a background control using a microplate
reader (Multiskan FC, Thermo-scientific).
Real-Time Analysis of Cell Proliferation. Real-time monitoring

of cell growth and proliferation was performed on an impedance-based
cell analyzer, the iCELLigence System (ACEA Biosciences Inc.) The
growth of the cells leads to an increase of impedance value, shown by
an increased cell index value. Differently, inhibition of the cell

proliferation or cell death caused by dosed materials can decrease the
cell index value. A549 cells were seeded into an E-plate L8 (8 wells) at
a density of 1.5 × 104 cells per well in 450 μL of culture medium and
allowed to grow for 16 h until the cell index reached ∼1.8.
Subsequently, different materials such as CuS NCs, CuS NPs, copper
ions, and MUH molecules were added into the culture medium, and
the data were collected every 15 min for 4 days.

Quantification of Cellular Uptake of Nanomaterials Using
ICP-AES. To measure the cellular uptake of CuS NCs and CuS NPs,
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
experiments were carried out. A549 cells were seeded at a density of 3
× 105 cells per well of a 6-well plate and cultured for 12 h. Then the
culture medium was replaced with fresh medium containing 50 μM of
CuS NCs or CuS NPs and incubated for 7 h. After washing with PBS
three times, the cells were detached using trypsin, collected by
centrifugation, counted, and treated with nitric acid at 120 °C for 2 h.
Then, the samples were resuspended with 2 mL of deionized water
containing 5% hydrochloric acid, and the copper content in each
sample was determined by ICP-AES.

Bacterial Culture. Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) were used for the evaluation of the antibacterial
ability of CuS NCs. Bacterial cells were cultured in lysogeny broth
(LB) medium (5 g/L yeast extract, 10 g/L tryptone, and 0.5 g/L
NaCl) under shaking for 12 h at 37 °C until a preliminary bacterial
suspension was obtained. Then, the bacterial cells were brought into
log phase by reinoculating the bacterial suspension 1:50 into fresh
media and grown in a shaking incubator for 2−3 h at 37 °C until an
optical density at 600 nm (OD600) of 0.5−0.6 was reached.

Evaluation of Antibacterial Activity. To test the antibacterial
activity of CuS NCs, free Cu2+ (from CuCl2 solutions) and MUH
molecules were used for comparison. Log phase bacterial cells were
inoculated 1:10 into 150 μL of fresh LB medium containing different
materials for testing and seeded into each well of the 96-well plate and
cultured under shaking for 66 h at 37 °C. During the culture process,
the optical density at 600 nm of each well was monitored at different
time intervals. To eliminate the influence of nanomaterials on the
optical density while testing CuS NCs, a well with the LB medium
containing the same amount of CuS NCs but no bacterial cells was
tested as a control experiment.

The number of the viable bacterial cells in the above wells after a 48
h incubation was analyzed using colony forming unit (CFU) counting.

Figure 1. TEM images (left) and EDS results (right) of the CuS NPs (a,b) and CuS NCs (c,d). The concentration of both the green and the yellow
solutions in the insets of a and c is 0.1 mg/mL.
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In brief, each culture in the 96-well plate with a dilution factor of 104

was plated in triplicate on LB agar plates and incubated at 37 °C for 12
h, and the bacterial colonies formed were counted and recorded.
Morphological Characterization of Bacteria. Morphological

changes of the bacteria were characterized by the scanning electron
microscope (SEM). Bacteria incubated with different materials for 48
h were collected by centrifugation at 8000 rpm for 3 min and fixed
with 2.5% glutaraldehyde overnight at 4 °C. After washing with PBS
three times, the bacterial cells were dehydrated through sequential
treatment of 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol for 15
min and imaged using a scanning electron microscope (SEM, ULTRA
Plus, Zeiss, Germany).
Cell Wall/Membrane Integrity Assay. After incubation with

different materials for 48 h, bacteria were collected by centrifugation at
8000 rpm for 3 min and stained with propidium iodide (PI, 30 μM)
for 15 min in the dark, and then imaged using a confocal microscope
(TCS SP8, Leica, Germany).

3. RESULTS AND DISCUSSION
Preparation of CuS Nanostructures. For the synthesis of

CuS NPs, a yellow solution was initially formed immediately
after mixing CuCl2, sodium citrate, and Na2S together. This
yellow color turned to the final green color upon further
reaction at room temperature within 12 h. Interestingly, if this
yellow solution was incubated at a lower temperature (e.g., ∼4
°C), the color remained unchanged for at least 2 days,
indicating that the lower temperature delayed the formation of
the final NPs. On the basis of these observations, we believe
that the characteristic yellow color of the CuS solution may
represent the existence of a reaction intermediate during the
formation of the final CuS NPs.
The intermediate is not stable at room temperature, which

seriously limits its potential applications. Thus, finding an
efficient way to stabilize the reaction intermediate is crucial. In
this work, we successfully trapped the reaction intermediate by
introducing a thiol-terminated reagent (MUH) to the yellow

solution and found that the trapped intermediate materials are
small clusters with an average diameter of ∼5 nm (revealed by
TEM in Figure 1c), which we call CuS NCs.

Characterization of CuS Nanostructures. Figure 1a
shows the TEM images of the final CuS NPs (without trapping
the intermediate) and the appearance of the final green solution
(in the inset). The NPs are well-dispersed with an average
diameter of approximately 30 nm. In contrast, the CuS NCs
(trapped intermediate) have a much smaller size of ∼5 nm with
a uniform size distribution (Figure 1c), and the solution is
yellow (shown in the inset). EDS results shown in Figure 1b
and d confirm the presence of Cu and S elements in both the
CuS NPs and CuS NCs.
XRD experiments were carried out to identify the phases of

CuS NPs and CuS NCs. The CuS NPs were determined to be
the covellite-phase of copper sulfide since the XRD pattern
(Figure S1, Supporting Information) is in good agreement with
the reported diffraction peaks.25 For CuS NCs, Figure 2a
reveals that there are three main XRD peaks ranging from 10°
to 90°. Unexpectedly, it does not match the standard diffraction
pattern of any copper sulfides in the database of the
international center for diffraction data (ICDD). However,
HRTEM results shown in Figure 2b further confirm the crystal
structure of the CuS NCs, although the crystal lattice is not
clear enough for detailed analysis, and the intensity of the
selected area electron diffraction (SAED) pattern (shown in
Figure S2, Supporting Information) is also not high. On the
basis of these observations, we believe that in the trapping
process, the MUH reagents coated on the surface of CuS NCs
could form a carbon element/compound wrapping layer, which
can disturb the crystallization of the copper sulfides, leading to
the formation of crystal precursor structures with a low
crystallinity. This speculation is supported by evidence that the
absorption of surfactants onto the crystal precursors can occupy

Figure 2. (a) XRD spectrum of the CuS NCs. (b) HRTEM image of the CuS NCs. The inset is an enlarged figure showing one lattice of the sample.

Figure 3. (a) UV−vis spectra of CuS nanostructures (0.1 mg/mL). (b) FTIR spectra of MUH molecules and MUH-coated CuS NCs.
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the surface states and subsequently disturb or prevent further
growth of copper sulfide nanoparticles.42,43 Similar phenom-
enon can also be observed in palladium nanocrystals.44

Therefore, a new XRD spectrum of copper sulfide which has
not been reported before was obtained, and there is no
standard CuS diffraction pattern that can match our XRD
result.
The near-infrared (NIR) absorption is an important feature

of CuS nanomaterials. The UV−vis spectrum of CuS NCs
shown in Figure 3a demonstrates that they can also absorb NIR
light (>800 nm), similar to the CuS NPs which have an
absorption peak at ∼1000 nm. A previous report showed that
CuS NCs of ∼3 nm have maximum NIR absorption at 900
nm.45 Here, the absorption of our synthesized CuS NCs (5
nm) is broad with a peak above 1200 nm. Also, the absorption
of the prepared CuS NCs is weaker than that of CuS NPs (30
nm) below 1200 nm. We believe that the variation in the peak
position and intensity of the NIR absorption is caused by the
different crystallinities of the two kinds of CuS nanomaterials,
and this can be supported by a previous finding showing that
the property of the plasmon absorption is related to the phase
of the copper sulfides.13 Nevertheless, the NIR absorption
property enables CuS NCs to be potentially useful for
photothermal therapy and photoacoustic imaging in the future.
The successful conjugation of MUH molecules on CuS NCs

was confirmed by FTIR results. Figure 3b reveals that the
characteristic peaks of MUH molecules can be observed in the
spectrum of CuS NCs, indicating that the MUH molecules
were successfully coated on CuS NCs, leading to the good
solubility and excellent stability of the NCs. Moreover, the peak
at 2550 cm−1 assigned to the SH stretching mode appears in
the original MUH spectrum but is absent in the spectrum
collected from CuS NCs, further confirming the successful
modification of CuS NCs by MUH.
Stability of the MUH-Coated CuS NCs. The stability of

the MUH-coated CuS NCs was investigated. As shown in
Figure 4a, the picture of the “MUH” sample was taken

immediately after dialysis, and the picture of the “MUH-2”
sample was taken 10 months after dialysis. They do not show
any difference in appearance. The stability of the dialyzed CuS
NCs has also been examined by TEM. The results (Figure S3,
Supporting Information) show that the sample obtained
immediately after dialysis has the same size and shape as
those obtained 10 months after dialysis.
To further investigate if the MUH-coated CuS NCs are

stable in various solutions, photographs of the CuS NCs (0.1
mg/mL) in pure water, PBS buffer (pH 7.4), complete DMEM
cell culture medium, solutions of pH 2, and pH 12 were taken
(Figure 4b). The solutions with pH values of 2 and 12 were
prepared by the addition of HCl and NaOH solutions,
respectively. The CuS NCs in all of the solutions show the
same yellow color, and the solutions are all clear without the
formation of any precipitates, indicating that the CuS NCs are
stable in cell culture medium as well as in acid and basic
solution conditions, making them applicable to various systems.
To better understand the stability of CuS NCs in solutions with
varied pH values, hydrodynamic diameter in different pH
solutions (pH 2, 7, and 12) were measured. As shown in Figure
5a, the diameter of the NCs remains unchanged at around 5−6
nm at tested pH values, exhibiting the superb stability. Such
superior stability of the MUH-coated CuS NCs can benefit
many future applications of these materials.
Besides MUH, several other thiol-terminated stabilizing

reagents were also investigated to trap the reaction
intermediate. At first, the commonly used PEG derivative,
HS-PEG2K, was studied. As shown in Figure 4a, adding HS-
PEG2K to the yellow solution produced precipitation after
several hours. Therefore, the use of this material to trap CuS
NCs was not successful. Besides, glucose (Glu) was also tested
since it has been frequently used to coat nanoparticles to
improve their biocompatibility and increase the cellular uptake
efficiency of these nanoparticles.46−48 After the addition of
NaS-Glu to the yellow solution, the color gradually changed
from yellow to light green after a few days at room temperature
(Figure 4a), implying that NaS-Glu also cannot prevent the
conversion of CuS NCs to CuS NPs. Although cysteine (Cys)
could initially stabilize the formed NCs and the yellow color of
the solution did not change, several days after dialysis, some
precipitates were observed at the bottom of the vial. In
addition, other small thiol molecules such as sodium 3-
mercapto-1-propanesulfonate (MPS), mercaptoacetic acid
(MAA), and mercaptosuccinic acid (MSA) also failed to trap
the CuS NCs to prevent the formation of the final large CuS
NPs (Figure 4a).
The above experiments demonstrated the critical role the

MUH molecule played for the successful preparation of the
ultraclean and ultrastable CuS NCs. The MUH molecule
contains three segments: the mercapto group (−SH), the
methylene group (C11), and the short-chain polyethylene
glycols (EG6). All these components are important for
preparing and stabilizing the CuS NCs. The mercapto group
is to bind to copper atoms through the Cu−S bond,49,50 while
the alkyl chain (C11) serves as a hydrophobic shield to stabilize
nanoclusters and prevent other thiol-containing molecules from
replacing the bound thiol-ligands.51 In a previous research, it
was found that if the Au NPs were first coated with HS-PEG2K
or HS-PEG5K, which does not have this hydrophobic shield,
some small thiol-terminated molecules (such as cysteine) can
replace the surface HS-PEGs, causing the possible instability of
the NPs.51 Herein, the stability of CuS NCs in the presence of

Figure 4. (a) Photographs of CuS solutions (0.1 mg/mL) stabilized by
different thiol-containing ligands. “NC” is the freshly prepared CuS
NC by mixing CuCl2, sodium citrate, and Na2S. “NP” is the CuS NP
formed by further incubation of a “NC” sample at room temperature
for 12 h. “MUH” is the MUH stabilized CuS NCs after dialysis.
“MUH-2” is a dialyzed “MUH” sample after storage at room
temperature for 10 months. (b) Photos of MUH stabilized CuS
NCs (0.1 mg/mL) in pure water, PBS buffer (pH 7.4), complete
DMEM cell culture medium supplemented with 10% FBS (phenol
red-free), pH 2, and pH 12 solutions. The solutions with pH values of
2 and 12 were prepared by the addition of HCl and NaOH solutions,
respectively.
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two thiol-terminated molecules, dithiothreitol (DTT) and
cysteine, was also investigated by monitoring the hydrodynamic
diameter of the NCs. Similar to a previous work,51 DTT (50
mM) was selected as a positive control because of its high
efficiency for causing ligand displacement, while cysteine (200
μM) was chosen due to its presence in DMEM culture medium
and in real blood. As shown in Figure 5b, the diameter of the
CuS NCs remained unchanged at 5−6 nm in the presence of
DTT or cysteine after an incubation time of 72 h, indicating
that the MUH molecules on the surface of CuS NCs effectively
inhibited the replacement by other thiol-terminated small
molecules, confirming the stability of the as-prepared CuS NCs.
Finally, the hydrophilic EGn part on MUH is also important. It
can increase the water solubility and also endow the CuS NCs
with a superb capability of preventing nonspecific adsorption of
proteins52−54 and can therefore “mask” the CuS NCs from the
host’s immune system (reduced immunogenicity and anti-
genicity) in many future applications.
Cytotoxicity of CuS NCs and CuS NPs. To evaluate the

cytotoxicity of CuS nanostructures in vitro, A549 cancer cells
were used as a model cell line. MTT assay results demonstrated
that the CuS NPs were almost nontoxic to A549 cells even after
exposure to the highest concentration of 800 μM (CuS 76.8
μg/mL) for 24 h (Figure 6a). This low cytotoxicity of the CuS
NPs endows them with many potential applications in
biomedical fields, such as photoacoustic imaging probes28 and
photothermal therapy.45 In contrast, the CuS NCs obtained by
trapping reaction intermediate were highly toxic to the cells.
When 50 μM (4.8 μg/mL) of CuS NCs was dosed, the cell

viability decreased to around 15%, and when exposed to a
higher concentration (above 100 μM), all of the cancer cells
were killed. The much higher cytotoxicity of CuS NCs may be
related to their higher cellular uptake efficiency due to their
smaller size as compared with those of the CuS NPs. After
incubation of 50 μM CuS NCs (and 50 μM of CuS NPs) with
A549 cells for 7 h, ICP-AES results (Figure S4, Supporting
Information) reveal that for CuS NCs, the copper content in
A549 cells was 0.33 ng per 1000 cells, while for CuS NPs, the
amount was 0.23 ng per 1000 cells. Although the cellular
uptake of CuS NCs is higher than that of CuS NPs, the detailed
mechanism for the much higher cytotoxicity of CuS NCs still
needs further investigation.
To this end, the toxicities of copper ions, MUH molecules,

and CuS NCs against A549 cancer cells were evaluated via the
MTT assay (Figure 6b). Under the tested conditions, copper
ions were not toxic (cell viability was above 94%), suggesting
that the observed cytotoxicity of CuS NCs was not caused by
the release of copper ions. For MUH, it was toxic and all the
cells were killed when its concentration was above 100 μM.
However, CuS NCs were the most toxic sample in particular
compared with the MUH molecules at the same concentration
of 50 μM (the viability of the CuS NCs-treated cells was below
20%, while that of the MUH-treated cells was ∼90%). Notably,
in the CuS NC synthesis process, the MUH molecules used for
trapping the CuS NCs were dosed with the equal mole amount
of the Cu element. However, the amount of MUH molecules
on the CuS NCs (with the diameter of 5 nm) was estimated to
be less than 1/5 of the dosage (see Supporting Information).

Figure 5. (a) Hydrodynamic diameter changes of CuS NCs at different pH values revealed by dynamic light scatting (DLS). The different pH values
were adjusted by the addition of HCl or NaOH solutions. (b) Hydrodynamic diameter changes of CuS NCs in the presence of DTT (50 mM) or
cysteine (200 μM) as a function of time.

Figure 6. Cytotoxicity of different materials to A549 cancer cells (24 h) tested by the MTT assay. (a) Comparison of CuS NCs with CuS NPs. (b)
Comparison of CuS NCs with copper ions and MUH molecules.
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Therefore, this evidence further demonstrates that the CuS
NCs are far more toxic than the MUH molecules. This might
be due to the high local concentration of MUH on CuS NCs
which can more effectively interact with and enter the cells.
Then perhaps many factors such as the surface defects of the
nanomaterials may play a synergistic role in the cytotoxicity of
CuS NCs in addition to the CuS compounds and MUH
ligands.
Besides the MTT assay, real-time cell analysis (RTCA)

experiments were also carried out to monitor the growth of
A549 cells for 4 days after the introduction of different
materials. Consistent with the MTT results, Figure 7a
demonstrates that at the concentration of 50 μM, CuS NPs
and copper ions did not have influence on cell proliferation,
and the cell growth curves were almost the same as that of the
untreated control group, confirming that they are not toxic at
this concentration. For MUH molecules, the growth of cells
was significantly inhibited and the cell index dropped to around
half the value of the control group, implying their moderate
cytotoxicity. In contrast, after adding 50 μM of CuS NCs, the
cell index decreased gradually, and almost all of the cells were
killed after 24 h. In addition, the cytotoxicity of CuS NCs was
found to be concentration-dependent (Figure 7b). When lower
concentrations of CuS NCs were dosed, the growth of A549
cells was significantly (at 25 μM) or slightly (at 12.5 μM)
inhibited. Notably, after dosing with 100 μM (9.6 μg/mL) CuS
NCs, acute cell death was observed within 15 min, and the cell
index sharply dropped to 0.4 within 1 h, implying that almost
all of the cells were killed. Such acute toxicity makes CuS NCs

have the potential to be developed as anticancer drugs.
However, the MTT assay reveals that they were also highly
toxic to AT II normal lung cells (Figure S5, Supporting
Information). Thus, to avoid the damage to normal cells, these
highly toxic CuS NCs can be used for direct intratumoral
injection or intravenous administration after liposomal
encapsulation. The in vivo application of these CuS NCs as
anticancer drugs is currently under investigation.

Antibacterial Activity of CuS NCs. Infection by
pathogenic bacteria is a major disease that threatens human
health. Besides the widely used traditional antibiotics, several
new antimicrobial materials have been developed such as
functional polymers,55−57 graphene or graphene-based nano-
composites,58,59 and metal-based (especially silver) nano-
particles.60,61 However, in terms of copper-based antibacterial
materials, although copper sulfate solution,62 metallic copper,63

and copper nanoparticles5,64 have demonstrated the anti-
bacterial properties, this is the first time to demonstrate that
CuS NCs can be used as a potential antimicrobial reagent. To
investigate the bactericidal effect, we have compared the
antibacterial ability of CuS NCs with that of free Cu2+ ions and
MUH molecules against E. coli. Because of a good correlation
between the turbidity of the bacterial suspension and the
amounts of the bacteria, the microplate assay was adopted for
measuring the antibacterial activity of CuS NCs. Results shown
in Figure 8a reveal that for the first 18 h, growth of CuS NC
(800 μM, or 76.8 μg/mL)-treated E. coli is almost the same as
that of the control group. However, after that, the OD600 starts
to decline until it reaches ∼0.5 and maintains at this value

Figure 7. Real-time analysis of the proliferation process of A549 lung cancer cells after the introduction of various materials. Pink arrows indicate the
material introduction time point. (a) Effect of different materials (with the same concentration of 50 μM) on the cell index. The materials tested
include CuS NCs, CuS NPs, copper ions, and MUH molecules. (b) Effect of CuS NC concentration on the cell index.

Figure 8. (a) Optical density of E. coli suspensions measured at 600 nm after exposure to CuS NCs (800 μM), copper ions (800 μM), and MUH
solutions (400 μM) for 66 h. (b) Bacteria colonies formed on LB-agar plates. The cells were seeded from the 48 h incubation samples. (c) Number
of viable bacteria remaining in the 48 h incubation samples. Data were counted from the CFU results in b.
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thereafter, indicating that the antibacterial activity of CuS NCs
was activated after 18 h. In contrast, the MUH solution shows
no antibacterial activity at 400 μM. Note that the MUH
concentration of 400 μM is already much higher than that on
the surface of CuS NCs (160 μM, as estimated to be 1/5 of the
Cu element). However, a higher concentration of MUH (800
μM) could inhibit bacterial growth at the first 10 h, after which
the cells grew rapidly to the log phase (Figure S6, Supporting
Information). The antibacterial activity of MUH may be
attributed to the hydrophobic segment of the MUH ligand
since the hydrophobic chain can insert into bacterial cell
membrane and induce bactericidal effects.65 Besides, the highly
reactive hydroxyl group at the terminal of MUH may also have
the potential to damage the bacterial cells. For copper ions,
their antibacterial property is already known, and we have
shown in this work that 800 μM copper ions slightly inhibited
the growth of E. coli with the OD600 value decreasing to below
0.8.
Besides the OD600 monitoring assay, the number of viable

bacterial cells after 48 h of treatment was measured using the
CFU counting method (Figure 8b and c). The number of
viable cells in the MUH-treated group is almost the same as
that in the control group, in good agreement with the OD600
result (Figure 8a). For copper ions, 61% of the cells were still
alive, confirming its bacterial inhibition effect. Interestingly,
although the CuS NC-treated cells have the OD600 value of
∼0.5 after 48 h of treatment, there was no colony formed on
the LB agar plate, implying that almost all of the cells were
dead. Thus, the OD600 value of ∼0.5 is due to the growth of
bacterial cells during the initial growth period (from 0 to 18 h),
after which the cells were gradually killed during the time

period of 18 to 40 h. The minimum concentration we have
tested for the antibacterial experiment is 400 μM. However,
such a small concentration of CuS NCs does not have a
significant antibacterial effect, and thus, we only show the result
of a higher concentration (800 μM) and conclude that the
minimum inhibition concentration (MIC) is 800 μM (76.8 μg/
mL).
To further investigate the antibacterial mechanism of CuS

NCs, morphological changes of E. coli were studied via SEM
(Figure 9). After incubation with 800 μM CuS NCs for 48 h,
the cell walls are wrinkled and damaged (Figure 9b), in contrast
to that of the untreated cells which are smooth and intact
(Figure 9a). In addition, the integrity of the cell walls was also
examined by a fluorescent nucleic acid dye (PI) which can only
stain the DNA of the dead cells by penetrating through the
damaged membranes.66 Compared with the rarely stained
untreated cells (Figure 9c), almost all the CuS NC-treated E.
coli cells were stained by PI (Figure 9d), confirming the death
of the cells and the break of the cell walls. These results reveal
that the antibacterial activity of CuS NCs was achieved by
damaging the cell walls of the bacteria, making the CuS NCs be
powerful to fight against drug resistance of bacteria since it is
hard for bacteria to develop resistance to membrane-disrupting
antibiotics.67 Likely, the MUH molecules on CuS NC surfaces
having a high local concentration can interact with the cell walls
effectively and damage the cell walls to kill the bacteria. At the
same time, some copper ions may be released from the CuS
NCs, enhancing the antimicrobial activity.
In addition to the Gram-negative E. coli cells, the Gram-

positive S. aureus bacteria were also chosen to evaluate the
antibacterial ability of CuS NCs via monitoring OD600 under

Figure 9. Characterizations of E. coli after incubation with CuS NCs (800 μM) for 48 h. Panels a and b are SEM images of control cells and drug-
treated cells, respectively. Panels c and d are confocal fluorescence images of the PI stained control cells and CuS NC-treated cells, respectively.
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the same experimental conditions. Unfortunately, after treat-
ment for 48 h, there is almost no antibacterial effect on S. aureus
cells, and only a little growth inhibition effect can be observed
(Figure S7, Supporting Information), suggesting that CuS NCs
can selectively induce the cell death of Gram-negative E. coli but
not the Gram-positive S. aureus. This may be due to the
different structures and chemical compositions of their cell
walls.68 The presence of a thick peptidoglycan layer in the cell
walls of Gram-positive bacteria may provide bacteria with better
protection against the CuS NCs.69

4. CONCLUSIONS
In this research, we developed a simple method to synthesize
CuS NCs at room temperature by trapping the reaction
intermediate using MUH. MUH also served as a protecting
ligand to stabilize CuS NCs. The synthesized CuS NCs are
extremely stable, monodispersed, uniformly distributed in size,
and can absorb NIR light (for photothermal therapy and
photoacoustic imaging). It was demonstrated that the CuS NCs
were highly toxic to A549 cancer cells at a concentration >100
μM (9.6 μg/mL), making them potential anticancer drugs via
intravenous administration by liposomal encapsulation or by
direct intratumoral injection. Besides, for the first time, CuS
NCs were used as antibacterial reagents, and 800 μM (76.8 μg/
mL) CuS NCs could completely kill E. coli cells via damaging
their cell walls. The method of trapping the reaction
intermediate developed here is simple and generally applicable
for synthesizing other metal-based (such as Pt, Pd, Au, and Ag)
nanocrystals.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional XRD spectrum, SEAD pattern, TEM, ICP-AES
results, MTT assay results, OD600 for E. coli and S. aureus, and
the estimation of the MUH density on the CuS NC surface.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*(F.-G.W.) E-mail: wufg@seu.edu.cn.
*(Z.C.) E-mail: zhanc@umich.edu.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by grants from the National Key
Basic Research Program of China (973 Program) (No.
2013CB933904), the Natural Science Foundation of China
(21303017), the Fundamental Research Funds for the Central
Universities (2242014K10010), the Scientific Research Foun-
dation of Graduate School of Southeast University (YBJJ1412),
and Graduate Students’ Scientific Research Innovation Project
of Jiangsu Province Ordinary University (No.CXZZ13 0122).
Z.C. thanks University of Michigan for the support of his
sabbatical.

■ REFERENCES
(1) Lee, Y.; Choi, J.; Lee, K. J.; Stott, N. E.; Kim, D. Large-Scale
Synthesis of Copper Nanoparticles by Chemically Controlled
Reduction for Applications of Inkjet-Printed Electronics. Nano-
technology 2008, 19, 415604/1−415604/7.

(2) Riha, S. C.; Johnson, D. C.; Prieto, A. L. Cu2Se Nanoparticles
with Tunable Electronic Properties Due to a Controlled Solid-State
Phase Transition Driven by Copper Oxidation and Cationic
Conduction. J. Am. Chem. Soc. 2011, 133, 1383−1390.
(3) Wu, Y.; Wadia, C.; Ma, W. L.; Sadtler, B.; Alivisatos, A. P.
Synthesis and Photovoltaic Application of Copper(I) Sulfide Nano-
crystals. Nano Lett. 2008, 8, 2551−2555.
(4) Ren, G. G.; Hu, D. W.; Cheng, E. W. C.; Vargas-Reus, M. A.;
Reip, P.; Allaker, R. P. Characterisation of Copper Oxide Nano-
particles for Antimicrobial Applications. Int. J. Antimicrob. Agents 2009,
33, 587−590.
(5) Ingle, A. P.; Duran, N.; Rai, M. Bioactivity, Mechanism of Aciton,
and Cytotoxicity of Copper-Based Nanoparticles: A Review. Appl.
Microbiol. Biotechnol. 2014, 98, 1001−1009.
(6) Ratanatawanate, C.; Bui, A.; Vu, K.; Balkus, K. J., Jr. Low-
Temperature Synthesis of Copper(II) Sulfide Quantum Dot
Decorated TiO2 Nanotubes and Their Photocatalytic Properties. J.
Phys. Chem. C 2011, 115, 6175−6180.
(7) Cheng, Z. G.; Wang, S. Z.; Wang, Q.; Geng, B. Y. A Facile
Solution Chemical Route to Self-assembly of CuS Ball-Flowers and
Their Application as an Efficient Photocatalyst. CrystEngComm 2010,
12, 144−149.
(8) Xu, Q.; Huang, B.; Zhao, Y. F.; Yan, Y. F.; Noufi, R.; Wei, S. H.
Crystal and Electronic Structures of CuxS Solar Cell Absorbers. Appl.
Phys. Lett. 2012, 100, 061906/1−061906/4.
(9) Lee, H.; Yoon, S. W.; Kim, E. J.; Park, J. In-Situ Growth of
Copper Sulfide Nanocrystals on Multiwalled Carbon Nanotubes and
Their Application as Novel Solar Cell and Amperometric Glucose
Sensor Materials. Nano Lett. 2007, 7, 778−784.
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