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P
hotodynamic therapy (PDT) refers to
phototherapy and photochemother-
apy in which photosensitizers (PSs)

are used to generate highly reactive oxygen
species (ROS) by means of photoexcitation,
such as hydroxyl radicals ( 3OH), singlet oxy-
gen (1O2), as well as peroxides (R�O�O 3 )
which irreversibly damage a target of inter-
est, for example, cancer cells.1,2 In clinical
applications, the excitation of an ideal PS
should occur at a wavelength at which the
PS alone and not the tissue absorbs the
photon energy.3 Here, the NIR range of the
spectrum (700�1100 nm) is of particular
interest since the human tissue is consid-
ered to be “transparent” to photons in this
energy level.3 Although many PSs are used
in clinics to treat a variety of diseases, PDT in
cancer therapy is still hampered by numer-
ous limitations. Organic or metal�organic
dyes often have poor water solubility4 and
undergo rapid decomposition under laser
irradiation.5 Other limiting factors include

low targeted accumulation6 and inefficient
excitation in the NIR due to low absorption
cross sections and/or low extinction coeffi-
cients at these wavelengths.7 In this regard,
nanoparticle-based systems represent a
potentially useful solution to significantly
improve the performance in PDT, with the
possibility to overcome all these limitations
at once.6,8,9

Another novel cancer treatment is repre-
sented by photothermal therapy (PTT). Here
a therapeutic agent absorbs energy from
photons and dissipates it partially in the
form of heat. When the therapeutic agent
is located in close vicinity10 to the tumor
site, the temperature increase can lead
to tumor cell death via cellular structure
disruption, apoptosis, and/or necrosis medi-
ated mechanisms. Research on PTT has
made a huge progress thanks to various
NIR light absorbing (plasmonic) nanomater-
ials that have been developed in the past
years. Especially noblemetal nanostructures,
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ABSTRACT Recently, plasmonic copper sulfide (Cu2�xS) nanocrystals (NCs) have attracted much attention as

materials for photothermal therapy (PTT). Previous reports have correlated photoinduced cell death to the

photothermal heat mechanism of these NCs, and no evidence of their photodynamic properties has been reported

yet. Herein we have prepared physiologically stable near-infrared (NIR) plasmonic copper sulfide NCs and analyzed

their photothermal and photodynamic properties, including therapeutic potential in cultured melanoma cells and

a murine melanoma model. Interestingly, we observe that, besides a high PTT efficacy, these copper sulfide NCs

additionally possess intrinsic NIR induced photodynamic activity, whereupon they generate high levels of reactive

oxygen species. Furthermore, in vitro and in vivo acute toxic responses of copper sulfide NCs were also elicited. This

study highlights a mechanism of NIR light induced cancer therapy, which could pave the way toward more

effective nanotherapeutics.

KEYWORDS: copper sulfide nanocrystals . near-infrared light . photothermal therapy .
photodynamic therapy

A
RTIC

LE



WANG ET AL. VOL. 9 ’ NO. 2 ’ 1788–1800 ’ 2015

www.acsnano.org

1789

such as gold nanospheres,11 gold nanorods,12 and gold
nanocages,13 as well as the multifunctional gold
nanoshells,14�16 have been studied intensively in this
respect. Lately, cancer therapy by dual PDT and PTT has
become the subject of research interest. For example,
Liu et al. demonstrated an enhanced cellular uptake
and cancer cell destruction by a synergistic effect of
PEGylated nanographene (as PTT agent) and Chlorin
e6 (Ce6) used as PS agent.17 Choi et al. reported
that combining gold nanorods (for PTT) with Al(III)
phthalocyanine chloride tetrasulfonic acid (AlPcS4)
(for PDT) results in significantly enhanced anticancer
therapeutic effects.18 Li et al. constructed an assembly
of lipid-Hypocrellin B-gold nanocages which allows for
synergistic combination of PTT and PDT for cancer
therapyworking in theNIR region.19 Nie et al.proposed
a plasmonic coupling effect between Ce6, the PDT
agent, and gold vesicles, the PTT agent.20 These mate-
rials also possessed properties suitable for fluores-
cence, photoacoustic and thermal imaging.21 Al-
though considerable efforts have been undertaken in
this direction, cancer therapy based on a combination
of PDT and PTT is still a challenging task, particularly in
an in vivo setting. Here we report the working principle
of colloidal, NIR plasmonic copper sulfide nanocrystals
(NCs) exploitable for both PDT and PTT therapy with
NIR activation. Importantly, a key advantage is that
through the engineering design, the desired function-
alities can be achieved by the intrinsic properties of a
single, 6.5 nm in size, crystalline entity, represented by
a copper sulfide NC.
In the present work, we focus on copper sulfide NCs

of the type Cu2�xS, which fall in the class of degen-
erately doped semiconductors, an emerging new type
of NIR plasmonic colloidal NCs.21�27 Copper chalco-
genide NCs are relatively easy to synthesize in both
laboratory and larger scales21,28�30 and are composed
of lower cost elements compared to noblemetal based
NCs. All this makes them promising candidates for low
cost and translationable phototherapeutic agents. It
has been shownby us andby others that their localized
surface plasmon resonance (LSPR) can be tuned by
redox reactions through the NIR.26,31 That allows for
modulating their optical properties through their che-
mical composition.31,32 Recently, copper chalcogenide
(Cu2�xE, with E = S, Se, Te) NCs for PTT have been
reported by several groups,33�35 even as heterostruc-
tures in combination with noble metal domains.36

In almost all cases, the functional mechanisms behind
the therapeutic effect under NIR irradiation was inter-
preted as basically due to PTT alone, and other possible
concomitant mechanisms were not taken into con-
sideration.
Here we demonstrate that copper sulfide NCs

generate elevated ROS levels under NIR laser light
irradiation, which results in the parallel therapeutic
pathway for PDT. To this end, we synthesized copper

sulfide NCs (as described recently by us in in a previous
work30) and induced oxidation by exposing the
NCs to air during the ligand exchange process (from
oleylamine to thiolated PEG), by which the formerly
hydrophobic NCs were transferred to the aqueous
phase. This procedure allowed us to tune the LSPR
energy of copper sulfide NCs in the NIR region. Attrac-
tively, we show here that, under NIR light irradiation,
the leakage of copper ions from copper sulfideNCs can
enhance the ROS generation. This effect is highly
specific as it occurs only upon irradiation and scales
with the reached temperature. Therefore, under a NIR
light exposure a combined action of PDT and PTT in
Cu-deficient copper sulfide NC was first revealed here.
Most importantly, a considerable fraction of their LSPR
band is spectrally tunable in the NIR “water window”
region, where the light can penetrate deep into the
tissues with the negligible ability of heating effect
to normal tissue.37 Also, the light-to-heat conversion
efficiency and maximum tolerated dose (MTD) for
Cu2�xS NCs were evaluated. The NCs can convert light
into heat and enhance ROS generation simultaneously
under NIR light irradiation, with a relative high light-
to-heat conversion efficiency and acceptable biocom-
patibility. In vitro and in vivo results have confirmed the
dual action of PDT and PTT elicited by the Cu2�xS NCs,
both triggered by NIR laser light.

RESULTS AND DISCUSSION

Copper sulfide NCs (Cu2�xS) were prepared by a
noninjection approach (Figure 1a).30 The as-synthe-
sized copper sulfideNCs are capped by oleylamine and
can be dispersed in nonpolar organic solvents, such as
toluene and chloroform. Figure 1a shows the TEM
images of as synthesized Cu2�xS NCs. The average core
diameter is 6.5( 0.4 nm and the XRD pattern indicates
that the main phase is chalcocite, even though also
djurleite can be observed (Figure 1b).38 The chemical
composition of the as-synthesized NCs was assessed
by inductively coupled atomic emission spectroscopy
(ICP-AES), by which a Cu/S ratio equal to 1.88 was
determined. Their extinction spectrum before water
transfer displays a broad band peaked at around
1800 nm (see Figure 1d), which is attributed to the
LSPR for copper deficient copper sulfide NCs. This is in
agreement with most of the reported values for copper
sulfide NCs with approximate Cu/S ratio of 1.8.29,33

Oleylamine is a ligand of relatively weak binding affinity,
which can be replaced by various other ligands, espe-
cially those containing thiol groups.30 We exploited this
to transfer the NCs to aqueous solutions by exchanging
the original oleylamine ligands with amphiphilic thio-
latedPEGmolecules (carboxyl-PEG-SH,molecularweight
of 3 kDa, and methoxy-PEG-SH, 2 kDa). The PEGylated
NCs can be dispersed in polar solvents, including water
and other physiological buffers, e.g., phosphate
buffered saline solutions (PBS, pH 7.4), and show good
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colloidal stability at temperatures below 60 �C. Their
hydrodynamic diameters are approximately 12 nm
(Figure 1c). The detailed protocol for ligand exchange
and water transfer is reported in the experimental sec-
tion. After the ligand exchange reaction, the Cu/S ratio
was close to 1.25, and the LSPR band blue shifted,
narrowed, and its intensity increased (see Figure 1d).
While a considerable fraction of the sulfur content in the
ligand exchanged NCs derives from the thiol groups of
the PEG surfactants, the exposure to air leads to partial
oxidation of the anion sublattice (S2�f S1� þ e�) and a
fraction of the Cu(I) ions leaves the cation sublattice to
establish charge neutrality in each NC.26 This oxidation
introduces additional holes in the upper edge of the
valence band and consequently a shift in the LSPR to
higher energies due to an increase of the free carrier
density (Figure 1d).24,26,31

To evaluate the photothermal conversion, Cu2�xS
NCs dissolved in PBS at different concentrations were
irradiated with a continuous wave (CW) laser at 808 nm
with a power density of 2.3 W cm�2 (spot size 0.4 cm in
diameter) for 10 min and the temperature was re-
corded online (Supporting Information Figure S1a).
Significant heating of the solution was observed, espe-
cially at high NC concentrations. At 200 μg mL�1 in Cu,
the temperature of the solution increased by 30.6 �C in

10min, while that of pure PBS increased only by 4.13 �C
(Supporting Information Figure S1a). By repeating laser
on�off cycles, we could raise the temperature at each
step without compromising the photothermal effi-
ciency significantly (Supporting Information Figure
S1b). Following a previously reported procedure, we
could quantify the photothermal efficiency of our NCs
to be 16.3% by a NIR laser light heat�cool cycle (the
details are reported in Supporting Information Figure
S2).34,39 This value is slightly higher than that of gold
nanoshells (13%),34 but lower than that of recently
reported Cu9S5 NCs (25.7%)32 and gold nanorods
(21%).34 However, those nanoparticles (both the
Cu9S5 NCs and the gold nanorods) were significantly
larger in size than our NCs (in both cases they were
bigger than 10 nm), thus they hadmuch larger absorp-
tion cross sections. One additional advantage of NCs
with a realtively smaller size is the ability of nanopar-
ticle extravasation from the fenestration and the ease
of intratumoral distribution at the tumor site.40

The PEG-coated NCs were found to be colloidally
stable up to 60 �C in PBS, while at higher temperatures
the NCs started precipitating (see Supporting Informa-
tion Figure S3). The precipitation occurred both when
the sample was exposed to a temperature higher than
60 �C (by incubation) and when it was irradiated with

Figure 1. (a) Reaction scheme for the synthesis of Cu2�xSNCs (top) and representative TEM imageof theCu2�xSNCs (bottom).
The bottom right inset displays a high resolution TEM image of a single NC. The average diameter of the NCs is 6.5( 0.4 nm. (b)
XRD pattern of the Cu2�xS NCs, along with bulk patterns for Chalcocite High (PDF Card No. 01-084-0206) and Djurleite
(PDF Card No. 00-034-0660). (c) Hydrodynamic diameter distribution of the Cu2�xS NCs in PBS, as assessed by dynamic light
scattering (DLS) at 25 �C. (d) Optical absorbance of the pristine Cu2�xS NCs in toluene (black curve) and after ligand exchange
and water transfer (red curve). The LSPR band is blue-shifted and narrowed and its intensity is enhanced upon ligand exchange
(which is carried out under air), as theNCs are partially oxidized.Oxidation results in an increase of the carrier density in theNCs.
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the laser at a threshold concentration of NCs that led to
a final temperature greater than 60 �C. The precipita-
tion could be attributed to the stripping of PEG ligands
from the NCs, as confirmed by the increasing values
of the Cu/S ratio (from 1.25 to 1.88) measured by ICP-
AES and correlated with the loss of thiolated PEG
molecules. The aggregation effect, which is activated
by light, might be also exploited for maintaining a
therapeutic dose of NCs at the irradiation site (i.e., the
aggregated size is greater than the tumor fenestration
size), thus avoiding NC clearance (a common problem
in nanoparticle based solid cancer therapy).41 On
the other hand, it was important to assess if the NC
aggregation upon irradiation affected their photother-
mal efficiency. To simulate this scenario, samples of
Cu2�xS NCs at different concentrations were irradiated
with NIR laser light at 2.3 W cm�2 (spot size 0.4 cm in
diameter) formultiple times (up to five cycles). For each
heating cycle, NIR light irradiation was applied for
2min followed by a 2min cooling period (within which
the solutions reached room temperature, see Support-
ing Information Figure S1b). The result indicated that
repeated irradiation did not significantly influence the
photothermal properties of the Cu2�xSNCs, evenwhen
the temperature was above 60 �C and aggregation
occurred.
We monitored the temperature change when the

NCs were used as photothermal agents in an in vivo

mouse model. B16 tumor bearing Balb/c nude mice
were intratumorally injected with Cu2�xS NCs (0.2mL of
a NC solution corresponding to 15 mg kg�1 in Cu)

dissolved in PBS and the photothermal conversion
efficacy was measured. Prior to irradiation, the mice
were anesthetized with sodium pentobarbital. The
temperature increase was monitored by an infrared
camera upon irradiation of the tumor region with an
808 nmNIR laser (0.6 W cm�2 and a spot size of 2 cm in
diameter) for a time lapse of 100 s. For the group of
animals that received the Cu2�xS NC injection and
were exposed to the laser treatment, the infrared
thermalmap of the tumor region showed a remarkable
temperature increase. After 100 s exposure to the laser
the temperature in this group increased by circa 14 �C:
from 32.9 �C (the initial tumor temperature) up to
47.1 �C (Figure 2d). This was enough to kill the tumor
cells in xenografts. One control group of animals
was exposed to irradiation but did not receive Cu2�xS
NCs and the temperature in the irradiated area was
just slightly increased (Figure 2b). Note that the tem-
perature increase was limited to the region containing
the NCs and to the spot size of the laser beam. This
clearly demonstrates the photothermal efficacy of the
Cu2�xS NCs.
To confirm the effect of heat generation induced by

the Cu2�xS NCs, we also monitored the heat shock
protein 70 (Hsp70) expression in vitro in Cu2�xS NCs
treated B16 cells with or without NIR irradiation. Hsp70
was selected as a biomarker because it is activated by
various stresses, i.e., elevated temperature, environ-
mental stressors and toxicants, including ROS.42�46 We
included NIR light treatment without particles as
control. In the presence of NIR irradiation (100 s laser

Figure 2. False color infrared thermal images of Balb/c mice bearing a B16 xenograft after 100 s NIR laser irradiation and
in vitro results for heat shock protein expression. (a) The image of a B16 tumor-bearing Balb/c nude mouse. The NCs were
injected intratumorally, followedbyNIR irradiation. (b) Infrared thermal imageswere taken in the nontreatedmice before and
after NIR irradiation (0.6W cm�2, 100 s). (c) Western blot analysis of B16 cells after Cu2�xS NCs treatment under NIR (48 h after
treatment). Cells were plated at 2� 105 cells per well in a 6-well plate, treated with Cu2�xS NCs at 10 and 100 μgmL�1 (in Cu)
with or without NIR (100 s exposure). NIR alone was used as control. The Hsp70 expression was determined by western
blotting and normalized using β-actin. (d) Infrared thermal images of the tumor site post injection of Cu2�xS NCs (15mg kg�1,
0.2 mL) before and after NIR laser light irradiation (0.6 W cm�2, 100 s). The color bar relates to the temperature values in �C.
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irradiation at wavelength of 808 nm and power den-
sity of 0.6 W cm�2), the cells exposed to Cu2�xS
NCs expressed significantly more Hsp70 than cells
exposed to the particles alone, without NIR irradiation
(Figure 2c). A parallel experiment using NIR alone on
cells without NCs resulted in very little Hsp70 expres-
sion. It is important to mention that we indeed found
that Cu2�xS NCs led to marginal increase of Hsp70
in vitro. However, what it is more relevant to highlight
is that the heat-responsive Hsp70 was significantly
increased in the treatment using NIR light plus Cu2�xS
NCs in cells (Figure 2c).
Overexpression of Hsp70 can be caused not only by

thermal stress, but also by elevated ROS levels.46

Hence, we investigated by electron spin resonance
spectroscopy (ESR) the photodynamic properties of
our NCs that could promote the production of the
latter. We estimated 1O2 and 3OH generation levels by
detecting 2,2,6,6-tetramethylpiperide (TEMP) and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) spin-trapping
adducts, which show typical triplet (1O2) and quad-
ruple ( 3OH) ESR signals.

47 The 1O2 and 3OH generation
of Cu2�xS NCs solutions at concentrations ranging
from 0.5 to 2 mg mL�1 before and after NIR light
irradiation (808 nm, 0.6 W cm�2 for 5 min) were
investigated. The resulting ESR spectra are reported
in Figure 3a, where the 1:2:2:1 multiplicity of the
spectra shows the characteristics of a DMPO�OH
adduct that is formed by the addition of 3OH to
DMPO.47 Our data suggest that the ROS generation
induced by NIR light irradiation of Cu2�xS NCs is both
concentration and laser power dependent (Figure 3b).
Such a concentration and laser power dependency is a
clear sign of photodynamic activity of the Cu2�xS NCs.
Aqueous Cu2�xS NCs solutions (2 mg mL�1 in Cu)
under NIR irradiation (808 nm, 0.6 W cm�2) exhibited
up to 83.5% enhanced 3OH levels compared to solu-
tions that were not irradiated by NIR light. However, we
observed no obvious ESR signal of 1O2 spin trapped
adducts in Cu2�xS NC solutions before and after their
irradiation by NIR light (data not shown). It was demon-
strated by Kadiiska et al. that Cu(I) species in aqueous

and biological media produce ROS, mainly through
a modified Haber-Weiss cycle.48 More specifically,
it was shown that in vivo Cu(II) was reduced in situ

to Cu(I) by, e.g., ascorbic acid or glutathione, where
it reacted with hydrogen peroxide to form Cu(II),
hydroxide, and a hydroxyl radical.48 Under NIR light,
Cu(I) ions leaking from the Cu2�xS NCs could under-
go similar redox reactions with the surrounding
environment.
Additionally, we confirmed the ROS production in

NC solutions by a fluorescence assay based on dichlor-
ofluorescein diacetate (DCFH-DA), an oxidation-sensi-
tive fluorescent dye that is often used for intracellular
determination of ROS production.49 The initial, non-
fluorescent dye DCFH-DA undergoes a deacetylation
reaction to DCFH under basic conditions induced by
the Cu(I) release, and can be oxidized by the formed
ROS to 2,7-dichlorofluorescein (DCF), which is a highly
fluorescent derivative emitting at 529 nm when
excited at 495 nm.50,51

We exposed solutions of Cu2�xS NCs in water or in
buffer at different NC concentrations to laser irradia-
tion (10 min laser irradiation at wavelength of 808 nm
with a spot size of 2 cm2 and power density of
2W cm�2). Subsequently, the DCFH-DA dyewas added
and the solution was allowed to equilibrate for 2.5 h.
Filtration allowed the separation of the NC frac-
tion from the Cu ions in solution. Besides monitor-
ing the temperature increase of the NC solution,
the emission of DCF confirmed that the ROS pro-
duction was correlated with the concentration of
the NCs and with the medium in which the NCs are
dispersed.
For the samples at Cu2�xS NC concentration of

0.49 mg mL�1 in Cu a ROS formation could be ascer-
tained by the clear absorbance (Figure 4a, red and blue
line) and emission signal (Figure 4b, red and blue line)
caused by the cleavage of the acetate groups. In this
case, the temperature reached 50 �C and no precipita-
tion of the sample, neither in water nor in buffer, was
observed. Increasing the Cu2�xS NC concentration up
to 1.98 mg mL�1 in Cu resulted in heating of the

Figure 3. (a) ESR spectrum of Cu2�xS NCs at 2.0 mg mL�1 in Cu under different NIR laser power densities (0.6, 1, and
1.5 W cm�2). (b) ESR intensity for the spin trapped hydroxyl radical generated by Cu2�xS NCs at different concentrations
(0.5, 1, and 2 mg mL�1) and different laser power densities.
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sample up to 63 �C and a partial agglomeration of the
sample, which was also accompanied by a higher
emission signal, hence a higher ROS production. At
the latter NC concentration, we also measured the
release of Cu ions by ICP-AES upon irradiation. After
equilibration for 2.5 h and filtration, ICP analysis on the
supernatant confirmed a release of copper ions in solu-
tion. Themeasured copper concentration (0.23mg L�1)
corresponds to a release of about 0.012% of the copper
present in the initial Cu2�xS NC solution. These data are
in agreement with the literature, as it has been re-
ported that the Cu ions in aqueous solutions represent
a source of ROS production.50 It was important to
highlight that the ROS production was higher in the
case of the sample dissolved in PBS than in pure water.
We assume that the presence of salt ions in the buffer
facilitates the release of copper from the NCs, as the
buffer ions might act as counterions for the copper
ions. As expected, no ROS production was found when
pure water or buffer solution was exposed to laser
irradiation under the same conditions used for the
different NC samples.
We have also evaluated the generation of ROS in

B16 tumor cells induced by Cu2�xS NCs before and
after NIR light irradiation (808 nm, 0.6 W cm�2 for
3 min). ROS are generally short-lived macromolecules,
such that can oxidize a large variety ofmacromolecules
such as DNA and proteins, which stimulates inflamma-
tion and initiates pro-apoptotic cellular signaling, re-
sulting in a high degree of cell damage.52,53 Herein,
dichlorofluorescein diacetate (DCFH-DA) was used to
assess intracellular ROS production from Cu2�xS treated
B16 cells (particle dose of 25 μg mL�1, 6 h). The DCF
fluorescence in B16 cells was evaluated by both fluo-
rescence microscopy and flow cytometry (FCM).54,55

Figure 5 shows that a much higher DCF fluorescence
signal was found in Cu2�xS treated B16 cells (upon
irradiation with NIR light) compared to the control
group of cells. No obvious DCF fluorescence was

observed in the control group (no Cu2�xS NCs, no
NIR light) and only negligible DCF fluorescence was
observed in the Cu2�xS groupwithout NIR. To compare
the ROS levels using DCF fluorescence intensity, the
confocal visualization was performed using a short
exposure time, i.e., 40 ms, which allowed us to clearly
discern the differences between Cu2�xS NCs in the
presence of NIR irradiation as compared to different
controls. The increase in DCF fluorescence intensity is
in agreement with ESR data and with the fluorescence
assay (Figures 3 and 4), suggesting that the Cu2�xS NCs
are engaged in a photodynamic process that induces

Figure 4. Absorbance (a) and fluorescence (b) spectra (excitation wavelength = 495 nm, slit size 5 nm/5 nm) of reference
samples in water and PBS (black and gray line; dye = dichlorofluorescein diacetate), Cu2�xS NCs inwater (c(Cu) = 0.49mgmL�1,
blue line), Cu2�xS NCs in PBS (c(Cu) = 0.49 mg mL�1, red line) and Cu2�xS NCs in PBS (irradiation with c(Cu) = 1.98 mg mL�1,
absorbance and emission measurements with c(Cu) = 0.49 mg mL�1, green line), after irradiation with a NIR laser at 808 nm
(2 W cm�2 for 10 min), 2.5 h equilibration time and subsequent filtration.

Figure 5. Bright-field and fluorescence images of B16 cells
after the co-incubation with Cu2�xS NCs for 6 h. First row:
no Cu2�xS NCs, no NIR light. Second row: Cu2�xS NCs at
25 μg mL�1, no NIR light. Third row: Cu2�xS NCs at
25 μg mL�1 and NIR light irradiation (808 nm, 0.6W cm�2

for 3 min). Green fluorescence indicates high DCF levels,
indicating a high 3OH level capable of oxidizing DCFH.
Fluorescence intensities are proportional to the ROS
concentration.
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ROS triggered biological reactions only in the presence
of NIR light.
To quantify the ROS generation upon exposure to

Cu2�xS NCs, flow cytometry was used to evaluate FCM
on B16 cells at different exposure times. Supporting
Information Figure S5 shows that, while the intracellu-
lar ROS levels increased along with the incubation with
NCs, NIR irradiation significantly increased the ROS
levels as compared to the treatment using NCs alone.
For instance, compared to the Cu2�xS group, ROS levels
of the Cu2�xS-NIR group increased by 43.2% after
treatment with NIR laser light (808 nm, 2.3 W cm�2

for 3 min) and incubation for 48 h (Supporting Infor-
mation Figure S5c). On the basis of these findings,
together with ESR measurements, fluorescence assay
and fluorescence microscopy, we conclude that the
photodynamic properties of our Cu2�xS NCs make
them a promising photodynamic agent that allows
at the same time for PTT and PDT. Noteworthy, all
properties are combined in a few nanometer sized,
crystalline entity.
To evaluate and compare the in vitro cytotoxicity

of Cu2�xS with and without NIR irradiation, the viability
of B16 cells was determined by a 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
(WST-1) assay. As shown in Figure 6, various con-
centrations of Cu2�xS NCs were incubated with B16
cells for different times (4 h, 24 and 48 h) with and
without NIR light irradiation (808 nm, 2.3 W cm�2

for 3 min). All experiments evidenced an increasing
cytotoxicity against B16 cells in a dose-dependent
manner. Both the Cu2�xS and Cu2�xS-NIR groups did

not show any obvious adverse effect on B16 cells
viability for a short incubation time of 4 h. The half-
maximum inhibiting concentration (IC50 value) of each
group is displayed in Figure 6d. The Cu2�xS-NIR group
exhibited an obvious advantage over the Cu2�xS group
in terms of cytotoxicity at all concentrations. The IC50
value of the Cu2�xS-NIR group was 15.27 μg mL�1 in
Cu, which is 50.8% lower than the dose for the Cu2�xS
group (30.03 μg mL�1 in Cu) at 24 h. After 48 h
of incubation, this effect was significantly more pro-
nounced. The IC50 values of the Cu2�xS-NIR group
(0.995 μg mL�1 in Cu) was about 11 times lower com-
pared to that of the Cu2�xS group (11.69 μg mL�1

in Cu), a therapeutic window that allows us to con-
duct the therapy in a safe fashion. This also clearly
proves that the cellular internalization of Cu2�xS
is effective at prolonged incubation times, which is
a very important parameter for efficient combina-
tion of PTT and PDT with potential for cancer therapy.
Furthermore, from cytoskeleton organization, we ob-
served that Cu2�xS NCs with NIR irradiation (3 min
laser irradiation at wavelength of 808 nm and
power density of 0.6 W cm�2) disrupt the cell cyto-
skeleton, while the control treatments did not cause
remarkable cytoskeleton damage (Supporting Informa-
tion Figure S4).
On the basis of the above analysis, the Cu2�xS NCs

show potential as a new class of photosensitizers in
addition to previously reported high photothermal
conversion,56�60 which allows for simultaneous treat-
ment by PTT and PDT with one nanoscale crystalline
material. We continued to evaluate the in vivo efficacy

Figure 6. Viability of B16 cells with different concentrations of Cu2�xS NCs with and without NIR irradiation (808 nm,
2.3 W cm�2 for 3 min) measured after (a) 4 h, (b) 24 h, and (c) 48 h incubation. (d) Corresponding IC50 value of each group
for 24 and 48 h.
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using NCs plus NIR irradiation. To this end, a total of
12 male B16 subcutaneous tumor bearing nude mice
were randomly distributed into four groups of three
mice per each group: (a) Control group (no NIR, no
NCs); (b) NIR group (no NCs, with NIR); (c) Cu2�xS group
(NCs, no NIR); and (d) Cu2�xS NIR group (NCs and NIR).
The PBS dispersions of Cu2�xS NCs were admi-
nistered intratumorally (15 mg kg�1 in Cu) in groups
c and d. The mice in control (a) and the NIR group (b)
received the same volume of PBS. Subsequently,
the mice in the NIR group (b) and Cu2�xS-NIR group
(d) were irradiated using NIR laser light (808 nm,
0.6 W cm�2, spot diameter size 2 cm) at tumor site for
3 min immediately post NCs injection. For comparison,
the control (a) and the Cu2�xS group (c) mice did
not receive NIR exposure. The tumors from the
Cu2�xS-NIR group (d) appeared as scar at the irradia-
tion site 1 day post NIR exposure (Figure 7b). The use
of NCs plus NIR resulted in efficient tumor inhi-
bition, i.e., ∼90% inhibition, compared to the controls
(Figure 7a). From the survival rate perspective, two
mice in control group died after 9 days, due to the
invasiveness of B16 carcinoma. This contrasted with
the mice in Cu2�xS-NIR group (d), which survived
during the course of therapy. Interestingly, we also
found one animal death in the Cu2�xS group, which is
primarily due to the lack of NIR light, resulting in an
inefficient therapeutic outcome.
Several studies have highlighted the impact of

elevated temperatures on the photodynamic effi-
ciency. An accepted assumption is that a mild hyper-
thermia treatment can improve the partial oxygen
pressure by enhancing the blood flow in tumor
tissues.56 Also, it was found that heat may increase
the reactivity of ROS for tumor destruction.57 Further-
more, some results evidenced that a little damage of
proteins in cells, caused by photodynamic therapy,
may greatly affect their sensitivity for hyperthermia.59

Hence, combinatorial PTT and PDT are indeed ex-
pected to improve the overall therapeutic effect. It is
worth noting thatmost PSs for PDT are only sensitive to

UV�Vis light or to visible light. This is a severe draw-
back, since biological tissues absorb photons of such
high energy, which can results in severe nonspecific
side effects. Other NIR active PS like organometallic
complexes18 have lower absorption cross sections than
Cu2�xS NCs, making higher laser powers necessary.
Our strategy of exploiting PTT with PDT in a single
material with a high extinction coefficient at 808 nm
(ε808 = 9.53 � 108 M�1 cm�1) also allows for deeper
tissue penetration, which enables the treatment of
tumors located deeper in the body.
We also investigated the hemolytic behavior of

Cu2�xS NCs at different concentrations with rabbit red
blood cells (RBCs, Supporting Information Figure S6).
RBCs were isolated from freshly obtained EDTA-
stabilized rabbit blood by centrifugation and washing
with PBS. Water and PBS were used as the positive and
negative controls, respectively. All the solutions were
mixed mildly and then kept at room temperature for
3 h. Afterward, the concentration of hemoglobin
released from the hemolyzed RBCs was determined
by measuring the absorbance of the supernatant at
570 nm using a microplate reader with a reference at
655 nm. The results show that hemolysis of RBCs can
be detected only at very high concentrations of 400
μg mL�1 (73.2%) and 200 μg mL�1 (18.2%) in Cu.
At intermediate and low concentrations (below 100
μgmL�1 in Cu), no obvious hemolytic RBCs (<4.1%) can
be detected.
With the purpose of an accurate assessment of the

Cu2�xS NC toxicity in vivo, a series of doses was set for
the in vivo toxicity studies of Cu2�xS NCs following the
method provided by the Organization for Economic
Cooperation and Development (OECD, guideline 425,
Supporting Information Figure S7a). The first mouse
received a dose one step below the assumed estimate
of the MTD. If the animal survived, the second animal
received a higher dose. If the first animal died, the
second animal received a lower dose. The signs of
toxicity or anaphylactic response after injection of NCs
were recorded following US Pharmacope.58 The doses

Figure 7. Comparative efficacy study of single intratumoral injection in B16 xenograft bearing nudemousemodels. (a) Mean
tumor volumes were measured in the control group, NIR group, Cu2�xS group, and Cu2�xS-NIR group. (b) Images of B16
bearing nude mice were taken before and at second day with NCs-NIR treatment.
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with 200, 150, 100, 50, and 25 mg kg�1 in Cu were
administered via iv injection in a single dose, followed
by a 48 h observation period. The first mouse received
200 mg kg�1 in Cu and died 15 min post iv injection.
The secondmouse received 150mg kg�1 and died after
40 h post injection. The third mouse of 100 mg kg�1

also died in 46 h. The forth mouse received 50 and
25mg kg�1 and did not show any toxic reaction during
the following observation. Body weights and clinic
manifestation were observed and recorded carefully
throughout the experimental period. After 7 days,
tissues recovered from the necropsy were fixed in
10% formalin, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) for histolog-
ical examination using standard techniques. As
depicted in Supporting Information Figure S7b, no
abnormalities were found in the liver, spleen, kidney,
lung and brain of Cu2�xS treated-mice intravenously at
25 and 50 mg kg�1. However, treatment with Cu2�xS
NCs at 100 and 150 mg kg�1 led to degenerative
necrosis and disappearance of hepatocytes. Also,
evidence of liver organization hyperemia was ob-
served and marginal zones of the spleen were de-
stroyed by Cu2�xS NCs at 150 mg kg�1 in Cu. In
addition, we observed necrosis and disappearance
of the lymphocyte in the marginal zone, along with
the increase of the hemosiderin. Treatment with 200
mg kg�1 in Cu of Cu2�xS NCs lead to hepatocytes in
different degrees of cell shrinkage and chromatin

condensation. The histological examination indicated
that the liver and spleen were the primary involved
targeting organs of Cu2�xS treatment at high dose. The
lower dose of 50 mg kg�1 was considered as the
maximum tolerated dose (MTD) for Cu2�xS NCs.

CONCLUSION

In this in vitro and in vivo study, we report for the first
time on the dual PTT and PDT cytotoxic effects of
NIR plasmonic copper sulfide (Cu2�xS) NCs when illu-
minated by NIR laser light. We can ascribe the ther-
apeutic effect to a combination of PTT and PDT, rather
than PPT alone. ROS generation upon NIR excitation
of Cu2�xS NCs was proven both by ESR spectroscopy
and DCF fluorescence assays. We have shown that the
PEG-coated Cu2�xS NCs have a reasonable biocompat-
ibility, good photothermal conversion efficiency, and
unique photodynamic capability under NIR laser light
illumination. We also evaluated the maximum toler-
ated dose of Cu2�xS NCs. We believe that this work will
catalyze further investigations on the different thera-
peutic mechanisms elicited by plasmonic copper chal-
cogenide NCs. The advantage of copper sulfide NCs
lays in their small size, which leads to the possibility
of deeper tissue permeation and additionally in their
high extinction coefficients in the NIR region. Further
studies in this direction may consider for example the
photodynamic effects of copper chalcogenide NCs in
hypoxic tumors therapy.

EXPERIMENTAL SECTION

Chemicals for Synthesis and Water Transfer of Nanocrystals.
Cu(I)Cl (99.999%), and sulfur powder (99%) were purchased
from Strem Chemicals. Oleylamine (70%) and 1-octadecene
(90%) were purchased from Sigma-Aldrich. Toluene (anhydrous)
and ethanol (anhydrous) were purchased from Carlo Erba.
R-Methoxy-ω-mercapto PEG (CH3O-PEG-SH PEG, MW 2000 Da)
was purchased from Rapp Polymere (product code 122000-40).
R-Mercapto-ω-carboxy PEG (HS-C2H4-CONH-PEG-O-C3H6-COOH
PEG, MW 3000 Da) was purchased from Rapp Polymere (product
code: 133000-4-32).

Synthesis of Cu2�xS Nanocrystals. Copper sulfide NCs were
synthesized according to our recent approaches for alloyed
NCs with modifications.29 In detail, first, the copper ion solution
was prepared by dissolving 4 mmol copper(I) chloride in 24 mL
oleylamine at 100 �C, using standard Schlenk line techniques.
When all the copper(I) chloride was dissolved, the above
solution was allowed to cool to room temperature. The sulfur
stock solution was prepared by dissolving 2 mmol sulfur
powder in 8 mL octadecene (ODE) at 180 �C, under nitrogen,
until all the power was dissolved and the color of the solution
became transparent yellow. The copper and sulfur stock solu-
tions weremixed at room temperature andwere then heated to
180 �C at the rate of 10 �C/min under nitrogen. After the
temperature was kept at 180 �C for 15min, the reaction mixture
was cooled to room temperature. 10 mL of toluene was added
followed by the addition of an excess of ethanol to precipitate
the Cu2�xS NCs, which were washed once more and finally
dispersed in 40 mL of chloroform for further processing.
The yield of NCs was estimated by ICP-AES to be around 70%,
which can guarantee the production of 200mg in one synthesis
batch.

Ligand Exchange Procedure. A 5mL Cu2�xS NCs solution ([Cu] =
2 mg mL�1 in CHCl3 as measured by ICP-AES) was diluted with
15mL toluene andmixed with a solution of 80mgHS-PEG-OMe
(Mw = 2 kDa) and 20 mg HS-PEG-COOH (Mw = 3 kDa) in 1 mL of
toluene. Themixture was filled in a separating funnel andmixed
by gentle shaking. After addition of 10mLMilli-Q water, the two
phases were emulsified by gentle shaking. The mixture was let
to stand until complete phase separation and the aqueous
phase was collected which contained the ligand exchanged
Cu2�xS@HS-PEG NCs. This procedurewas repeated two times to
completely transfer all NCs to the aqueous phase. The com-
bined aqueous phases were filled in a round-bottom flask and
any remaining toluene was removed under reduced pressure
at 40 �C at 77 mbar for 1 h. For the purification from unbound
HS-PEG, the solution was filled in a cellulose acetate membrane
tubing (molecular cutoff = 50 kDa) and dialyzed against 5 LMilli-Q
water overnight. Washing with water was performed 5 times.
Finally, the NCs solution was withdrawn from the membrane
tubing and concentrated in Amicon centrifuge tubes (15 mL,
molecular cutoff = 100 kDa) at 3500 rpm. The Cu/S contents
were determined by ICP-AES and the sample was stored at 4 �C
before usage.

Irradiation with NIR-Laser and ROS Detection in NCs Dispersion. For
the irradiation of the samples, a CW laser diode emitting in
the NIR at 808 nm (Roithner RLTMDL-808-5W-5), focused on a
spot size of 2 cm2with a power of 4W (power density 2Wcm�2),
was used.

Please notice that although the Cu2�xS NCs have a much
higher absorption at 1400 nm, at this wavelength water absorbs
strongly too, which will lead to nonspecific tissue heating.
Therefore, the laser study was carried out at 808 nm where
the Cu2�xS NCs could still heat and the water absorption was
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minimized. For the ROS detection, different Cu2�xS-NC samples
were prepared either in water or in PBS (NC concentration fixed
at 0.49 mg mL�1 of Cu) and a 1 mL solution of each sample was
irradiated for 10 min at a power density of 2 W cm�2. To detect
the ROS production, upon incubation with fluorescein diacetate
in ethanol (6mgmL�1; 250mmol) for 2.5 h, the reactionmixture
was filtered by centrifugation (5 min, 3000 rpm, filter cutoff
100 kDa) and the clear solution was analyzed by UV�vis and
fluorescence spectroscopy.

The most concentrated NC sample (1.98 mg mL�1 in Cu) in
0.5 mL PBS was irradiated for 10 min at a power density of
2 W cm�2. Subsequently, 250 μL of the mixture was diluted in
750 μL PBS resulting in a concentration of Cu equal to 0.49
mg mL�1 to ensure comparable results. Afterward, 100 μL of a
dichlorofluorescein diacetate (DCFH-DA) solution in ethanol
(6 mg mL�1; 250 mmol) was added to each sample and the
mixture was allowed to equilibrate for 2.5 h. Subsequently, the
solution was filtered by centrifugation (5 min, 3000 rpm, filter
cutoff of 100 000 g mol�1) and the clear solution was analyzed
by UV�vis and fluorescence spectroscopy. The UV�vis spectra
were recorded on a Cary 5000 spectrophotometer whereas
emission spectra were recorded on a Cary Eclipse fluorescence
spectrophotometer.

Characterization of the Nanocrystals. The morphology and the
structure of the resulting NCs were observed with JEM-2100
electronmicroscope (TEM) and JEM-2100F high-resolution trans-
mission electron microscopy (HRTEM), operating at 200 kV.
UV�vis-NIR extinction spectra of Cu2�xSwere recorded on either
a JASCO UV/vis 570 or a Cary 5000 UV�vis-NIR photospectrom-
eter. The Cu/S ratios were determined by inductively couple
plasma atomic emission spectrometry (ICP-AES, Thermo Fisher
iCAP 6000). The crystal structure of the Cu2�xS NCs was inferred
from X-ray diffraction (XRD, Rigaku Smart Lab) by using graphite
monochromatised Cu KR radiation (λ = 1.5418 Å). DLS experi-
ments were carried out with a Malvern Zetasizer (Nano ZS series,
Malvern Instruments Ldt, England).

Measurement of Photothermal Effects. The photothermal con-
version efficiency of the Cu2�xS NCs in PBS at different con-
centrations (1.6, 3.2, 6.4, 12.5, 25, 50, 100, and 200 μgmL�1) was
determined using laser light at 808 nm with a power density of
2.3 W cm�2. A CW GCSLS-05�007 semiconductor laser device
(Daheng New Epoch Technology, Inc., Beijing, China) was used,
with a center wavelength of 808 ( 10 nm. An optical fiber was
used to transfer laser light from the laser unit to a cuvette
containing the Cu2�xS NCs (1 mL). The temperature of the
solution was detected with a PT-3S thermo-detector (Optex
Co., Ltd., Japan). The detailed protocol is descried in the
Supporting Information. Repeated heat/cool cycles were per-
formed with the same instrument. The Cu2�xS NCs were
irradiated multiple times with NIR light for 2 min, followed by
a 2 min cooling period. The temperature data points were
recorded at 1 min intervals.

ESR Measurements. Electron spin resonance (ESR, recorded on
a ESP300E spectrometer) was used to estimate 1O2 and 3OH
generation by detecting 2,2,6,6-tetramethylpiperide (TEMP)
and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin-trapping
adduct, which have typical triplet (1O2) and/or quadruple ESR
signals ( 3OH). Spectra of spin trapped 3OH were obtained by
mixing 20 μL DMPO with 100 μL Cu2�xS NCs solution at various
concentrations. Then samples were injected into quartz capil-
laries designed especially for ESR analysis and directly irradiated
inside the cavity of the ESR spectrometer with different laser
power densities (0.6, 1.0, and 1.5 W cm�2 at 808 nm) for 5 min.
The ESR spectra of the Cu2�xS NCs in the presence of DMPO
without irradiation were collected as controls.

Western Blotting. B16 cells were plated at 2 � 105 cells per
well in a 6-well plate. The cells were treated with Cu2�xS NCs at
10 and 100 μg mL�1 with or without NIR (100 s exposure at
wavelength of 808 nm and power density of 0.6 W cm�2) and
were incubated for additional 48 h. NIR alone was used as
control. The Hsp70 expression was determined by Western
blotting and normalized using β-actin. Briefly, the cells were
washed in PBS and the pellets lysed in a buffer containing Triton
X-100 and protease inhibitors. Fortymicrograms of total protein
was electrophoresed by SDS-PAGE and transferred to a PVDF

membrane. The membranes were incubated with primary anti-
body to Hsp70, followed by secondary antibody incubation,
before the addition of the HRP-conjugated streptavidin�biotin
complex. The proteins were detected using ECL reagent accord-
ing to the manufacturer's instructions.

Determination of Intracellular Reactive Oxygen Species
(ROS). Fluorescence Images. B16 cells were seeded on glass-
bottom dishes (35mm, kindly provided byMatTek Corporation)
for 24 h to allow the cells to attach to the surface of the wells.
After treatment with Cu2�xS NCs (25 μg mL�1, 1 mL) for 6 h,
the cells were washed three times in phosphate-buffered
saline (PBS). Then they were cultured with dichlorofluorescein
diacetate (DCFH-DA) (10 μmol L�1) at 37 �C for 50 min. Cells
were washed again three times with PBS before the Cu2�xS-NIR
group was irradiated by NIR laser light (808 nm, 0.6 W cm�2)
for 3 min. Intracellular ROS was detected by means of DCFH
which could be oxidized to a highly fluorescent derivative,
2,7-dichloro-fluorescein (DCF) in the presence of hydroxyl
( 3OH) radicals. Then DCF fluorescence was detected by a Nikon
fluorescence microscope (Nikon Eclipse Ti�S, CCD: Ri1).
Attempts to detect 1O2 were made by using the same method.

Flow Cytometry. B16 cells (5 � 105 cells) were incubated
with the RPMI-1640 medium dispersion of Cu2�xS NCs (25
μgmL�1) for 0, 24, and 48 h. Then, the excess of noninternalized
Cu2�xS NCs was removed by washing several times with PBS.
Cells were cultured with DCFH-DA (10 μmol L�1) at 37 �C for
50 min and washed with PBS. One group was trypsinized and
collected in 1 mL PBS after NIR irradiation (808 nm, 0.6 W cm�2)
for 3 min. The other group as a control was not irradiated with
NIR laser light. Fluorescent stained cells were transferred to
polystyrene tubes for acquisition and analysis by Flow cytome-
try (BD FACS Calibur).

In Vitro Cytotoxicity. B16 cells were seeded in 96-well plates
(104 cells/well, 100 μL) and incubated for 24 h to allow the cells
to attach to the surface of the wells, then they were exposed to
different concentrations of Cu2�xSNCs (1.6, 3.2, 6.4, 12.5, 25, and
50 μg mL�1). One of the Cu2�xS groups was examined after
irradiation with an 808 nm CW laser (2.3 W cm�2, 3 min). The
other group was not irradiated. To exclude other possible
influences of Cu2�xS NCs and Cu2�xSþ NIR on B16 cell viability,
respectively, various concentrations of Cu2�xS NCs were incu-
bated with B16 cells at 37 �C for different times (4, 24, and 48 h).
Cell viability was measured using the WST assay according to
the procedures suggested by the manufacturer. Next, absor-
bance at 450 nm was measured against a background, which
served as blank, using a microtiter plate reader (Thermo Fisher
CO.). The data reported represent the means of quadruplicate
measurements and error bars display the standard deviation.

Staining for Cell Cytoskeleton and Nucleus. B16 cells were
dispensed into a Coverglass-Bottom Dish (1.5 � 104 cells/well,
200 μL). After allowing them to attach for 24 h, Cu2�xS NCs
solutions (50 μgmL�1 in Cu) were diluted appropriately in fresh
media and added to themicrowells (1mL). Cells were incubated
for 4 h at 37 �C in the presence of 5% CO2. The medium was
removed and the cells were washed two times with the RPMI-
1640medium not containing FBS. Then, cells were irradiated for
3 min with NIR light (808 nm, 0.6 W cm�2). The nucleus was
counterstained with 40 ,6-diamidino-2-phenylindole and cell
microfilament were stained by Actin-Tracker Green. Micro-
graphs of cells were then taken using Confocal laser scanning
microscopy (CLSM).

Animal Preparation. All animal experiments were performed
in compliance with the local ethics committee. ICR mice and
Balb/c nude mice (provided by Vital River Laboratory Animal
Technology Co. Ltd.), aged 6�8 weeks, were used in the
experiments. Groups of five same sex mice were housed in
stainless steel cages containing sterile paddy husk as bedding
in ventilated animal rooms. They were acclimated in the con-
trolled environment (temperature: 22 ( 1 �C; humidity: 60 (
10% and light: 12 h light/dark cycle) with free access to water
and a commercial laboratory complete food. The mice were
injected subcutaneously in the hind part with 0.2 mL of a
suspension containing 4 � 106 B16 cells.

Infrared Thermal Imaging. A Balb/c nude mouse was injected
with Cu2�xS NC PBS solution (15 mg kg�1 in Cu) intratumorally
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to measure the photothermal effect by an infrared thermal
mapping apparatus by irradiating the tumor region with NIR
laser light at 808 nm (0.6 W cm�2) for 100 s. As a control, a nude
mouse which received no NCs was also irradiated and mon-
itored under the same conditions. All nude mice were anesthe-
tized with iv injection of sodium pentobarbital (0.2 mL) prior to
the irradiation treatment.

In Vivo Antitumor Activity. A total of 12 male mice bearing B16
tumors were randomly distributed into four groups: (a) Control
group, (b) NIR group, (c) Cu2�xS group, and (d) Cu2�xS-NIR
group. Each group consisted of three mice. The PBS dispersion
of Cu2�xS NCs was administered intratumorally (15 mg kg�1 in
Cu) in the groups c and d. The control and NIR group had an
equivalent volume of PBS. Then the Cu2�xS-NIR and the NIR
groups were irradiated in the tumor region with NIR laser light
(808 nm, 0.6 W cm�2) for 3 min directly after injection. The
control group and Cu2�xS group were not irradiated. Tumor
volumes were determined according to the formula (a � b2)/2,
where a and b are the long and short diameters of a tumor,
respectively.

Hemolysis Assay. RBCs were isolated from freshly obtained
ethylenediamine tetraacetic acid (EDTA)-stabilized rabbit blood
by centrifugation and washing with PBS. Water and PBS were
used as the positive and negative controls, respectively. Ali-
quots of 0.2mL of diluted RBC suspension were added to 0.8mL
of PBS solutions containing different concentrations of Cu2�xS
NCs. All the sample tubes were mixed mildly and then kept
standing at room temperature for 3 h. Then, the concentration
of hemoglobin released from the hemolyzed RBCs was deter-
mined by measuring the absorbance of the supernatant at
570 nmusing amicroplate readerwhile using the absorbance at
655 nm as reference. The percent of RBC hemolysis was
calculated by using the following formula: % hemolysis =
(sample absorbance � negative control absorbance)/(positive
control absorbance � negative control absorbance) � 100.

In Vivo Systematic Toxicity. A total of 5 healthy mice were used
in this experiment. The first mouse received a dose one step
below the assumed estimate of the MTD. If the animal survived,
the second animal received a higher dose. If the first animal
died, the second animal received a lower dose. The signs of
toxicity or anaphylactic response after injection of NCs were
recorded following US Pharmacope.56 The doses of 200, 150,
100, 50, and 25 mg kg�1 were iv administered in a single dose
to only one animal, followed by a 48 h observation period.
Body weights and clinical manifestations were observed and
recorded carefully throughout the experiment period. After
7 days, tissues recovered from the necropsy were fixed in 10%
formalin, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E) for histological examination using
standard techniques. After hematoxylin eosin staining, the
slides were observed and images were taken using an optical
microscope (Nikon Eclipse Ti�S, CCD: Ri1).
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