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onventional therapeutic approaches
Cfor treatments and cure of cancers

include surgery, radiation therapy,
chemotherapy, hormone therapy immuno-
therapy, etc., but they have many disad-
vantages, such as harming healthy cells,
destroying the immune system, and result-
ing in an increased incidence of second
cancers.'” Recently, as a minimally invasive
and potentially effective treatment alterna-
tive to conventional approaches, photo-
thermal ablation (PTA) therapy has
attracted much interest37% In particular,
near-infrared (NIR, A = 700—1100 nm)
laser-induced PTA has received increasing
attention because the NIR laser is absorbed
less by biological tissues and the typical
penetration depth of the NIR (such as
980 nm) light can reach several centimeters
in biological tissues.”® When applying the
NIR laser to treat cancer tissues, in order to
promote the photothermal conversion effi-
ciency and particularly improve lasers' dis-
crimination for the PTA of the targeted
cancers, photothermal agents which can
convert the NIR light energy into thermal
energy are generally indispensable. Thus, it
is very important that the advancement of
the NIR photothermal cancer therapy is
dependent on the development of photo-
thermal agents.

Currently, there have been chiefly four
types of photothermal agents. The first type
is the organic compounds such as indocya-
nine green (ICG) dye® and polyaniline
nanoparticles,®> which suffer from serious
photobleaching or low photothermal con-
version efficiency. The second type is
carbon-based materials, including carbon
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ABSTRACT Photothermal ablation (PTA)
therapy has a great potential to revolutio-
nize conventional therapeutic approaches for
cancers, but it has been limited by difficulties
in obtaining biocompatible photothermal
agents that have low cost, small size (<100 nm), and high photothermal conversion efficiency.
Herein, we have developed hydrophilic plate-like CugSs nanocrystals (NCs, a mean size of
~70 nm x 13 nm) as a new photothermal agent, which are synthesized by combining a
thermal decomposition and ligand exchange route. The aqueous dispersion of as-synthesized
Cu,S5 NCs exhibits an enhanced absorption (e.g., ~1.2 x 10° M~" em ™" at 980 nm) with the
increase of wavelength in near-infrared (NIR) region, which should be attributed to localized
surface plasmon resonances (SPR) arising from p-type carriers. The exposure of the aqueous
dispersion of CugSs NCs (40 ppm) to 980 nm laser with a power density of 0.51 W/cm? can
elevate its temperature by 15.1 °Ciin 7 min; a 980 nm laser heat conversion efficiency reaches
as high as 25.7%, which is higher than that of the as-synthesized Au nanorods (23.7% from
980 nm laser) and the recently reported Cu, ,Se NCs (22% from 808 nm laser). Importantly,
under the irradiation of 980 nm laser with the conservative and safe power density over a short
period (~10 min), cancer cells in vivo can be efficiently killed by the photothermal effects of
the CuoSs NCs. The present finding demonstrates the promising application of the CuoSs NCs as
an ideal photothermal agent in the PTA of in vivo tumor tissues.

KEYWORDS: hydrophilic CugSs nanocrystals - photothermal conversion -
980 nm laser - thermal therapy - heat conversion efficiency

nanotubes (CNT),*'°~" graphene oxide,'®

and reduced graphene oxide.'® The third
type is metal nanostructures, including
Ge nanoparticles,® Pd nanosheets,?' 23
and Au nanostructures (supramolecularly as-
sembled nanoparticles,>*%” nanorods,?® 3
nanoshells,>>~3* hollow nanospheres,
nanocages, > *' and nanocrosses*?). These

metal nanostructures exhibit the intense  19.1021/nn203293t
absorption with a maximum molar extinc-

tion coefficient of 108—10” N‘i1 CfT\71 and ©2011 American Chemical Society
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relatively high photothermal conversion efficiency
(e.g., Au nanoshells (13%) and nanorods (21%) irra-
diated with 800 nm light*®), due to their tunable surface
plasmon resonance (SPR) properties, and they have
appeared as the most studied agents for the NIR
photothermal therapy. However, these noble-metal-
based nanostructures are too expensive to limit their
wide applications. The last type recently is copper
chalcogenide semiconductors, including CuS®*44
and Cu,_,Se** NCs, which are new kinds of promising
photothermal agents due to their low cost and low
cytotoxicity.

Although copper chalcogenide semiconductors
have a great potential for use as photothermal agents,
one of the limitations is their unsatisfied photothermal
conversion efficiency.** For example, when CuS nano-
particles with a size of ~3 nm serve as the photother-
mal agent, the power intensity of the 808 nm laser
required to cause sufficient cell death is as high as 16
and 24 W/cm? and ~48 and 72 times higher than the
conservative limit (~0.33 W/cm?) of this laser intensity
setting for human skin exposure.**** Very recently, we
reported the synthesis of CuS flower-like superstruc-
tures with a mean size of ~1 um as an efficient 980 nm
laser-driven photothermal agent.® Under the irradia-
tion of the 980 nm laser with a low power density of
0.51 W cm™2 (the conservative limit of 980 nm laser
intensity setting for human skin exposure is ~0.726
W/cm?),” both cancer cells packaged by chicken skin
and in vivo can be efficiently killed due to the photo-
thermal effects of CuS superstructures over a short
period (5—10 min). It should be noted that the size (~1
um) of the CusS superstructures in our case is too large,
probably a result that the potential as photothermal
agent in biological applications is significantly limited.
Unfortunately, if the size of CuS materials decreases,
the photothermal conversion efficiency will be re-
duced dramatically.*® Thus, it should develop new
copper chalcogenide semiconductors with a small
size (<100 nm) but high photothermal conver-
sion efficiency to meet the demand of biological
applications.

Herein, we report the development of hydrophilic
CugSs plate-like nanocrystals with a mean size of
~70 nm x 13 nm, which are synthesized by combining
a simple modified thermal decomposition (from a
single molecular precursor) and ligand exchange
route, as a novel photothermal agent with the
980 nm laser heat photothermal conversion efficiency
up to 25.7% for highly effective photothermal ablation
of cancer cells in vivo. Such a high photothermal
conversion efficiency that CusSs NCs exhibit is due to
the localized surface plasmon resonances arising from
p-type carriers in vacancy-doped NCs and higher than
that of the as-synthesized Au nanorods (23.7% from
980 nm laser) and the recently reported Cu,_,Se NCs
(22% from 808 nm laser).
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Figure 1. (a) Low-magnification, (b) HRTEM images of
the synthesized CugSs NCs, (c) corresponding FFT diffrac-
tion pattern from the image in (b). (d) XRD patterns of the
as-prepared product (red line) and the standard CugSs
powders (blue bar) on a JCPDS card (no. 47-1748).

RESULTS AND DISCUSSION

Synthesis and Characterization of CugSs Nanocrystals. Hy-
drophobic CugSs nanocrystals capped with oleylamine
ligands were prepared by a simple modified thermal
decomposition route from a single molecular precursor.
Figure 1a shows a representative TEM image of the
as-prepared NC samples. The obtained CugSs NCs dis-
play slightly irregular and plate-like morphology with
an average diameter of 70 and an average thickness of
~13 nm. Further investigation of microstructure infor-
mation of the as-obtained CugSs NCs is carried out by
high-resolution TEM (HRTEM) image and electron dif-
fraction (ED) pattern. A HRTEM image (Figure 1b)
shows a single crystal with resolved interplanar d-
spacings of ~0.339 and 0.197 nm, corresponding to
the (1, 0, 1) and (0, 1, 20) lattice fringes of a rhombo-
hedral phase of CugSs single crystal, respectively. The
diffraction pattern is shown in Figure 1c, which is
obtained from the fast Fourier transform (FFT) from
the HRTEM image in Figure 1b and can be indexed to
the [1, 20, —1] zone axis of the rhombohedral structure
of the CugSs crystal. Figure 1d shows the XRD patterns
(top curve) of these CugSs NCs and the standard CugSs
powders on the JCPDS card (no. 47-1748). The well-
defined peaks in this pattern indicate the formation of
pure rhombohedral phase of CugSs with high crystal-
linity. The cell constants of CugSs are calculated to be
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Figure 2. (a) Schematic illustration of the preparation of the hydrophilic CugSs NCs via ligand exchange. Inset of the photo
showing the CugSs NCs dispersed into different solvents (H,O and CHCl3) before and after the ligands' exchange. (b) FTIR
spectra of the CugSs NCs before (blue line) and after (red line) ligands' exchange. (c) TEM image of the as-prepared hydrophilic

CugSs NCs.

a=b=393and c=48.11 A, which agree well with the
data obtained from the JCPDS card.

To obtain hydrophilic CugSs NCs for biological
applications, a ligand exchange method was used to
modify the surface property of the CugSs NCs, as
schematically shown in the Figure 2a, where oleyla-
mine ligands capped on the surface of CugSs NCs were
exchanged by 6-amino caproic acid (ACA). A middle-
lower inset shows the photo of the CugSs NCs dis-
persed into different solvents (H,O and CHCls) before
and after the ligands' exchange. It can be seen that as-
synthesized hydrophobic CugSs NCs capped with OM
ligands can easily be dispersed into a nonpolar solvent
such as CHCl; (left photo of the inset), and the ligands'
exchange by replacing OM with 6-ACA ligands
results in the formation of hydrophilic CugSs NCs
and their high solubility in water (right photo of the
inset). Also, the capping ligands on the surface of
the CuoSs NCs before and after treatment with the
6-ACA are identified by the Fourier transform infrared
(FTIR) spectra (Figure 2b). In both samples before
and after the ligands' exchange, a broad band at
around 3450 cm ™' corresponds to N—H and/or O—H
stretching vibration;*® the transmission bands at 2924
and 2854 cm™' are, respectively, assigned to the
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asymmetric (v,5) and symmetric (v,) stretching vibra-
tions of methylene (CH,) in the long alkyl chain; in
addition, two bands at 1634 and 1384 cm ' are
attributed to N—H bending and C—N stretching
modes, respectively.*’*® However, by comparison of
the spectra before the ligands' exchange, a peak at
3007 cm ' due to the C=C—H stretching vibration
can clearly be seen (blue line),* whereas this featured
peak apparently disappears in the spectrum after the
ligands' exchange (red line), suggesting that the OM
ligands are replaced by 6-ACA ligands. These results
indicate that the hydrophobic CugSs NCs have been
successfully transferred into hydrophilic ones by the
ligands' exchange. Figure 2c presents a representative
TEM image of the hydrophilic CugSs NCs after the
ligands' exchange. It shows that the hydrophilic sample
consists primarily of nanoplates and has no obvious
morphological change, compared with the hydrophobic
sample before the ligands' exchange (Figure 1a).

As aresult of the presence of the ACA ligands on the
surface of hydrophilic CugSs NCs, the aqueous disper-
sion of CugSs NCs has high stability and even can
remain unchanged after being dispersed in water for
1 week (the inset of Figure 3). The optical property of
the aqueous dispersion containing 40 ppm of the
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Figure 3. Absorption spectrum (red line) and molar extinc-
tion coefficient (blue line) of the aqueous dispersion of
hydrophilic CugSs NCs (40 ppm). An inset photograph
shows the hydrophilic CugSs NCs in water after 1 week.

CuySs NCs was examined by using UV—vis—NIR spec-
troscopy (Figure 3, red line). The spectrum is similar to
what has been reported previously for the CugSs NCs>°
and exhibits the short-wavelength absorption edged
at ~620 nm and a minimum of around 650 nm, which
agrees well with the reported band gap (Eq=1.57 eV) of
the CugSs material. Importantly, CugSs NCs show an
increased absorption with the increase of wavelength
in the NIR region (1 = 650—1100 nm). The NIR absor-
bance of the as-synthesized CugSs NCs is mainly attrib-
uted to the localized surface plasmon resonances (SPR)
because that CugSs is a p-type semiconductor with a
relatively high carrier (holes) concentration and exhi-
bits a strong free carrier absorption, as demonstrated
by Burda et al>° and Alivisatos et al.>' Additionally,
CueSs (or CuygS) is an intermediate phase of copper
sulfides (Cu, ,S, 0 < x < 1) (i.e, x =0.2) and has many
Cu deficiencies which vary with conditions used for
their synthesis. Our one-pot thermal decomposi-
tion route resulted in the formation of CueSs NCs,
and the Cu deficiencies within these NCs exhibited
NIR absorbance peaks. However, very recently, Alivisa-
tos et al>' have revealed that the Cu,_,S NCs with
vacancy concentrations of ~10>' cm™ demonstrate
surface plasmon resonance bands, thus confirming
that substoichiometric copper(l) chalcogenides (e.g.,
CuoSs) have absorption characteristics similar to those
of metals.”

To compare the NIR photoabsorption capability of
the CugSs NCs with that of the reported photothermal
agents (such as Au and Cu,_,Se), the extinction coeffi-
cient & (A) of the CusSs NCs is given, according to eq 1°°
(see the Supporting Information part 1 for the detailed
calculations)

¢ = (AVncpNa)/(LCur) m

where ¢ is the molar extinction coefficient, A is the
absorbance at a wavelength 4, Vyc (in cm?) is the
average volume of the NCs, p is the density of the
NCs assuming that it is the same as bulk material, Np
is Avogadro's constant, L is the path length (1 cm),
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and C, (in g/L) is the weight concentration of the
NCs.

On the basis of the TEM observations, we assume
that the average volume for individual CugSs NC is
~2.02 x 1077 cm? (Figure S1). In addition, the density
p for CusSs is about 5.6 g/cm?. So, the obtained
extinction coefficients (1) from the measured absor-
bance A of the CugSs NCs is shown in Figure 3 (blue
line). It is clear that the CugSs NCs exhibit high molar
extinction coefficients, for example, ~12 x 10°
M~"ecm ™" at 980 nm, which is higher than that of CNTs
(r=06nm, L =150 nm, ~7.9 x 10° at 808 nm®?),
Cu, ,Se (~7.7 x 10" M~ cm™" at 980 nm*) but is
lower than that of Au nanostructures (e.g., Au nano-
rods, r =5 nm, L = 27 nm, ~1.9 x 10° at 650 nm;>* Au
nanoshells, r; = 55 nm, r, = 65 nm, ~2 x 10" at
800 nm>*). The high molar extinction coefficients
measured for the present CugSs NCs are also consistent
with plasmon absorption®’ and are orders of magni-
tude higher than expected for an indirect optical
transition and considerably higher than strongly ab-
sorbing organic dyes, direct band gap semiconductor
quantum dots.*?

Photothermal Conversion Performance of the CuoS; Nano-
arystals. The strong SPR absorption of as-synthesized
CueSs NCs in the NIR region motivates us to investigate
the potential of these CugSs NCs in photothermal
cancer therapy using a 980 nm laser at the plasmon
band. We extensively examined the temperature ele-
vation of pure water (a control experiment) and aqu-
eous dispersions containing CugSs NCs with different
concentrations under the irradiation of 980 nm laser
with a power density of 0.51 W/cm?, as shown in the
Figure 4a. The control experiment of pure water (i.e.,
without a CugSs NC) demonstrates that the tempera-
ture of the pure water is only increased by less than
2.2 °C from the room temperature of 25 °Cin 7 min, as
suggested by a bottom curve in Figure 4a. With the
increase of the concentration of the CusSs NCs (i.e., 1.2,
2.5, 5.0, 10, 20, and 40 ppm), the temperature of the
aqueous dispersion of the CugSs NCs can increase by
6.8—15.1 °C in 7 min, as shown by six top curves in
Figure 4a, respectively, indicating that the CugSs NCs
can rapidly and efficiently convert the 980 nm laser
energy into thermal energy. As shown in Figure 4b, the
temperature change (AT) in 7 min, which is calculated
from the Figure 4a, goes up dramatically with the
concentration of CugSs NCs increasing to 5 ppm, and
then exhibits a fairly flat line upon the concentration of
CuySs NCs further increasing to 40 ppm. This phenom-
enon should be attributed to a fast heat loss at
relatively high temperature.

The photothermal conversion efficiency of the
CuySs NCs was measured by a modified method similar
to the report by Roper et al.>® The temperature change
of the aqueous dispersion of the CugSs NCs (40 ppm)
was recorded as a function of time under continuous
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Figure 4. (a) Temperature elevation of the pure water and the
(1.2, 2.5, 5.0, 10, 20, and 40 ppm) as a function of irradiation

aqueous dispersion of CugSs NCs with different concentrations
time (0—7 min). Pure water was used as a control, and room

temperature was 25 °C. (b) Plot of temperature change (AT) over a period of 7 min versus the concentration of the CugSs NCs'

aqueous dispersion.
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Figure 5. (a) Photothermal effect of the irradiation of the aqueous dispersion of CugSs NCs (40 ppm) with the NIR laser
(980 nm, 0.51 W/cm?), in which the irradiation lasted for 10 min, and then the laser was shut off. (b) Time constant for heat
transfer from the system is determined to be 7, = 167 s by applying the linear time data from the cooling period (after 420 s)
versus negative natural logarithm of driving force temperature, which is obtained from the cooling stage of panel a.

irradiation of 980 nm laser with a power density of
0.51 W/cm?, until steady state temperature was reached
(Figure 5a). It was found that the aqueous dispersion of
the CugSs NCs (40 ppm) exhibits the highest tempera-
ture elevation of 15.1 °C under the irradiation for
10 min, and its temperature remains invariant with
time extending. Subsequently, 980 nm laser as the
irradiation source was shut off, and the temperature
decrease of the aqueous dispersion was monitored to
determine the rate of heat transfer from the dispersion
system to the environment (Figure 5a).

Following Roper's report,> the photothermal con-
version efficiency, 7, was calculated using the following
eq 2 (see the Supporting Information part 2 for the
detailed calculations)

hS(Tmax - Tsurr) - Qdis
I(1 — 10 A=)

n = (2)
where h is heat transfer coefficient, S is the surface area
of the container, and the value of hS is obtained from
the Figure 5b. The T, is the equilibrium temperature,
Tsurr IS ambient temperature of the surroundings, and
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(Tmax — Tsurr) Was 15.1 °C according to Figure 5a. The
Quqis expresses heat dissipated from light absorbed by
the quartz sample cell itself, and it was measured
independently to be 10.9 mW using a quartz cuvette
cell containing pure water without a NC. / is incident
laser power (0.51 mW/cm?), Aggo is the absorbance
(0.6581) of CugSs NCs at 980 nm (Figure S2). Thus, the
980 nm laser heat conversion efficiency (1) of the CugSs
NCs can be calculated to be 25.7%. In fact, the calcula-
tion procedure of 7 is independent of the shape of the
CueSs NCs and concentration of the CugSs NCs' aqu-
eous dispersion. Compared with the previous heat
conversion efficiency of the Cu,_,Se NCs (22%) under
the irradiation of 808 nm laser,*® this heat conversion
efficiency of the CugSs NCs is the higher, which should
be attributed to the strong NIR absorption and effec-
tive nonradiative electron relaxation dynamics.>®

In order to further compare the CugSs NCs with
other materials (e.g., Au nanorods), we have measured
the photothermal conversion efficiency of the CugSs
NCs and Au nanorods at the same experimental con-
ditions, thus the photothermal conversion efficiencies
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Figure 6. (a) TEM image. (b) Absorption spectrum (red line) and molar extinction coefficient (blue line) of the aqueous
dispersion of the synthesized Au nanorods (40 ppm). (c) Photothermal effect of the aqueous dispersion of the Au nanorods
(40 ppm) irradiated with 980 laser (a power density of 0.51 W/cm?), in which the irradiation lasted for 10 min, and then the
laser was shut off. (d) Time constant for heat transfer from the system is determined to be 7, = 140 s by applying the linear time
data from the cooling period (after 500 s) versus negative natural logarithm of driving force temperature, which is obtained

from the cooling stage of panel c.

of them are comparable. TEM image (Figure 6a) shows
that as-synthesized Au nanorods®’ have an average
size of 50 x 15 nm. An absorption spectrum (Figure 6b,
red line) suggests that the longitudinal plasmon wa-
velength of the synthesized Au nanorods (dispersed in
water) is centered at ~845 nm. On the basis of this
absorption spectrum, the molar extinction coefficient
(Figure 6b, blue line) is calculated by the above eq 1°°
to be ~1.1 x 10°M~" cm™" at 980 nm, which is similar
with the previous reports.>® According the data ob-
tained from the Figure 6¢,d, the 980 nm laser heat
conversion efficiency () of the as-synthesized Au
nanorods is further calculated by the above eq 2°° to
be 23.7%, which is much lower than that of the
reported Au nanorods (60°® and 90%°’) obtained at
different measurement conditions but is nearly equiva-
lent to that of the present CuoSs NCs (25.7%). So, the
photothermal conversion efficiency of the as-synthe-
sized CugSs NCs (25.7%) can be comparable to the
reported values for Au nanorods under the measure-
ment conditions.

The fact that the photothermal conversion effi-
ciency of the CugSs NCs is nearly equivalent to that of
these Au nanorods is mainly due to the similar NIR
absorption at 980 nm. Wang et al.>” have studied the
effect of the plasmon wavelength on the photothermal
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conversion of the Au nanostructures. It is found that
the dispersion of Au nanoparticles will reach the highest
temperature when the plasmon resonance wave-
length is equal to the illumination laser wavelength,
which means that the stronger the absorbance at the
illumination laser wavelength, the higher the tempera-
ture of the photothermal materials. In our experiment,
the absorption of these CuysSs NCs and the Au nano-
rods at 980 nm, in which the continuous semiconductor
diode laser was used for their measurement, is found to
be ~1.2 x 10°and 1.1 x 10° M~ cm™', respectively,
and thus is similar. The similar NIR absorption at
980 nm of the CuySs NCs and the Au nanorods results
in that they have nearly the same photothermal con-
version efficiency in our study.

Applications As Photothermal Agents. The ideal photo-
thermal agents should be nontoxic or low-toxic for
biological applications. To evaluate the cytotoxicity of
the CugSs NCs, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay with the human
cervical carcinoma cell line HeLa was used. To examine
the effect of the copper ions released from the CugSs
NCs to solution on cells, the concentration of the
released copper ions in the solution and comparable
cytotoxicity of CuCl, solution were investigated.
The cytotoxicity of CuCl, was measured with the same
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Figure 7. Cell viabilities were estimated by the MTT pro-
liferation tests versus incubation concentrations (0—100
ppm) of the solutions of CuCl, and CugSs NCs. Cells were
incubated with the solutions of CuCl, and CugSs NCs at 37 °C
for 24 h.

procedure as that of the CugSs NCs. In order to obtain
the concentration of the released copper ions (from
CueSs NCs) in the solution, 10 mL of DMEM (Dulbecco's
modified Eagle's medium, which contains 10% fetal
bovin serum, 4 mM glutamine, 100 U/mL penicillin, 100
mg/mL streptomycin, and 1% HEPES (hydroxyethyl
piperazine ethanesulfonic acid)) solution consisting
of CugSs NCs with a concentration of 100 ppm, was
incubated for 24 h at 37 °C in the presence of 5% CO,;
then the CugSs NCs were removed by centrifuging
(14000 rpm for 10 min), and the supernatant solution
was further purified by centrifuging two times; the
content of copper irons in the supernatant solution
was determined by the inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The super-
natant solution of the copper irons was incubated in
digestion solution containing a mixed acid (made of
nitric acid and perchloric acid with a volume ratio of
4:1) for 4 h>° In order to get a reliable result, the
measurements of the content of the released copper
irons and the cytotoxicity of the solutions of the CugSs
NCs and CuCl, were both carried out in parallel three
times and the average values are shown in the Figure 7.
It can be seen that CuCl, solution, the original source
material for the preparation of CugSs NCs, was signifi-
cantly more cytotoxic than that of the CugSs NCs'
solution. Almost 60% of the cells were dead after
treatment with the CuCl, solution at a concentration
as low as 50 ppm, while no significant differences in the
proliferation of the cells were observed in the presence
of CueSs NCs with concentrations of 1.6—100 ppm, and
the cellular viability was estimated to be higher than
80% after 24 h. Considering that the content of copper
irons released from the CugSs NCs (100 ppm) in the
MEM solution (containing 1% HEPES) after 24 h is only
3.7 ppm, the lower cytotoxicity of the CugSs NCs'
solution, compared with the CuCl, solution, should
be attributed to the better stability in the DMEM
solutions. So, it is believed that the solutions of
the CugSs NCs with a much more low concentration
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(e.g., 1.6, 3.2, 6.3, 12.5, 25, and 50) (<100) can be
considered to have a very low cytotoxicity.

The photothermal conversion efficiency of these
CugSs NCs as photothermal agents to destroy the
cancer cells was evaluated in vivo. Severe combined
immunodeficiency mice (SCID) were inoculated sub-
cutaneously with 2 x 10° PC-3 cells in the side of the
rear leg 21 days before the irradiation treatment
experiment (Figure S3). When the tumors inside the
SCID grew to 5—10 mm in a diameter, the SCID mice
were randomly allocated into treatment and control
groups. The SCID mice in the treatment group were
injected with 100 uL of the CugSs NCs' aqueous dis-
persion (40 ppm) at the central region of the tumor
with a depth of ~4 mm, while the SCID mice in the
control group were injected with water. After 1 h, the
tumors inside the SCID mice from both the treatment
and control groups were irradiated with 980 nm laser
at 0.51 W/cm? for 10 min. The photographs of the
experimental setup and the heat treatment on the
cancerous tissue are shown in Figure S4. After intra-
tumoral injection with CugSs NCs' aqueous dispersion
or water and then the laser irradiation, the photothermal
conversion efficiency of these CugSs NCs as photother-
mal agents to destroy the cancer cells is evaluated in
detail according to the cell shape changes (e.g., cell
shrinkage, extraordinary cytoplasmic eosinophilia,
clear cell change, and cytoplasmic vacuolization),
nuclear changes (e.g., nucleomegaly, multinucleation,
hyperchromasia, and symplastic changes), and coagu-
lative necrosis. Detailed and clear microscopic pictures
showing histological examination of tumors are given
in Figure 8 (more pictures with a different magnifica-
tion are also been shown in Figures S5 and S6 in
Supporting Information). The histopathological anal-
ysis of the specimens of the control group (Figure 8a,b)
shows that no differences regarding the cells' size and
shape, nuclear modifications, or necrosis after irradia-
tion occur. It suggests that the heat of pure water
converted from the 980 nm laser irradiation, which is
only increased by less than 2.2 °C (Figure 4a), is not
enough to kill the cancer cells. The representative
histopathological images of the treatment group are
shown in the Figure 8c,d. Clearly, the common signs
due to thermal cell necrosis are presented on most
areas of the examined tumor slide in the entire tumor
mass (Figure 8c); more details, such as malignant cells
shrunken, loss of contact, eosinophilic cytoplasm, and
nuclear damage (pyknotic and fragmentized nuclei),
can be obvious in Figure 8d. In addition, thermal injury
has also been observed in the stromal reactive tissue as
the destruction of the tumor cells. For example, the
connective tissue surrounding the tumor cells was
disrupted with fragmented collagen fibers (Figure
S6). Also, the distribution of the CugSs NCs in the tumor
after irradiation by the 980 nm has been examined by
field emission scanning electron microscope (SEM)
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Figure 8. (a—d) Representative H&E stained histological images of ex vivo tumor sections treated by the irradiation of 980 nm
laser with the power density of 0.51 W/cm?overa period of 10 min injected with (a,b) water, (c,d) aqueous dispersion (40 ppm)

of the CugSs NCs.

(Figure S7; see the SEM sample preparation in the Support-
ing Information). Clearly, the CugSs NCs are homoge-
neously distributed on the tumor from the treatment
group, which the size and shape are both well preserved,
as suggested by TEM images (Figure 1a), and no aggrega-
tion areas of the CugS5; NCs have been observed on
the tumor in our careful SEM imaging (Figure S7c).
Therefore, the CuySs NCs have great potential as an ideal
photothermal agent for the PTA of specific targets such
as in vivo tumor tissues. To the best of our knowledge, this
is the first time that the PTA of cancer cells in vivo was
realized by using CugSs NCs irradiated with 980 nm laser
with a low and safe power density (0.51 W/cm?).

CONCLUSION

In summary, hydrophilic CugSs NCs with a mean size
of ~70 nm x 13 nm as a novel photothermal agent
have been prepared by a simple thermal decomposi-
tion route and subsequent ligand exchange process.

EXPERIMENTAL SECTION

Synthesis of CugS; Nanocrystals and Au Nanorods. Synthesis of
Copper Diethyldithiocarbamate Precursor. All of the chemicals
were bought from Sinopharm Chemical Reagent Co. China and
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The aqueous dispersion of the CugSs NCs (40 ppm)
exhibits an intense absorbance in the near-IR region
(650—1100 nm), and its temperature can be increased
by 15.1 °Ciin 7 min under the irradiation of 980 nm laser
with a power density of 0.51 W/cm? due to the effective
photothermal conversion. The photothermal conver-
sion efficiency of the CugSs NCs can be as high as
25.7%, which is higher than that of the as-synthesized
Au nanorods and the recently reported Cu,_,Se NCs.
Importantly, cancer cells in vivo can be efficiently killed
by the photothermal effects, which are realized by a
very low concentration (40 ppm) aqueous dispersion of
the CueSs NCs under the irradiation of 980 nm laser
with a low and safe power density of 0.51 W/cm?
Therefore, these CugSs NCs have a great superiority as a
new photothermal agent for the NIR-induced PTA of
cancer, due to their small size (<100 nm) and high
photothermal conversion efficiency, as well as their
low cost and low cytotoxicity.

are analytically pure and were used as received without further
purification. Copper diethyldithiocarbamate [Cu(DEDTC),] pre-
cursor was prepared by reacting CuCl,-2H,0 with sodium
diethyldithiocarbamate (SDEDTC) as follows: A solution of
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SDEDTC (10 mmol) in distilled water (5 mL) was added into
another solution containing CuCl, (10 mmol) and distilled water
(10 mL) under magnetic stirring, forming a dark brown turbid
solution. Then, the dark brown turbid solution was kept for 1 h
of stirring. Lastly, the dark brown Cu(DEDTC), precursor was
obtained by filtration and dried at room temperature under
vacuum before use.

Synthesis of Oleylamine-Capped CugSs NCs. CugSs NCs were
prepared by a modified thermal decomposition process, as
described eleswhere.®° In a typical procedure, 15 mL of oleyla-
mine (OM) was slowly heated to 300 °C in a flask under
magnetic stirring for 30 min to remove residual water and
oxygen in which the flask was purged periodically with dry
nitrogen gas. Then, another 5 mL of OM containing T mmol
Cu(DEDTC), was injected into the above hot OM, and the
resulting solution became dark green immediately. After keep-
ing the temperature for 10 min, the resulting solution was
cooled to 60 °C naturally. An addition of ethanol (30 mL) to
the reaction mixture afforded a black product by centrifuging,
and the precipitates were then washed twice with ethanol and
further purified by dispersing in 5 mL of chloroform and then
precipitated with excess ethanol.

Ligand Exchange with 6-Amino Caproic Acid. A solution of
6-amino caproic acid (ACA) (1 mmol) and equivalent NH3-H,0
in 5 mL of distilled water was added into another solution
containing OM-capped CugSs NCs (0.1 g), ethanol (30 mL),
distilled water (10 mL), and hexane (35 mL), under magnetic
stirring, forming a dark green solution. Then, the dark green
solution was heated to 70 °C and kept at this temperature for 4
h. When the reaction was finished, the CugSs NCs were trans-
ferred to an aqueous phase from an organic phase. Then, the
hydrophilic CugSs NCs were collected by centrifuging, and the
precipitates were then washed twice with ethanol. Finally, the
hydrophilic CugSs NCs were dispersed again in water for later
use.

Synthesis of Au Nanorods. Au nanorods were grown using
the silver ion-assisted seed-mediated method, by referring to
the previous literature.’” Typically, the seed solution was pre-
pared by the addition of HAuCl, (0.01 M, 0.25 mL) into cetyl-
trimethylammonium bromide (CTAB, 0.1 M, 10 mL) in one
plastic tube (15 mL) with gentle mixing. A freshly prepared,
ice-cold NaBH, solution (0.01 M, 0.6 mL) was then injected into
the mixture solution, followed by rapid inversion for 2 min. The
seed solution was kept at room temperature for at least 2 h
before use. To grow Au nanorods, HAuCl, (0.01 M, 2.0 mL) and
AgNOs (0.0 M, 0.4 mL) were mixed with CTAB (0.1 M, 40 mL) in
another plastic tube (50 mL). HCI (1.0 M, 0.8 mL) was then added
to adjust the pH of the solution to 1—2, followed by the addition
of ascorbic acid (0.1 M, 0.32 mL). Finally, the seed solution
(0.096 mL) was injected into the growth solution. The solution
was gently mixed for 10 s and left undisturbed at room
temperature for at least 6 h before use.

Characterization and Measurement of Photothermal Performance. X-ray
diffraction (XRD) measurement was performed on a Bruker D4
X-ray diffractometer using Cu Ka radiation (4 = 0.15418 nm). Sizes,
morphologies, and microstructures of the CugSs NCs were deter-
mined by a high-resolution transmission electron microscope
(HRTEM; JEM-2010F) and a field emission scanning electron
microscope (SEM; S-4800). Fourier transform infrared (FTIR) spec-
tra were recorded using the KBr pressed pellets on an IRPRESTIGE-
21 spectrometer (Shimadzu). UV—visible absorption spectra were
measured on a Shimadzu UV-2550 ultraviolet—visible—near-in-
frared spectrophotometer using quartz cuvettes with an optical
path of T cm. Content of copper iron released (from CugSs NCs) in
the solution was determined by a Leeman Laboratories Prodigy
high-dispersion inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

For measuring the photothermal conversion performances
of these hydrophilic CugSs NCs and the comparable Au nano-
rods, 980 nm NIR laser was delivered through a quartz cuvette
containing aqueous dispersion (0.3 mL) of hydrophilic CugSs
NCs with different concentrations (0—40 ppm), and the light
source was an external adjustable power (0—0.3 W) 980 nm
semiconductor laser device with a 5 mm diameter laser module
(Xi'an Tours Radium Hirsh Laser Technology Co., Ltd. China). The
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output power was independently calibrated using a handy
optical power meter (Newport model 1918-C, CA, USA) and
was found to be ~0.29 W for a spot size of ~0.58 cm? (i.e., ~0.51
W/cm?). A thermocouple with an accuracy of 0.1 °C was
inserted into the aqueous dispersion of the CugSs NCs perpen-
dicular to the path of the laser. The temperature was recorded
one time per 10 s.

Cytotoxicity Assay and PTA of Cancer Cells in Vivo. Cytotoxicity
Assay. The in vitro cytotoxicity was measured using the methyl
thiazolyl tetrazolium (MTT) assay in human cervical carcinoma
cell line HeLa.? Cells growing in a log phase were seeded into a
96-well cell culture plate at 5 x 10*/well in DMEM (Dulbecco's
modified Eagle's medium, which contains 10% fetal bovin
serum, 4 mM glutamine, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 1% HEPES (hydroxyethyl piperazine ethane-
sulfonic acid)) at 37 °C and in the presence of 5% CO, for 24 h,
and then the cells were incubated with the CugSs NCs with
different concentrations (i.e., 0, 1.6, 3.2, 6.3, 12.5, 25, 50, and
100 ppm, diluted in DMEM) for 24 h at 37 °Ciin the presence of 5%
CO,. Subsequently, 10 uL of MTT (5 mg/mL) was added to each
well of the 96-well assay plate and incubated for more 4 h at
37 °Cin the presence of 5% CO,. After the addition of 10% sodium
dodecyl sulfate (SDS, 100 mL/well), the assay plate was allowed
to stand at room temperature for 12 h. Multiskan MK3 mono-
chromator-based multifunction microplate reader was used to
measure the absorbance of each well with background sub-
traction at 492 nm. The cytotoxicity of CuCl, was determined
using the same method described for the CugSs NCs. All of the
tests were independently performed three times.

PTA of Cancer Cells in Vivo. The PTA of cancer cells in vivo
was carried out by a modified method, as described else-
where*> Severe combined immunodeficiency mice (SCID)
were inoculated subcutaneously with 2 x 10° PC-3 cells in the
right side of the rear leg 21 days before the experiment. When
tumors had grown to 5—10 mm in diameter, the SCID mice were
randomly allocated into two groups (control and treatment
groups). The SCID mice in the treatment group were injected
with 100 uL of CugSs NCs' aqueous dispersion (40 ppm) at the
central region of the tumor with a depth of ~4 mm, while the
SCID mice in the control group were injected with pure water.
After 1 h, the tumors inside the SCID mice from both control and
treatment groups were irradiated with 980 nm laser at 0.51
W/cm? for 10 min. The SCID mice were killed after the laser
treatment, and tumors were removed, embedded in paraffin,
and cryosectioned into 4 um slices. The slides were stained with
hematoxylin/eosin. The slices were examined under a Zeiss
Axiovert 40 CFL inverted fluorescence microscope, and images
were captured with a Zeiss AxioCam MRc5 digital camera.
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