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Polypyrrole-modified CuS nanoprisms for efficient
near-infrared photothermal therapy+

Ruiyang Zhao,® Xiaoxia Sun,? Jing Sun,® Lei Wang? and Jishu Han*®

The application of functional nanomaterials in cancer therapy has become a new developing trend due of
their unique size-dependent physicochemical performance. In this study, CuS nanoprisms were fabricated
via a seed-mediated growth method. The as-prepared CuS nanoprisms possessed a more intense near-
infrared absorption at 1184 nm compared with other morphologies. CuS nanoprisms were modified with
a polypyrrole (PPy) shell on the surface through oxidative polymerization. The PPy shell efficiently
decreased the nanocomposite cytotoxicity and increased the biocompatibility. Based on the excellent
photothermal conversion performance of CuS-PPy nanoprisms, the cancer cells in vitro could be killed
effectively and the tumor in vivo could be cured through photothermal therapy. This indicated that CuS-
PPy nanoprisms are able to be used as an efficient theranostic agent for tumor photothermal therapy in

rsc.li/rsc-advances the future.

Introduction

To date, the major therapeutic approaches to fight against cancers
include surgical resection, chemotherapy and radiotherapy.
However, these approaches also lead to the damaging of healthy
tissues, adverse reactions, and the occurrence of second cancers.*
With swift technical development, various diagnosis and therapy
technologies are being explored and have the potential to offer
optimum solutions to assist cancer management.* Among them,
photothermal therapy, as an emerging technique for cancer ther-
apies, has attracted increasing attention recently.>® Utilizing
inorganic nanoparticles with near-infrared (NIR) absorption and
the photothermal conversion property as that of therapeutic
agents, photothermal therapy can efficiently induce cancer cell
death through near-infrared light irradiation, which is a non-
invasive penetration and less harmful to healthy tissues than
surgical resection, chemotherapy, and radiotherapy.'***

In comparison, gold nanomaterials possess the NIR
absorption property but are expensive. Carbon nanomaterials
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show synergistic effect but low photothermal conversion effi-
ciency." Copper chalcogenides, as a typical p-type semiconductor,
has shown great potential in photothermal therapy.'*” Since the
high concentration of free carriers benefits the localized surface
plasmon resonances (LSPRs), arising from excess holes in the
valence band, copper chalcogenide possesses strong NIR absorp-
tion in the second NIR window (A = 1000—1350 nm) and effi-
ciently photothermal conversion performance.”**  CuS
nanomaterials, as the most promising chalcogenides with poten-
tial applications in NIR photothermal therapy, bioimaging, and
biosensing,?** have been synthesized with various morphologies,
such as nanoparticles, nanorods, nanotubes, nanowires, nano-
plates and nanoflowers.”” It was reported that the nano-
structures with high aspect ratio or tips, such as triangular
nanoplate, could lead to intense electromagnetic field localization
effects and provide sufficiently distinct plasmon resonance in the
NIR region.*** Therefore, triangular CuS nanostructure would be
a desired structure for NIR photothermal therapy application. A
current challenge is tuning the morphology of CuS with efficient
absorption of NIR wavelengths as well as controlling the toxicity
for biological applications.

The synthesis methods for CuS nanomaterials have been re-
ported including thermolysis, template-assisted growth, micro-
wave irradiation, electrodeposition, hydrothermal or solvothermal
methods and chemical vapor reaction.**®* In comparison, the
seed-mediated growth could realize CuS controllable preparation
with smaller size and stronger shape anisotropy, possessing effi-
cient NIR absorption. Generally the structure and property of CuS
synthesized in the organic phase are better than those in aqueous
phase. However, organic CuS is not directly applied in photo-
thermal therapy. Further phase transformation should be used to
obtain hydrophilic nanomaterials. To increase the stability and
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decrease the cytotoxicity, nontoxic polypyrrole (PPy) was selected to
envelope the surface.”** Based on its good biocompatibility, PPy
are reported to coat on the surface of inorganic nanoparticles like
Au, Fe;0,.>***® Moreover, PPy possesses good photostability and
NIR absorption, which can improve the photothermal conversion
efficiency of nanocomposites and benefit photothermal
therapy.””*® Pure PPy nanoparticles with various morphologies
were reported to be applied in photothermal therapy.***® There-
fore, the integration of CuS and PPy would effectively improve the
biocompatibility of CuS as well as the NIR photothermal conver-
sion efficiency in the NIR-II region. Based on our previous study of
synthesizing various nanocomposites, in this study, we report the
synthesis of PPy-modified CuS nanoprisms as a theranostic agent
for photothermal therapy. Herein, CuS nanoprisms were synthe-
sized by seed-mediated growth for two cycles to obtain an excellent
NIR absorption property. The surface modification of PPy effec-
tively improved the structure stability and biocompatibility. The
CuS-PPy nanoprisms exhibited good photothermal conversion
performance and effective cancer photothermal therapy.

Experimental

Materials

Copper(u) nitrate (Cu(NOs),, 99%), sulfur powder (99.5%), oleyl-
amine (C;gH35NH,, 90%), pyrrole (99%, Acros), 1-octadecene
(C1sHzg, 95%), sodium dodecyl sulphate (SDS, 99%), ammo-
niumperoxydisulfate ((NH,4),S,0g, 98%), ethanol (C,H;OH,
99.7%), chloroform (CHCl;, 99%) and all the other chemicals
used were commercially available products and purchased from
the Beijing Chemical Factory, China. Dulbecco’'s Modified Eagle's
Medium (DMEM, HyClone) and fetal bovine serum (FBS) were
purchased from Gibco.

Synthesis of CuS nanoprisms

The synthesis of aqueous CuS nanoprisms followed the stan-
dard seed-mediated growth method.®* In brief, 48.3 mg copper
nitrate was dissolved into 1 mL oleylamine and 3 mL 1-octa-
decene mixed solution. Furthermore, 9.6 mg sulfur powder was
added into the copper nitrate solution and the mixture was
stirred for 10 min. Then, the mixture was placed in an oil bath at
140 °C, which rapidly turned to dark brown. The mixture was
held at that temperature for 45 min and then was finally cooled
to room temperature. The synthesized CuS nanoparticles were
washed with ethanol, centrifuged to remove oleylamine and 1-
octadecene, re-dispersed in chloroform and centrifuged to
remove the byproducts. The synthesized CuS nanoparticles
were used as a seed to dissolve in 1-octadecene.

The growth solution was prepared by dissolving 8.5 mg
copper nitrate in 0.25 mL oleylamine and 3.75 mL 1-octadecene
mixed solution. Then, one tenth of the seed solution was added
into the growth solution and stirred in an oil bath at 120 °C for
60 min. The blue solution turned to a dark brown solution and
was finally cooled to room temperature. The synthesized CuS
nanoparticles were washed with ethanol, centrifuged to remove
oleylamine and 1-octadecene, re-dispersed in chloroform and
centrifuged to remove the byproducts. The grown CuS
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nanoparticles were used as the seed for the next growth, and the
CuS nanoprisms were obtained through two growth cycles.

Phase transfer of CuS nanoprisms

0.5 mL CuS nanoprisms chloroform solution was mixed with
5 mL of aqueous solution of 20 mg SDS with vigorous stirring. At
the same time, the mixture was heated to 80 °C to evaporate
chloroform. After removing the chloroform, the mixture was
cooled to the room temperature and centrifuged to remove free
SDS. Then, aqueous SDS-capped CuS nanoprisms were
obtained.

Synthesis of PPy-modified CuS nanoprisms

5 mL aqueous solution of SDS-capped CuS nanoprisms was
added with 300 uL of 10 mM pyrrole aqueous solution with
vigorous stirring. Then, 1.5 mL of 2 mM (NH,),S,0g solution
was added. The reaction mixture was stirred at room tempera-
ture for 12 h to ensure complete polymerization. The PPy-
modified CuS nanoprisms were purified by washing and
centrifuging three times.

Cytotoxicity and photothermal conversion assay

The cytotoxicity of CuS-PPy nanoprisms was tested using
a standard MTT assay. Human gastric cancer cell line MGC-803
cells were maintained in DMEM containing 10% (vol/vol) FBS
and 100 U mL™" penicillin-streptomycin at 37 °C (5% CO,).
Moreover, 5 x 10° cells per well were seeded in 96-well plate and
incubated for 24 h. Then, CuS-PPy nanoprisms with different
concentrations were added. The viability of the cells was
analyzed after incubation for 24 h.

0.5 mL aqueous CuS nanoprisms, PPy and CuS-PPy solution
with different concentrations were respectively added ina1 x 1
x 4 cm quartz cuvette cell. The solution was irradiated with
a NIR diode laser (1064 nm) with different power densities and
durations. The diameter of the laser spot was 0.2 cm. The
temperature increment was measured with an optical fiber
thermometer at an interval of 15 s.

In vitro and in vivo photothermal imaging and ablation

The MGC-803 cells were transfected with green fluorescent
protein (GFP). Then, the cells were seeded into 96-well plates
and incubated for 24 h. CuS-PPy nanoprisms with different
concentration were added into each well. After 24 h of incuba-
tion, the cells were irradiated by a 1064 nm laser with an output
power density of 1.0 W cm ™ for different times.

MGC-803 cells were inoculated into the nude mice. After the
tumor length reached 0.5 mm, the mice were intratumorally
injected with the PBS solution of CuS-PPy nanoprisms (100 pL,
1 mg mL ) and PBS (100 pL) respectively. After 24 h, the tumor
was irradiated with a 1064 nm laser with an output power
density of 1.0 W em ™2 for 6 min. Nude mice were obtained from
the Shanghai LAC Laboratory Animal Co. Ltd. and Chinese
Academy of Sciences (Shanghai, China, SCXK2007-0005). All
animal experiments were conducted in compliance with

This journal is © The Royal Society of Chemistry 2017
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institutional guidelines and approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong
University.

Characterization

UV-Vis-NIR absorption spectra were carried out with a Varian
Cary 500 spectrophotometer. Transmission electron micros-
copy (TEM) images were taken on a Hitachi H-800 electron
microscope and JEM-2100F microscopes at an acceleration
voltage of 200 kv with a CCD camera. The fluorescent images
were obtained by a NIKON TS100-F fluorescence microscope.
The temperature was measured by Fisher Scientific 14-648-12
thermometer. The infrared images of mice were obtained by
a Testo 869 thermal imaging camera. The tumor size was
measured by digital vernier caliper.

Results and discussion

CuS nanoprisms were synthesized as mentioned in the experi-
mental. Cu(NOj3), and S powder were mixed in oleylamine and
1-octadecene solution and reacted at 140 °C for 45 min to obtain
CuS nanoparticles as 1st-generation seeds. Then, the 1st-
generation seeds were added into the growth solution of
Cu(NO;3), dissolved in oleylamine and 1-octadecene solution.
The mixture was reacted under stirring at 120 °C for 60 min to
get second-generation seeds, which were produced for the next
growth. Comparing the morphologies of CuS nanomaterials
prepared through different growth times (ESI, Fig. S17), the CuS
nanoprisms were obtained with desired size and structure after
two growth cycles. As shown in Fig. 1a, the CuS nanoprisms
were a triangular nanoplate. The average edge length was
19.2 nm (Fig. 1b), and the thickness was 4.8 nm (Fig. 1c). The
lattice spacing of the CusS triangular face was 0.329 nm, corre-
sponding to the CuS (covellite) disk-like particles (Fig. 1d).***

18 20 22 24
Edge Length (nm)

Fig. 1 TEM images of CuS nanoprisms (a and c), edge length distri-
bution of CuS nanoprisms (b) and HRTEM image of the top-facet of
a single CusS (d).
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Fig. 2 The UV-Vis absorption spectra of CuS nanoprisms in the
organic phase (black solid line), and transformed into the agueous
phase and modified with a PPy shell (red dash line).

The XRD pattern of CuS nanoprisms indicated that the peaks
were consistent with those of the hexagonal Cus covellite phase
(Fig. S2t). No diffraction peaks related to other Cu/S ratio were
observed, confirming the formation of the hexagonal CuS
covellite phase. UV-Vis-NIR absorption of CuS nanoprisms dis-
played a peak at 1184 nm (black solid line), attributed to an in-
plane dipolar LSPR mode (Fig. 2). In general, the LSPR bond
shift results from the change of size and aspect ratio.** The CuS
nanoprisms with high truncations and aspect ratio displayed
more distinct plasmon resonance in the NIR region comparing
with those of nanorods, nanocubes, or nanospheres.

To improve the hydrophilicity and structure stability in
biological applications, the CuS nanoprisms were transferred to
the aqueous phase and coated with a PPy shell on the surface
through oxidative polymerization utilizing (NH,4),S,0g as an
initiator. During the phase transfer, SDS was added as the
surfactant and absorbed onto the CuS nanoprisms by electro-
static interactions. Then, the pyrrole molecules could directly
polymerize on the CuS surface based on the SDS existence.
Fig. 2 shows the UV-Vis-NIR absorption spectra of CuS nano-
prisms in chloroform and CuS-PPy in water. The slight red shift
in UV-Vis-NIR absorption spectra may be attributed to the
formation of the core-shell structure because the PPy shell
influences the localized electric field distribution of CuS.*
Herein, the nontoxic PPy shell efficiently facilitated the hydro-
philicity of CuS-PPy nanostructures. The colloidal stability of
CuS-PPy nanoprisms and SDS-capped CuS nanoprisms in
different medium are compared in Fig. S3.1 The photographs of
CuS-PPy nanoprisms display that no aggregation appeared in
water, saline, and PBS solution after one weak, but the SDS-
capped CuS nanoprisms precipitated in saline and PBS solu-
tion. This indicated that modifying the PPy shell improved the
colloidal stability of nanoprisms. The coating of PPy shell was
necessary for CuS nanoprisms to be used in further imaging
and therapy.

The photothermal conversion performance of CuS-PPy
nanoprisms was evaluated by measuring the temperature vari-
ation under the NIR laser irradiation. As shown in Fig. 3a, the
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Fig. 3 (a) Temperature increment of CuS nanoprisms, PPy and CuS-PPy nanoprisms with same concentration under 1064 nm laser irradiation at

1.0 W cm™2, (b) temperature increment of CuS-PPy nanoprisms with different concentration under 1064 nm laser irradiation at 1.0 W cm™2, (c)
temperature increment of 100 ug mL™* CuS-PPy nanoprisms with different laser density.

temperature increments of 0.5 mL PPy, CuS and CuS-PPy
nanoprisms were monitored under 1064 nm laser irradiation
with power density of 1.0 W ecm 2. In comparison, CuS-PPy
nanoprisms possessed a higher temperature increment than
that of the CuS nanoprisms at the same concentration. This
indicates that the coating of PPy shell is clearly beneficial to the
NIR photothermal conversion.”®*® Fig. 3b compares the
temperature change of 0.5 mL CuS-PPy nanoprisms solution
with the concentration varying from 25 pg mL™ " to 150 ug mL ™"
under the 1064 nm laser irradiation with a power density of
1.0 W cm 2. The temperature rose evidently in 2 minutes from
14.8 °C to 31.4 °C. This was caused by the collective heating
effect of the solution with a high nanomaterials concentra-
tion.®**” NIR light was absorbed and converted into heat much
more due to the higher nanomaterials concentration. The laser
irradiation density also influenced the temperature increment
of CuS-PPy nanoprisms. With the increase of laser density from
0.4 W ecm ™2 to 1.2 W em ™, the temperature of the 100 pg mL ™"
CuS-PPy solution rose evidently from 9.0 °C to 29.1 °C (Fig. 3c).
Therefore, the appropriate CuS-PPy concentration and laser
irradiation density could be chosen to control the temperature
between 42 °C and 47 °C to induce cell death and realize the
efficiency of cancer photothermal therapy.®®* Furthermore, the
photothermal stability of the CuS-PPy nanoprisms was evalu-
ated through five cycles of on-and off laser irradiation. CuS-PPy
nanoprisms solution was irradiated with a 1064 nm laser for
6 min and cooled to room temperature naturally. The temper-
ature evolution during the five cycles is reported in Fig. S4a.T In
comparison, the temperature increment has no evident
decrease. Then, the UV-Vis-NIR absorption spectra of CuS-PPy
nanoprisms before and after five cycles were characterized
(Fig. S4bt). The absorption peak was retained well and no
evident change appeared. The results demonstrated that the
CuS-PPy nanoprisms possessed good NIR photothermal
stability.

The cytotoxicity of nanomaterials is the primary limit of in
vivo photothermal therapy. The cell viability of CuS-PPy nano-
prisms was investigated using an MTT assay. Gastric cancer

10146 | RSC Adv., 2017, 7, 10143-10149

MGC-803 cells were incubated in the culture media in the
presence of different concentrations of CuS-PPy nanoprisms for
24 h. As shown in Fig. 4, cell viability was more than 90% until
the concentration of CuS-PPy nanoprisms reached to 150 pg
mL~' and decreased to 86.4% with 200 pug mL~' CuS-PPy
nanoprisms. For comparison, the cell viability decreased to
70.8% with 200 pg mL ™' SDS-capped CuS nanoprisms (Fig. S57).
This indicates that the SDS molecules were absorbed onto the
nanoprism surface during the phase transform that exerted
a toxic effect. When SDS-capped CuS nanoprisms were coated
with nontoxic PPy on the outermost shell, the toxicity of nano-
prisms was prominently decreased and the biocompatibility
was effectively improved.

The photothermal performance of CuS-PPy nanoprisms in
vitro was evaluated by irradiating the gastric cancer cells in the
presence of CuS-PPy nanoprisms. The GFP-transfected gastric
cancer cells were incubated with 100 png mL~" CuS-PPy nano-
prisms under laser irradiation for 0 min, 1 min and 6 min.
Herein, the same irradiation location was observed every time to

1.2

0.8

0.6

0.4

Cell Viability (%)

0.2

0.0-
0 50 100 150 200

CuS-PPy Concentration (ug/mL)
Fig. 4 Cytotoxicity of CuS-PPy nanoprisms with different concen-

trations by MTT assay. Data are shown as the means =+ standard error
of the means, *p < 0.05 and **p < 0.01.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Bright field images (a—c) and fluorescent images (d—f) of GFP-
transfected cancer cells filled with 100 pg mL™ CuS-PPy nanoprisms
after irradiation by a 1064 nm laser for O min, 1 min, 6 min. The scale
bar is 50 um.

compare the change of gastric cancer cells (Fig. 5). After 1 min
irradiation, a part of cells began to shrivel as dots instead of
attaching on the plate (Fig. 5b and e). The temperature was not
high enough to kill the cells at this time. With extending the
irradiation time to 6 min, the cancer cells were ablated and
green fluorescence of live cells disappeared (Fig. 5c and f),
indicating that the cancer cells in the irradiation spot were
killed effectively. The results illustrate that the CuS-PPy nano-
prisms could promote the cancer cells ablation efficiently under
NIR laser irradiation.

Subsequently, photothermal therapy was carried out in vivo.
100 pL of PBS solution of 1 mg mL™~" CuS-PPy nanoprisms and
100 pL PBS were respectively injected intratumorally into the

Fig. 6 Infrared thermalimages of tumor-bearing mice treated without
(a—d) and with (e—h) CuS-PPy nanoprisms (1 mg mL™%) under 1064 nm
laser irradiation at different time intervals (0, 120, 240, and 360 s). The
scale bar of temperature is from 27 °C to 55 °C.

This journal is © The Royal Society of Chemistry 2017
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(b) (d)

Fig. 7 Photographs of the tumor-bearing mice treated with CuS-PPy
nanoprisms under laser irradiation, (a) before irradiation, (b) after 3
days, (c) after 11 days, and (d) after 18 days.

nude mice bearing MGC-803 tumor model. The tumor regions
were irradiated under a 1064 nm laser for 6 min. As shown in
Fig. 6, the temperature of tumor injected with PBS increased
slightly and remained below 40 °C. The tumor temperature with
CuS-PPy nanoprisms increased rapidly and reached 55 °C
(Fig. S6T). The local high temperature of the tumor region with
the assistance of CuS-PPy nanoprisms was able to kill the tumor
cells effectively instead of damaging the healthy tissue severely.
Then, the tumor volume was measured every day after the
photothermal treatment. The growth of tumor injected with
CuS-PPy nanoprisms under laser irradiation was inhibited
effectively and the tumor disappeared after 18 days (Fig. 7). For
comparison, the tumor volume injected with PBS grew from
0.09 cm® to 0.6 cm®. This indicates that the CuS-PPy nanoprisms
possessed excellent photothermal therapy efficacy and could be
used for in vivo photothermal therapy.

Conclusion

In conclusion, we employed aqueous CuS-PPy nanoprisms as
hyperthermia agents for photothermal therapy. Through the
seed-mediated growth method, CuS nanoprisms were synthe-
sized to obtain a triangle nanoplate morphology with intense
NIR absorption property. Then, the CuS nanoprisms were
transferred to the aqueous phase and coated with a PPy shell on
the surface through oxidative polymerization to improve the
hydrophilicity and structure stability. The PPy shell encapsula-
tion efficiently decreased the cytotoxicity caused by the surfac-
tant and increased the nanocomposite biocompatibility in the
biological application. The CuS-PPy nanoprisms exhibited good
photothermal conversion performance and possessed evident
treatment effects on the tumor. It is promising to use CuS-PPy
nanoprisms as an efficient theranostic agent for tumor photo-
thermal therapy in the future.
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