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ABSTRACT Inspired by the limitations of nanoparticles in
cancer treatment caused by their low therapeutic effects and
biotoxicity, biocompatible and photothermal enhanced cop-
per oxide-decorated carbon nanospheres (CuO@CNSs) with
doxorubicin hydrochloride (DOX) loading were constructed.
CNSs as photothermal agents were synthesized by a hydro-
thermal reaction. CuO was adsorbed on the surface of CNSs,
which improved the photothermal conversion efficiency due
to the electron transitions between C-2p and Cu-3d. In addi-
tion, CuO would release Cu®* ions in the tumor micro-
environment, which could produce hydroxyl radical (-OH) to
induce cancer cells apoptosis via Haber-Weiss and Fenton-like
reactions. DOX as a chemotherapeutic agent was located on
the surface of CuO@CNSs by electrostatic adsorption and
released quickly in the tumor microenvironment to kill cancer
cells. The CuO@CNSs-DOX nanoplatforms realized the
combination therapy of photothermal therapy (PTT), che-
modynamic therapy (CDT), and chemotherapy (CT), which
have strong potential for cancer treatment.

Keywords: CuO, carbon nanospheres, enhanced photothermal
therapy, chemodynamic therapy, chemotherapy

INTRODUCTION

Cancer is a serious threat to human health. Chemotherapy
(CT) is considered to be the most commonly used treat-
ment. However, CT has many disadvantages such as drug
resistance and severe side effects, which limit its wide-

spread use [1,2]. Photothermal therapy (PTT) has attracted
much attention worldwide due to its low cost and ignorable
side effect [3-5]. Upon near-infrared (NIR) irradiation,
photothermal reagents can rapidly convert light into heat
to kill cancer cells through hyperthermia. Carbon-based
materials [6-9] exhibit great potential as photothermal
agents because of their unique optical features, good bio-
compatibility, and low biotoxicity. However, the ther-
apeutic effect of carbon-based materials is hindered due to
the low photothermal conversion efficiency.
Chemodynamic therapy (CDT) has been widely studied
recently. A large amount of hydroxyl radicals (-OH) could
be produced to accelerate cancer cell apoptosis via the
reaction between the tumor microenvironment and CDT
agent. Some metal (iron [10-12], copper [10,13-15],
manganese [16-18], silver [17,19]) ions have been re-
ported to produce -OH by catalyzing hydrogen peroxide
in the tumor microenvironment. For instance, our group
[16] developed a nanoplatform with in-situ growth of
MnO, on the surfaces of upconversion nanoparticles
(UCNPs). MnO, released Mn”*" in the tumor micro-
environment, and the released Mn’* can produce -OH by
a Fenton-like reaction. However, as the reaction proceeds,
the H,0, content in the microenvironment decreases and
the therapeutic effect is limited. Therefore, to solve this
problem and achieve the best therapeutic effect, combi-
nation therapy has proved to be an attractive strategy.
Among various combination treatments, the combina-
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tion of PTT, CDT and CT multi-mode treatment plat-
forms has attracted much attention [20,21]. Multi-
functional nanoplatforms DOX@Fe(III)@WS,-PVP (DOX,
doxorubicin hydrochloride; PVP, polyvinylpyrrolidone)
were synthesized by Wu et al. [22]. WS, acted as a pho-
tothermal agent. Fe(III) reacted with WS, to form Fe’* and
WO,”, and then Fe’* catalyzed H,0, in tumor cells to
produce -OH via the Fenton reaction. DOX was released
rapidly at the tumor site. Magnetic Co;0,-DOX was also
synthesized for multi-mode theranostics of cancer [23].
Co;0, acted as the photothermal agent and released
Co™ to produce -OH in the tumor microenvironment.
DOX was also released at the same time to kill tumor cells.
In brief, the multi-mode treatment platforms have been
proved to exhibit excellent anticancer efficacy.

Here we designed multifunctional nanoplatforms CuO@
CNSs-DOX (CNSs=carbon nanospheres) to realize the
combination therapy of PTT, CDT, and CT. To our
knowledge, it is the first report on integrating semi-
conductor CuO and biocompatible CNSs into CuO@CNSs
nanocomposites for cancer treatment. CNSs as photo-
thermal agents were prepared by hydrothermal reaction
[24]. CuO was adsorbed on the surface of CNSs, which not
only served as a CDT agent but also improved the photo-
thermal conversion efficiency of nanoparticles. DOX was
loaded on the surface of CuO@CNSs by electrostatic ad-
sorption and released at the tumor site. Besides, CuO@CNSs
can be used for infrared (IR) thermal imaging and photo-
acoustic (PA) imaging, which provided the real-time diag-
nosis for diseases [25,26]. The multifunctional
nanoplatforms have good antitumor effect in vitro and in
vivo, which are promising to be used in cancer treatment.

EXPERIMENTAL SECTION

Preparation of CNSs and CuO@CNSs
The CNSs were prepared via a hydrothermal method
[24]. In a nutshell, glucose was dissolved in deionized
water. The mixture were transformed into an autoclave
and maintained at 180°C for 6 h. The products were se-
parated by centrifugation and dried in vacuum at 60°C.
For obtaining CuO@CNSs, CNSs (0.1 g) were dispersed
in 5 mL of water, and CuCl,-2H,0 (0.0862 g) was added
into the solution and stirred at room temperature for 4 h.
The CuO@CNSs were centrifuged at 10,000 r min ' for
10 min and washed with ethanol and water. The products
were dried in vacuum at 60°C.

The release of Cu”* from CuO@CNSs
CuO@CNSs (5 mg) were dispersed in 2 mL of phosphate
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buffer saline (PBS) with different pH (7.4, 6.5 and 5.0) at
a certain amount of time. The supernatants were obtained
by centrifugation and replaced by the same amount of
fresh PBS solution. The mass of released Cu’* ions was

tested by inductively coupled plasma mass spectrometry
(ICP-MS).

Extracellular -OH detection

NaOH (0.4 g) was dissolved in 50 mL of deionized water
to form a transparent solution. Then 0.8307 g terephthalic
acid (TAOH) was added to form a homogeneous solu-
tion. The fluorescence at 430 nm of the solution (H,O
+TAOH, TAOH+8 mmol L ' H,0,, CutO@CNSs+TAOH,
CuO@CNSs+TAOH+8 mmol L' H,0,) was determined
using an F7000 fluorescence spectrometer after removal
of the nanoparticles by centrifugation.

To assess the connection between the amount of pro-
duced -OH and the concentration of H,O,, different
concentrations of H,0, (0, 2, 4, 8, and 16 mmol L) were
mixed with CuO@CNSs (200 ppm). The fluorescence of
the solution at 430 nm was observed after removal of the
nanoparticles by centrifugation.

To assess the connection between the amount of pro-
duced -OH and pH of the environment, CuO@CNSs
(2 mg) were dispensed in PBS (pH 7.4, 6.5 and 5.0), and
then TAOH was added into the solution. The fluores-
cence of the mixture at 430 nm was observed after re-
moval of the nanoparticles by centrifugation.

Intracellular -OH detection

4T1 cells were seeded on 12-well plates at a density of
6x10* cells per well and treated with (i) Control; (ii)
CNSs; (iii)) CuO@CNSs. After incubation at 37°C for 4 h,
the cells were washed with PBS, and ROS probe was
added to each well and incubated at 37°C for 30 min.
Finally, the cells were washed with PBS and observed by a
florescence microscope system (Nikon Ti-S).

Photothermal properties

CuO@CNSs (0, 50, 100, 200, 400, and 800 ppm, 0.2 mL)
were exposed to the 808-nm NIR laser (2 W cm °) for
10 min in 96-well plates, an IR thermal camera (S6-a, IRS,
China) was used to record the change of temperature. In
addition, CuO@CNSs solutions were irradiated by
808-nm NIR laser (2 W cm ) for 5 min and cooled for
5 min, and the process lasted five cycles to investigate the
photothermal stability.

Photothermal conversion efficiency
CuO@CNSs solution (200 ppm, 1 mL) was added in a
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cuvette and irradiated by NIR laser (808 nm, 2 W cm 7,
10 min), and then naturally cooled for another 10 min.
The change of temperature was recorded every 30 s. The
photothermal conversion efficiency of aqueous CNSs
solution (1 mL, 200 ppm) was measured in the same way.

Live/dead cell staining

Calcein-AM and propidium iodide (PI) were used to
assess the photothermal performance. 4T1 cells were in-
cubated with CuO@CNSs (0, 25, 50, 100, and 200 ppm)
and exposed to NIR laser irradiation (808 nm, 2 W cm 2,
10 min), and then the cells were co-stained with Calcein
AM (green, live cells) and PI following the manufacturer’s
instructions (BestBio, Shanghai, China).

Computational details

The calculations were based on density functional theory
(DFT) with the Perdew-Burke-Ernzerbof (PBE) form of
generalized gradient approximation functional (GGA).
The Vienna Ab-Initio Simulation Package (VASP) was
employed. The cut off of plane wave energy was set as
400 eV. The Fermi scheme was shown for electron oc-
cupancy with an energy smearing of 0.1 eV. The energy
and force were set as 1.0x10 ° eV/atom and 0.01 eV A",
respectively for geometry optimization. All calculations
included the spin polarization.

Loading of DOX

CuO@CNSs (5 mg) were dispersed in 2 mL of deionized
water and mixed with 2mL of DOX solution
(I mg mL ). The solution was stirred for 24 h in dark.
Then CuO@CNSs-DOX was obtained by centrifugation.
The supernatant was collected and tested by ultraviolet-
visible (UV-Vis) spectrometry. Loading efficiency of
DOX was calculated by using the following equation:
loading efficiency=(weight of loaded DOX)/(weight of
(loaded DOX+CuO@CNSs))x100%.

Release behavior of DOX

CuO@CNSs-DOX (5 mg) were dispensed in 2 mL of PBS
(pH 7.4, 6.5, and 5.0), and the solution was shaken
slightly at 37°C.

To explore the photothermal-triggered DOX release, the
solution was irradiated by 808-nm NIR laser for 10 min at
specific time points. The supernatants were obtained by
centrifugation and the absorbance at the wavelength of
480 nm was measured by UV-Vis spectrometry.

Cellular uptake
4T1 cells were seeded into 12-well plates (1x10"* cells per
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well) and incubated with CuO@CNSs-DOX for different
times (10 min, 1 and 4 h), and then the fluorescence
microscope was used for cell imaging. ICP-MS was also
used to detect the cellular uptake. 4T1 cells were seeded in
6-well plates (3x10° cells per well) and cultured with
CuO@CNSs at 37°C for 10 min, 1 and 4 h, respectively.
The cells were washed with PBS to remove excess
CuO@CNSs and lysed using cell lysis buffer. The mass of
copper content was determined by ICP-MS.

Biocompatibility of CuO@CNSs

1929 and 4T1 cells were seeded into 96-well plates (6x10°
cells per well) and cultured with different concentrations
(0, 12.5, 25, 50, 100, and 200 ug mL ') of CuO@CNSs.
After incubation overnight, standard 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to measure the cell viability.

In vitro cytotoxicity detection

The cytotoxicity of CuO@CNSs-DOX was performed on
4T1 cells by the MTT test. 4T1 cells were seeded into 96-
well plates (5x10° cells per well). After overnight in-
cubation, fresh Dulbecco’s modified Eagle medium
(DMEM) containing CuO@CNSs, pure DOX or
CuO@CNSs-DOX was added into the plates. The cells
were washed with PBS after 4-h incubation, and then
exposed to NIR light (2 W cm °) for 5 min. MTT assay
was used to measure the cell viability.

Flow cytometry

Flow cytometry was also performed to analyze the cyto-
toxicity of CuO@CNSs-DOX. 4T1 cells were seeded into
6-well plates (3x10° cells per well) and incubated with
CuO@CNSs and CuO@CNSs-DOX, respectively, and
then exposed to 808 nm laser for 10 min. Annexin V-
FITC and PI were used to stain the cells following the
manufacturer’s instructions (BestBio, Shanghai, China).

Animal experiments

All experiments of mice were approved by the Institu-
tional Animal Care and Use Committee of Jilin Uni-
versity. Six-eight-week-old female Balb/c mice were
purchased from the Center for Experimental Animals,
Jilin University (Changchun, China).

IR and PA imaging

In vitro imaging was acquired by dissolution of
CuO@CNSs in water with different concentrations. For in
vivo imaging, 4T1-bearing mice were intratumorally in-
jected with CuO@CNSs. IR thermal images and a pre-
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clinical photoacoustic computed tomography scanner
(Endra Nexus 128, USA) were used to obtain IR and PA
imaging.

Anti-tumor experiment

Balb/c mice were injected with 4T1 cells in the left axilla.
After 7d, the tumor diameter reached 6-10 mm. The
mice were randomly divided into six groups (six mice in
each group): (i) PBS as control group; (ii) CuO@CNSs;
(iii) CuO@CNSs+NIR; (iv) pure DOX; (v) CuO@CNSs-
DOX; (vi) CuO@CNSs-DOX+NIR. The mice were intra-
tumorally injected with the above materials and exposed
to 808-nm NIR irradiation (2 W c¢m >, 10 min) after in-
jection for 3 h. The tumor sizes and weights of mice were
measured every two days, and the tumor volumes were
calculated with the formula of V=(tumor length)x(tumor
width)?/2.

Biocompatibility in vivo

Mice were executed after tumor therapy. Major organs of
the mice (heart, liver, spleen, lung and kidney) were
collected, fixed in 4% polyformaldehyde, embedded in

CNSs

Apoptosis

paraffin, sliced and stained with hematoxylin and eosin
(H&E), and photographed using a biological microscope
(BX-53, Olympus, Japan).

Statistical analysis

All the data were analyzed by the Statistical Program for
Social Sciences software (SPSS, USA). All data were ex-
pressed as means (standard deviation), and statistical
difference was considered to be present at p<0.05. Except
as mentioned, all assays were repeated in triplicate in
three independent experiments.

RESULTS AND DISCUSSION

Fabrication and characterization

The synthesis procedures and anti-cancer mechanism are
illustrated in Scheme 1. The CNSs were synthesized via
the solvothermal method [24]. The Cu’" was adsorbed on
the surface of CNSs and reacted with dissolved oxygen in
water to produce CuO in vacuum. DOX was introduced
to the surface of CuO@CNSs by electrostatic adsorption.
Scanning electron microscopy (SEM) (Fig. la) and

CUO@CNSs

CuO@CNSs-DOX

Equation Necrosis

H,0, + Cu?* == Cu* « O;H. + H*

Cu* * O,H+ + H,0, = Cu* +0,+ +OH + H,0

Scheme 1 (a) Schematic illustration of the preparation process of the CuO@CNSs-DOX nanoplatforms. CNSs were synthesized via the solvothermal
method. CuO was adsorbed onto the CNSs, and DOX was loaded onto the surface of CuO@CNSs by electrostatic adsorption. (b) Schematic
illustration of the endocytosis of CuO@CNSs-DOX nanoplatforms for PTT, CDT, and CT.
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transmission electron microscopy (TEM) (Fig. 1b) images
confirm that the CuO@CNSs have uniformed spherical
structure with an average size of 150 nm. Fig. S1 displays
that the hydrodynamic diameters of CuO@CNSs were
150-200 nm, which are suitable to accumulate in tumor
cells via the enhanced permeability and retention (EPR)
effect. In addition, the dynamic light scattering (DLS)
diameters of CuO@CNSs dispersed in water, PBS, culture
medium (DMEM) and fetal calf serum were tested to
explore the stability of CuO@CNSs, respectively. As
shown in Fig. S2a-d, these DLS diameters do not show
any significant change after 3 d of storage, clearly de-
monstrating the stability of CuO@CNSs.

The structure of nanoparticles was verified by X-ray
diffraction (XRD) (Fig. 1f). The wide-angle peak at 22°
was the characteristic peak of CNSs and no defined dif-
fraction peaks of CuO were observed [27], demonstrating
that the nanoparticles have poor crystallinity. The ele-
mental compositions of CuO@CNSs were detected by
energy dispersive X-ray (EDX) mapping (Fig. 1c-e) and

X-ray photoelectron spectroscopy (XPS) (Fig. S3), prov-
ing that the elemental Cu was bound to CNSs. In Fig. 1h,
the peak at 532.1 eV corresponded to O’ In Fig. 1g,
peaks at 934 and 955 eV corresponded to Cu(II) 2p;,, and
Cu(II) 2p, )5, respectively. Two satellite peaks at 943 and
962 eV were the characteristic peaks of CuO [28]. These
results confirmed that the Cu in the form of CuO was
bound to carbon spheres. The evolution of zeta potential
confirmed the successful modification in each prepara-
tion step (Fig. 2a). After decoration with negatively
charged CuO, the zeta potential of nanoparticles de-
creased from —24.5 to —28.4 mV, and the zeta potential
was increased to —19.4 mV after further adsorption of
positively charged DOX. The specific surface areas of
CNSs and CuO@CNSs via the N, adsorption and deso-
rption were 3337m’g ' (Fig. 2b) and 43.307m’g '
(Fig. 2c), respectively, confirming that there were no
obvious changes in surface area before and after the ad-
sorption of CuO.

The functional groups of CuO@CNSs were identified

CUO@CNSs

Intensity (a.u.)
Intensity (a.u.)

O 1s532.1 eV

Intensity (a.u.)

10 20 30 40 50 60 70 80
26 (°)

930 940 950 960 970
Binding energy (eV)

520 525 530 535 540 545
Binding energy (eV)

Figure 1 (a) SEM and (b) TEM images of CuO@CNSs. The elemental mappings of (c) C, (d) Cu, and (e) O of CuO@CNSs. (f) XRD patterns of CNSs

and CuO@CNSs. XPS spectra of (g) Cu 2p and (h) O Is.
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Figure 2 (a) Zeta potentials of CNSs, CuO@CNSs and CuO@CNSs-DOX dispersed in water. N, adsorption-desorption isotherms of (b) CNSs and (c)
CuO@CNSs. (d) FTIR spectra of CNSs and CuO@CNSs with functional groups. (e) Expanded FTIR spectra of CNSs and CuO@CNSs in the
wavenumber range of 1800-1600 cm . (f) Raman spectra of CNSs and CuO@CNSs.

via Fourier transform infrared (FTIR) spectra. The
connection between CuO and CNSs caused the move-
ment of the peak from 1702 to 1708 cm ! (Fig. 2e) [29].
Peaks at 3300-3500 cm ' corresponded to the OH
stretching (Fig. 2d), confirming that there were many
hydroxyl groups on the surface of nanoparticles [30].
The above results indicate that the CuO@CNSs have
good hydrophilicity. Raman spectra of CNSs and
CuO@CNSs were also measured (Fig. 2f). The D peaks
of CNSs located at 1340 and 1430 cm ' shift to 1360 and
1450 cm ' for CuO@CNSs, respectively. The red shift of
the D peaks was due to the breathing of sp rings caused
by defects [31]. The G peak of CNSs located at
1603 cm ' shifts to 1580 cm ' for CuO@CNSs, which is
due to the stretch of C sp” atoms. The above results also
prove that the CuO nanoparticles were adsorbed onto
CNSs [32-34].

The pH-sensitive release of Cu”* and production of -OH

CuO can release Cu”" in an acidic environment. ICP-MS$
was used to detect the concentration of Cu’* ions. We
measured the release of Cu’" at different pH (7.4, 6.5, and
5.0) (Fig. 3a), which corresponded to the blood en-
vironments (pH 7.4), tumor microenvironment (pH 6.5)
and intracellular condition (pH 5), respectively [35]. Only
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about 20% Cu”" ions were released within 10 h at pH 7.4.
About 40% and 80% copper ions were released at pH 6.5
and pH 5.0, respectively, which were almost two and four
times as much as the amount of copper ions released at
pH 7.4. The results confirmed that the release of copper
ions was pH-dependent. SEM was used to observe the
change of morphology at different pH (7.4, 6.5, and 5.0)
(Fig. S4). With the decrease of pH, the morphology of the
material was destroyed more seriously. The above results
proved that the Cu’" ions can be selectively released to
tumor sites, which can alleviate the damage to normal
tissues. It is generally known that the iron-initiated
Fenton chemistry can kill tumor cells via converting en-
dogenous H,O, into -OH [22]. Cu”"-mediated Haber-
Weiss and Fenton-like reactions to generate -OH like Fe’*
were also reported [36]. Here, to verify the -OH genera-
tion, TAOH, which can capture -OH to produce strong
fluorescent hydroxylation product 2-hydroxyterephthalic
acid, was chosen to indirectly measure the amount of -OH
[37,38]. As exhibited in Fig. 3b, Cu’* can produce -OH by
catalyzing hydrogen peroxide.

Electron spin resonance (ESR) technique was employed
to monitor the -OH production with 5,5'-di-
methylpyrroline-1-oxide (DMPO) as the spin trap agent.
As displayed in Fig. S5, the ESR signal of -OH radical with
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Figure 3 (a) The released Cu”* from CuO@CNSs at different pH (7.4, 6.5, and 5.0). (b) The production of hydroxyl radicals in different solutions.
(c) The production of hydroxyl radicals with different concentrations of H,0, (0, 2, 4, 8, and 16 mmol L™"). (d) The production of hydroxyl radicals at
different pH (7.4, 6.5, and 5.0). (e) Intracellular production of hydroxyl radicals with different treatments, including control, CNSs and CuO@CNSs.

the typical peak intensity of 1:2:2:1 was observed in the
CuO@CNSs and H,0, mixed solution, further confirm-
ing the generation of -OH. Besides, the -OH generation
was H,0, concentration-dependent (Fig. 3c). With the
increase of H,0, concentration, the absorption intensity
of TAOH increased, indicating that more -OH radicals
were generated. In addition, the -OH generation was also
pH-dependent (Fig. 3d). With the decrease of pH, more
copper ions were released, which can produce more -OH
by Cu’'-mediated Haber-Weiss and Fenton-like reac-
tions.

2,7-Dichlorodihydrofluorescein (DCFH-DA) which
can be oxidized to 2',7'-dichlorofluorescein (DCF) with
green fluorescence by the generated -OH was used to
examine the -OH in 4T1 cells. As exhibited in Fig. 3e,
stronger green fluorescence can be observed in
CuO@CNSs group compared with the control and CNSs
groups, confirming that more -OH radicals were gener-
ated in cells via Cu”* mediated Haber-Weiss and Fenton-
like reactions.

Photothermal effects of CuO@CNSs

Compared with CNSs, the CuO@CNSs displayed en-
hanced NIR absorption and photothermal properties
(Fig. 4a, b). The photothermal conversion efficiency
(Fig. S6) of CuO@CNSs (10.14%) was also higher than
that of CNSs (6.7%).
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To find out the cause of photothermal enhancement,
the band gap properties of CNSs and CuO@CNSs were
calculated based on UV-Vis spectra. As shown in Fig. 4c,
the values of band gap decreased from 1.09 to 1.03 eV
after the adsorption of CuO. To further explore the
reasons for photothermal enhancement, molecular
models were constructed to calculate the change of the
band gaps [39,40]. When CuO was adsorbed on CNSs,
defects appeared on the surface of CNSs. DFT was em-
ployed to investigate the electronic structures of CNSs,
defected CNSs, and CuO@CNSs, respectively, and the
results are shown in Fig. 4d and Fig. S7a. There was a
band gap near the Fermi level for CNSs, while it was
reduced as the introduction of C defect. This result
suggested that the defect in CNSs can improve the
electronic transportation, which was the key factor to
enhance the photothermal conversion efficiency of CNSs.
However, the band gap disappeared when the CuO
cluster was placed on the defect site. These results in-
dicated that the CuO@CNSs showed higher photo-
thermal conversion efficiency than CNSs, which was in
agreement with the experimental observation. To further
explore the mechanism of photothermal conversion of
CuO@CNSs, the partial densities of state of C-2p and
Cu-3d in the interface are revealed in Fig. S7b. The
disappeared band gap was mainly from the C-2p and Cu-
3d, which were overlapped near the Fermi level. It can be

September 2020 | Vol.63 No.9
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Figure 4 (a) The UV-Vis absorption spectra of CNSs and CuO@CNSs. (b) Temperature change curves of CNSs and CuO@CNSs with the same

concentration under NIR irradiation (808 nm, 2 W cmfz,

10 min). (c) Optical bandgaps of CNSs and CuO@CNSs. (d) The energy levels of CNSs,

defected CNSs and CuO@CNSs. (e) UV-Vis absorption spectra of CuO@CNSs with different concentrations. (f) Temperature change curves of

CuO@CNSs with different concentrations under NIR irradiation (808 nm, 2 W cm 2

10 min). (g) Temperature changes of the CuO@CNSs (400 ppm)

over five On/Off cycles under 808-nm irradiation. (h) Released DOX from CuO@CNSs-DOX under 808-nm irradiation at different pH.
(i) Fluorescence images of 4T1 cells co-stained with calcein-AM and PI after incubation with different concentrations of CuO@CNSs and irradiation

with 808-nm NIR (2 W cm ) for 10 min.

deduced that the higher photothermal conversion effi-
ciency of CuO@CNSs was due to the synergistic function
between the Cu and C. Fig. 4e and f reveal that the NIR
absorption and the photothermal effect of solution are
concentration-dependent. =~ The  temperature  of
CuO@CNSs solution reached up to 60.3°C from 23°C
when the concentration was 400 ppm, while water dis-
played mild temperature increase (less than 5°C). Be-
sides, the photothermal effect of CuO@CNSs was stable
(Fig. 4g). The above data proved that the CuO@ CNSs
have potential to be photothermal agents [41].

To further explore the photothermal performance,
calcein-AM and PI were used to stain cancer cells after
NIR irradiation to distinguish the dead (red) and live
(green) cells, respectively (Fig. 4i). With the increase of
concentration, the number of dead cells increased. So the
concentration-dependent cytotoxicity confirmed that the
CuO@CNSs can be used for PTT.
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DOX loading and releasing behavior

DOX was loaded on the surface of CuO@CNSs via
electrostatic adsorption, with a loading efficiency of 12%.
The cumulative drug release curves at different pH values
are exhibited in Fig. 4h. 24% and 15% of DOX were re-
leased within 25 h at pH 5.0 and 6.5, respectively [42-44],
which are almost five and three times as much as the
amount of DOX released at pH 7.4. The result indicated
that the release of DOX was pH-dependent. When ex-
posed to 808-nm laser irradiation for 10 min (2 W cm ),
a burst and quick release of DOX was observed. But when
the laser was shut off, the release rate immediately de-
creased. Importantly, the rapid release of DOX under NIR
irradiation was attributed to the good photothermal effect
of the CuO@CNSs.

Celluar uptake assays
Fluorescence microscope and ICP-MS were used to in-

1825



ARTICLES

SCIENCE CHINA Materials

vestigate the cellular uptake of the NPs. As shown in
Fig. 5a, the endocytosis process was time-dependent and
DOX gradually accumulated in cells with the increase of
time. To further investigate the accumulation of nano-
particles in cells, ICP-MS was used to explore the con-
centrations of copper ions internalized by 4T1 cells at
different time points (10, 60 and 240 min). In Fig. 5b, the
contents of copper in 4T1 cells after incubation with
CuO@CNSs at 10, 60 and 240 min were 9.88, 54.51 and
73.71 ng Cu per 10° cells, respectively.

In vitro cytotoxicity of CuO@CNSs

The biocompatibility of CuO@CNSs was measured by the
standard MTT assay. We studied the viabilities of 4T1
and L929 cells after incubation with CuO@CNSs at dif-
ferent concentrations. In Fig. 5e, the viability of the L929
cells was greater than 90% at the concentration of as high
as 200 ppm, but when 4T1 cells were incubated with the
same concentration, the viability decreased to 65%. The
different survival rates were caused by the different H,O,
contents between 4T1 and 1929 cells [22].

10 min 1h

The cytotoxicity of CuO@CNSs against 4T1 cells was
also measured by the MTT assay. After incubation with
CuO@CNSs, CuO@CNSs+NIR, pure DOX, CuO@CNSs-
DOX or CuO@CNSs-DOX+NIR for 24 h, the cell vi-
abilities are shown in Fig. 5c. The viability of the cells
treated with CuO@CNSs alone was 65% at the con-
centration of 200 ppm, but when treated with
CuO@CNSs+NIR at the same concentration, the viability
decreased to 50%, demonstrating the good photothermal
effect of the CuO@CNSs. It is notable that the cells cul-
tured with CuO@CNSs-DOX+NIR have the lowest cell
viability of 18% compared with the other groups. The
above results confirm that the multi-mode therapy has a
better anti-tumor effect.

The apoptosis ratio of 4T1 cells after different treat-
ments was detected by flow cytometry (Fig. 5d). The
CuO@CNSs-DOX+NIR group displayed 29% of cell
apoptosis, which is higher than CuO®@CNSs-DOX
(5.44%), DOX (19.64%), CutO@CNSs+NIR (21.02%) and
CuO@CNSs (8.98%) groups, respectively. The above re-
sults proved that the multi-mode therapy can promote
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Figure 5 (a) Cellular uptake of CuO@CNSs-DOX in 4T1 cells at different time points (10 min, 1 h, and 4 h). (b) Mass of copper internalized in 4T1
cells after incubation with CuO@CNS:s at different time points (10 min, 1 h, and 4 h). (c) The cell viability of 4T1 cells after various treatments, where
the cells were exposed to 808-nm laser (2 W cm ) for 5 min or not. (d) Flow cytometric analyses of cell apoptosis. () The cell viability of 4T1 and
L1929 cells incubated with CuO@CNSs. (f) Temperature plot and (g) the IR thermal images of 4T1 tumor-bearing mice after intratumoral injection of
CuO@CNSs (5 mg mL™, 0.1 mL) for 3 h and exposed to 808-nm laser (2 W cm %, 10 min). (h) PA images of tumor site before and after injection with
CuO@CNSs.
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apoptosis and improve treatment efficiency.

IR and PA bioimaging

The in vivo IR thermal images of Balb/c mice injected
with or without CuO@CNSs were taken. Fig. 5g and f
show the surface temperature of the tumor was quickly
increased by 20°C when the mice were treated with
CuO@CNSs and irradiated with 808-nm laser (2 W cm >,
10 min), which was much higher than the control group
(increase of 10°C). PA imaging, as a newly emerging
bioimaging method, can provide noninvasive diagnosis of
diseases based on ultrasound emission. The intensity of
PA signal was related to the absorption strength of
nanomaterials. As shown in Fig. S8, a good linear
relationship was observed between the PA signal and
nanoparticles concentration in vitro, suggesting that the
CuO@CNSs can be used as an ideal PA imaging contrast
agent for imaging-guided cancer diagnosis. For in vivo
PA imaging (Fig. 5h), the tumor region showed weak PA
signals before injection, but when the mice were in-
tratumorally injected with CuO@CNSs, the tumor region
showed strong PA signals. The above results verified that
CuO@CNSs were good contrast agents to offer guidance
for determining the time window of tumor treatment
[45-47].

a
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In vivo antitumor efficacy

The in vivo antitumor effect was explored by a 4Tl
tumor-bearing Balb/c mice model. First, we divided the
tumor-bearing Balb/c mice into six groups (six mice in
each group): (i) PBS (0.1 mL) only; (ii) CuO@CNSs
(5 mgmL ', 0.1 mL); (iii) CuO@CNSs+NIR (5 mg mL ',
0.1 mL, 808+, 10 min); (iv) DOX (680 pg mL_l, 0.1 mL);
(v)  CuO@CNSs-DOX (5mgmL ‘', 0.1mL); (vi)
CuO@CNSs-DOX+NIR  (5mgmL ', 0.1 mL, 808+,
10 min). The tumor sizes and weights of the mice were
measured every two days. As shown in Fig. 6a, tumors
treated with PBS or CuO@CNSs showed negligible anti-
cancer effect. Tumors treated with CuO@CNSs+NIR,
CuO@CNSs-DOX or DOX exhibited moderate ther-
apeutic effect. It is notable that when the mice were
treated with CuO@CNSs-DOX+NIR, the growth of tu-
mor was obviously inhibited, suggesting that the three-
mode therapy has an excellent effect. In Fig. 6b, there are
no obvious changes of the body weights of mice. All of
mice were sacrificed and the tumors were stripped at Day
16. As presented in Fig. 6¢, the photographs show that the
CuO@CNSs-DOX+NIR group has the best anti-cancer
effect. The H&E staining images of main organ slices of
mice (heart, liver, spleen, lung, and kidney) were photo-
graphed after different treatments. As presented in

Heart Liver Spleen

d
PBS 7
. ;.
CUO@CNSs
+NIR :
A A ’ 4
CuO@CNS
-DOX
CUuO@CNS
-DOX+NIR

Lung

Kidney

Figure 6 (a) Relative tumor volumes. (b) Body weights of Balb/c mice after various treatments. The mice were intratumorally injected with
nanoparticles (5 mg mL™, 0.1 mL) and irradiated with 808-nm laser (2 W cm >, 10 min). (c) Photographs of mice and tumors after various treat-
ments. (d) H&E staining images of the main organ slices of mice after various treatments. Scale bar is 20 pm. ** p<0.01.
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Fig. 6d, neither organ damage nor inflammatory lesion
was detected, which proved the low toxicity of
CuO@CNSs-DOX in vivo. These results indicated that the
multifunctional CutO@CNSs-DOX nanoplatforms have a
high biosafety and anti-cancer effect.

CONCLUSIONS

In summary, we successfully synthesized multifunctional
nanoplatforms CuO@CNSs-DOX to realize the combi-
nation therapy of PTT, CDT, and CT. CuO was adsorbed
on the surface of CNSs, which improved the photo-
thermal conversion efficiency of nanoparticles from 6.7%
to 10.14%. The enhancement of photothermal conversion
efficiency was due to the electron transitions between C-
2p and Cu-3d. In addition, CuO was also a CDT agent,
which can release Cu’" at the tumor site to produce -OH
via Haber-Weiss and Fenton-like reactions. Chemo-
therapeutic drug DOX was loaded on the surface of
CuO@CNSs via electrostatic adsorption and released
quickly at the tumor site to kill cancer cells. Besides,
CuO@CNSs can be used for the IR/PA dual-modal
imaging to provide the real-time diagnosis for diseases.
The excellent anti-tumor effect and high biosafety make
the multi-mode nanoplatforms have great potential in
biomedical applications.
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