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ARTICLE INFO ABSTRACT

In vivo chemical reactions activated by the tumor microenvironment (TME) are particularly promising for an-
titumor treatments. Herein, employing Cu,.Se-Au Janus nanoparticles (NPs), photothermal conversion-co-
ordinated Fenton-like and photocatalytic reactions are demonstrated in vitro/vivo. The amorphous form of Cu,.
xSe and the catalytic effect of Au benefit the - OH generation, and the photo-induced electron-hole separation of
the Janus NPs produces additional -OH. The plasmonic electrons of Au facilitate the conversion from Cu®* to
Cu™*. Both Cu,_,Se and Au contributes to the efficient photothermal conversion, further promoting the reactions.
As aresult, the H,O, utilization rate is largely increased, and remarkable generation of reactive oxygen species is
achieved by cell endogenous H,0, in vitro/vivo. A competent tumor inhibition effect is afforded, with high-
contrast multimodal imaging. This work opens up the route synergistically integrating photothermal therapy
with chemodynamic therapy and photocatalytic therapy into tri-combination antitumor therapy, simply by
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heterojunction of semiconductor and noble metal.

1. Introduction

In vivo chemical reactions activated by the tumor microenvironment
(TME), such as hypoxia, low pH, rich hydrogen peroxide (H,O,), have
stimulated increased level of interest as antitumor therapies [1-4].
Chemodynamic therapy (CDT), based on the Fenton type reactions to
produce hydroxyl radical (- OH), is representative [5-7]. Being the most
vigorous among all reactive oxygen species (ROS), the high reactivity
and short half-life of :OH endow CDT both antitumor capability and
tumor-area specificity [8-12]. Despite the major progress and pro-
mising potential of CDT, extrinsic addition of H,O, was often required
due to the insufficient -OH generation by the Fenton reactions with
endogenous H,O, [7,13,14]. Synergistic in vivo chemical reactions
significantly promoting -OH generation from cell endogenous H,O,
are, therefore, highly preferred.
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Photothermal therapy (PTT), employing photothermal agents to
convert external near-infrared light (NIR) into heat and ablate tumors
by hyperthermia, has become particularly fascinating in recent years
[15-18]. To improve the antitumor efficacy, PTT is often integrated
with chemotherapy [19,20]. Nevertheless, the high toxicity of che-
motherapeutic agents and drug resistance of certain cancer cells depress
the prospect [21]. An alternative combination choice is photodynamic
therapy (PDT). Still, PDT cannot function synchronously with PTT as it
requires a different irradiation wavelength, and the inherent hypoxia of
cancer cells also restrains the PDT effect [22,23]. Incorporating with
alternative non-toxic, efficient, TME-activated therapies would be de-
sirable.

Very recently, hybrid nanoparticles integrating semiconductor with
noble metal have demonstrated intriguing properties applied for anti-
tumor therapies and photocatalysis [24-26]. In particular, combination
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Scheme 1. Illustration of the synthesis and synergistically-combined multimodal antitumor therapies of the Cu,,Se-Au Janus NPs.

of copper chalcogenide semiconductors with noble metalhave shown
considerable biomedical potential [24,25]. Copper chalcogenide parti-
cles (e.g. CugSs, CuS) have been demonstrated to be competent photo-
thermal conversion agents [27-29]; their copper ions can interact with
H-,0, in Fenton-like reactions to produce -OH [5,30]. Besides good
biocompatibility, the localized surface plasma resonance (LSPR) effect
of noble metal particles affords strong optical absorption and catalytic
ability [31]. Moreover, it has been well demonstrated that the high Z of
Au particles enables powerful X-ray attenuation for X-ray computed
tomography (CT) imaging [32,33]. Superior to other copper chalco-
genides, copper selenide has excellent antioxidant activity, disease
prevention effects, high biocompatibility, low/no toxicity [34-36].
Especially, selenium has the potential to reduce the occurrence and
fatality of certain types of cancer [37].

Herein, employing copper selenide (Cu, ,Se)-Au Janus NPs, we re-
port in vivo/vitro photothermal conversion-coordinated Fenton-like and
photocatalytic reactions (Scheme 1). The Cu,,Se semi-enclosed shell is
in an amorphous form, resulting in largely enhanced Fenton-like reac-
tion properties than the crystalline Cu,,Se. Enabled by the Au core,
photo-induced electron-hole separation occurs in Cu,,Se, where the
holes introduce additional -OH from OH~ by photocatalytic process.
Besides the high photothermal conversion of Cu, 4Se, the LSPR effect of
the Au core upon the irradiation also devotes to the photothermal ef-
fect. Meanwhile, the Au core can catalyze the Fenton-like reaction;
especially, the plasmonic electrons of Au further boost the photo-
catalytic reaction and facilitate the Cu>* —Cu* conversion. As a result,
the H,0, utilization efficiency of the Cu,4Se-Au Janus NPs is enhanced
to be ~5.46 as that of Cu,Se NPs. Remarkable ROS generation is de-
monstrated both in vivo and in vitro, without extrinsic addition of H5O5.
The Janus NPs show high NIR light absorption, photothermal conver-
sion efficiency (~67.2%), photothermal conversion stability, X-ray at-
tenuation (~19.1 HU mL mg 1), biocompatibility, especially specificity
of cytotoxicity on cancer cells. A tumor inhibition rate of ~95.7% is
achieved in vivo, with high contrast tri-modal imaging, including CT,
photoacoustic (PA), and infrared thermal imaging. This work proposes
a synergistic PTT-CDT-photocatalytic therapy (PCT) for the first time,
and provides a facile and efficient strategy to promote the photothermal
conversion capability and Fenton-like and photocatalytic reactions
synchronously.

2. Experimental section
2.1. Chemicals

Sodium citrate (C¢HsNas;0,2H,O, = 99.0%), chloroauric acid
(HAuCl44H,0), ascorbic acid (AA), hydrogen peroxide (H;0,, 30 wt
%), terephthalic acid (97%) were purchased from Aladdin, China.
Polyvinylpyrrolidone (PVP, Mw = 55,000), bovine serum albumin
(BSA), and dopamine-polyethylene glycol (DA-PEG) were ordered from
Sigma-Aldrich, China. Sodium selenite (Na,SeOs;, =97.0%), copper
sulfate (CuSO45H,0), titanium sulface solution [Ti(SO4).], sulfuric
acid (H.SO,), benzyl azide (97%) and phenylacetylene (98%) were
purchased from Sinopharm Chemical Reagent Co. Ltd. Cell Counting
Kit-8 (CCK-8) and propidium iodide (PI) were purchased from Dojindo
Laboratories. All chemicals were of analytical grade and used as re-
ceived. Deionized (DI) water (resistivity of 18.2 MQ cm) was used in all
the experiments.

2.2. Synthesis of the amorphous Cu,_,Se-Au Janus NPs

The Au cores were synthesized according to the method reported
previously [38]. Briefly, adding DI water (50 mL) in a three-necked,
round-bottom flask (100 mL) with a condenser to prevent the eva-
poration of the solvent, followed by heating to 120 °C. HAuCl, (200 pL)
and sodium citrate (1%, 1 mL) were injected into the flask under vig-
orous stirring. After 30 min reaction, the solution color turned red and
the Au NPs were obtained. The product was then centrifuged and wa-
shed, then dispersed in DI water (50 mL) at room temperature. PVP
(1 mg mL~ 1,800 L) was added to the Au NPs solution. One hour later,
Na,SeOs3 (2%, 100 pL) and AA (1.4%, 1 mL) were sequentially added.
Keeping stirring for another 60 min, Au-Se NPs were produced. To
fabricate the amorphous Cu,_,Se-Au NPs, the Au-Se NPs were dispersed
in DI water (50 mL), then mixed with CuSO4 (2%, 100 pL) and AA
(1.4%, 1 mL). The solution was stirred for another 80 min to generate
the Cu, ,Se-Au NPs. After centrifugation and washing with DI water,
amorphous Cu,,Se-Au NPs (3.0 mg) was resuspended in DI water
(50 mL), and mixed with DA-PEG (10 mg mL~?, 500 uL) under vigorous
stirring. Twenty-four hours later, the product was precipitated by
centrifugation and washed three times with DI water to remove the
excess DA-PEG.

The c-Janus NPs were synthesized according to the method reported
previously [25]. Briefly, DI water (50 mL) and BSA (100 mg) were
added in a round-bottom flask, followed by heating to 30 °C. Na,SeO3
(2%, 2 mL) and AA (10%, 2.5 mL) were sequentially added and stirred
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for 30 min, then mixed with CuSO4 (2%, 5 mL) and AA (10%, 3 mL)
under vigorous stirring. After reaction for 30 h, the Cu,.4Se NPs were
centrifugated and washed with DI water twice. Then Cu, ,Se NPs was
suspended in DI water (50 mL), and HAuCl, (2%, 2 mL) were added and
reacted for 3 h to form the c-Janus NPs.

2.3. Sample characterization

The morphology of the sample was characterized using the trans-
mission electron microscopy (TEM, JME-2100, JPN). The composition
of the samples was analyzed by the elementary mapping using high
resolution transmission electron microscopy (HR-TEM, Tecnai G20, FEI
Co., USA). Sample crystallization nature was examined by X-ray dif-
fraction (XRD) using an X-ray diffractometer (Bruker Advanced D8
Discover, USA). The optical absorption was investigated using ultra-
violet-visible-near-infrared (UV-vis-NIR) spectro-photometer
(Evolution 300, Thermo Scientific, USA). The fluorescence absorption
was determined by using fluorescence spectrophotometer (Cary Eclipse,
Varian, USA). X-ray photoelectron spectroscopy (XPS) analysis was
carried out by AXIS ULTRA DLD (Kratos, UK) with an Al Ka source.
Ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) were re-
corded on a spectrophotomer (Varian Cary 300, Agilent, CAN) from 200
to 1500 nm with BaSQ, as the reference material. 'H nuclear magnetic
resonance (NMR) spectra were taken using an NMR spectrometer
(Varian NMR System, 400 MHz). The Cu ion concentration was eval-
uated using an XSERIES 2 indectively coupled plasma mass spectro-
meter (ICP-MS).

2.4. Measurement of photothermal properties

The temperature rise of the aqueous dispersions was recorded by
using a thermocouple microprobe immersed in the liquid. To evaluate
the photothermal conversion efficiency (;), the sample aqueous dis-
persion (Cu ion concentration of 30 ug mL~') was irradiated by an
808 nm laser (1.2 W cm™2) until the aqueous dispersion temperature
was steady, followed by cooling the dispersion temperature to ambient
temperature with the laser switched off [39]. To explore the photo-
thermal conversion stability of the Cu,.Se-Au NPs, its aqueous dis-
persion (Cu ion concentration of 30 ug mL™ ") was irradiated by the NIR
laser (1.2 W cm ~2) for 5 min, then the laser was off for 5 min to cool the
sample. The on/off irradiation cycle was repeated for six times.

2.5. Fenton-like and photocatalytic reactions

To assess the amount of hydroxyl radical (-OH) generated by the
Fenton-like reaction, the amorphous Janus NPs (at a Cu ion con-
centration of 20 ug mL~ 1) were mixed with H,0, (10 mmol L™!) and
methylene blue (MB, 10 ug mL™1) in PBS buffer (pH 7.4) for 10 min at
37 °C and 60 °C, respectively. After centrifugation at 13,500 rpm for
10 min, the UV-vis-NIR absorbance of MB was measured. To evaluate
the H,O, consumption of the Fenton-like reaction, the amorphous Cus,.
xSe-Au NPs (Cu ion concentration of 20 ug mL ™) were incubated with
H,0, (10 mmol L™1) at 37 °C and 60 °C, respectively, for various
durations. The mixture of Ti(SO4), was prepared by mixing Ti(SO4)>
(24%, 1.33 mL) and H,SO, (8.33 mL) in DI water (40.33 mlL).
Following addition of the mixture (100 pL), the absorbance at 405 nm
was measured to determine the concentration of H,0,.

For the -OH generation in the Fenton-like and photocatalytic re-
action, the samples (the Janus or Cu,_Se NPs, at a Cu ion concentration
of 20 ug mL™') were mixed with H,O, (10 mmol L™!) and MB
(10 ug mL ™) in PBS buffer (pH 7.4) and irradiated by an 808 nm laser
at a power density of 1.2 W cm ™2 for 5 min. The following measure-
ments of MB absorbance and H,O, consumption were same to those
described above.

For the comparison between the amorphous Cu, ,Se-Au Janus and c-
Janus NPs, the sample (Cu ion concentration of 15 pg mL~ ') was mixed
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with HyO, (10 mmol L) and MB (10 ug mL ™) in PBS buffer (pH 7.4)
at 60 °C or irradiated by an 808 nm laser (1.0 W cm ™ 2) for 5 min. After
centrifugation at 13,500 rpm for 10 min, the UV-vis-NIR absorbance of
MB was measured.

2.6. Measurement of photocurrent response

The Cu,,Se-Au Janus NPs and Cu,,Se NPs were respectively spin-
coated on indium tin oxide (ITO) films as the working electrode in a
three-electrode potentiostatic system, with Ag/AgCl (saturated 3 M
KCl) as the reference electrode and Pt plate as the counter electrode. All
the electrodes were immersed in 0.1 mol L™! Na,SO, solution. The
working electrode was then irradiated by a solar simulator
(0.1 W em™2) or an 808 nm laser (1.2 W ecm™2) for 20 s, then irra-
diation was off for 20 s. Five cycles of the photocurrent response were
recorded.

2.7. Efficient production of Cu™ ions from Janus NPs under irradiation

The production of Cu* ions by the Janus NPs under the 808 nm
laser irradation was demonstrated by Cu* ions catalyzed 1.3-dipolar
azide-alkyne cycloaddition (CuAAC) reaction [40]. Typically, benzyl
azide (50 pg) and phenylacetylene (50 nug) were added in the Janus NPs
suspension (Cu ion concentration of 15 ug mL™!, 1 mL). The mixture
was irradiated for 10 min (808 nm, 1.0 W cm ™ 2). Ethyl acetate (5 mL)
was then used to extract the reactants and product (i.e. 1-benzyl-4-
phenyl-1,2,3-triazole). After extraction, the ethyl acetate was removed
by rotary evaporation, and the obtained substance was dissolved with
deuterated chloroform and analyzed using 'H NMR. The proton che-
mical shifts at 7.57 and 5.69 ppm corresponding to the formation of 1-
benzyl-4-phenyl-1,2,3-triazole are characteristic for CHAAC reaction.

2.8. In vitro cytotoxicity and hemolysis assay and ROS generation

Cell counting Kit-8 (CCK-8) assay was used to assess the cytotoxicity
of the Janus NPs. Human umbilical vein endothelial cell (HUVEC) and
4T1 cells purchased from Chinese Academy of Sciences Cell Bank
(1.0 x 10° cells per well) were first cultured on 96-well plate over night
(RPMI-1640 medium supplemented with 10% fetal bovine serum and
1% penicillin and streptomycin), then incubated with the Janus NPs
dispersions at various concentrations (0-500 pg mL~') for 24 h and
48 h, respectively. HUVEC and 4T1 cells after incubation with doxor-
ubicin hydrochloride (DOX-HCl, 98%, Aladdin, 4 pg mL ™~ Y for 24 h was
used as the positive control. The cells were washed with PBS for three
times after incubation, then RPMI-1640 medium (100 pL) and CCK-8
(10 pL) were added to each well. One hour later, the optical absorption
(at 450 nm) of each well was measured using a microplate absorbance
reader (BIO-680, U.S.).

To test the hemolysis of the Janus NPs, human red blood cells
(RBCs) suspension (0.1 mL) was added to 0.9 mL of DI water (positive
control), PBS (negative control), and Janus NPs dispersions at various
concentrations (20-1000 pg mL™Y), respectively. Twelve hours later,
the samples were centrifuged at 15,000 rpm for 10 min. The absorbance
(at 577 nm) of each sample was measured. The percentage of hemolysis
was calculated following the equation: hemolysis percent (%) =
(As—An)/(Ap-Ap) X 100%, where A, A,, and A; were the absorbance of
the positive control, negative control and the sample groups, respec-
tively. The morphology variation of RBCs after the treatments was
characterized by SEM.

2.9. In vitro/vivo PTT-CDT-PCT therapy

To explore the PTT-CDT-PCT anticancer effect of the Janus NPs in
vitro, HUVEC and 4T1 cells (2.5 x 10° cells per well) were incubated
with the Janus NPs (in 1640 medium, 100 ug mL™ ') on 6-well plate for
4 h, 12 h, 24 h or irradiated by the laser for 10 min (1.2 W cm™?) in
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presence of the Janus NPs without previous/subsequent incubation.
After replacing the medium with fresh 1640 medium containing DCFH-
DA (20 pumol L7, 300 uL) and incubated for 30 min, the cells were
rinsed and analyzed by flow cytometry, fluorescence microscope, and
CCK-8 assay.

To prepare the tumor model, 1.0 x 10° 4T1 cells were suspended in
fresh RPMI-1640 medium (50 uL) and subcutaneously injected into the
right back region of four-week-old BALB/c mice. When the tumor
diameter reached about 8-10 mm, the tumor-bearing mice were di-
vided into three groups randomly (n = 3, in each group), and in-
tratumoral (i.t.) injected with PBS (Group 1) only, Janus NPs dispersion
only (5 mg mL™!, 50 uL, Group 2), or irradiated with laser (808 nm,
0.36 W cm™2 10 min) following injection of the Janus NPs
(5 mg mL ™%, 50 uL) (Group 3), respectively. During the irradiation, the
temperature of mice body was monitored by an IR thermal imager
(Ti25, Fluke, USA). After the treatment, tumor size and body weight of
the each mice were measured every two days. And the tumor growth
inhibition rate (TGIR) was calculated according to the equation: TGIR
(%) = (1 - G/Gp) x 100% The tissues of major organs of the mice were
stained by hematoxylin and eosin (H&E) and imaged using an inverted
fluorescence microscope (IX71, Olympus, Japan) for histology analysis.
All animal experiments were carried out under protocols approved by
the Institutional Animal Care and Use Committee. The approval number
of animals is IACUC-2019021.

2.10. In vivo ROS generation in tumor

DHE (2 mmol L™, 20 uL) was intratumorlly injected to the tumor-
bearing mice. Thirty minutes later, three different treatments were
applied to three groups of mice: (1) Group 1, injection of PBS plus
10 min irradiation (0.6 W cm~2), measured immediately after the ir-
radiation; (2) Group 2, injection of the Janus NPs (5 mg mL~1, 50 uL)
without irradiation, measured at 24 h after injection; (3) Group 3, in-
jection of the Janus NPs (5 mg mL™ !, 50 uL) injection plus 10 min ir-
radiation (0.6 W cm™2), measured immediately after the irradiation.
After that, the tumors were collected and characterized using a confocal
laser scanning microscopy (Zeiss LSM710).

2.11. PA/CT imaging

The PA imaging was carried out by using InVision 128 MSOT system
(iThera Medical, Germany) at the excitation wavelength of 808 nm. For
in vivo PA imaging, the NPs disperstion (2 mg mL™!, 50 L) were i. t.
injected to the tumor-bearing nude mice, and analyzed by using the
InVision 128 MSOT system.

The CT imaging was collected by using small mice CT (80 mA,
100Ky, slice thickness of 0.625 mm). For in vivo CT experments, the
Janus NPs disperstion (10 mg mL™?, 50 pL) was i. t. injected to the
tumor-bearing nude mice. Twenty minutes later, the mice were an-
esthetized and imaged. The images were analyzed using amira 4.1.2.

2.12. Statistical analysis

The experimental data were analyzed by two-tailed Student's t-test,
given the small sample number (n = 3). *p < 0.05 and **p < 0.01
were considered to be statistically significant.

3. Results and disscussion

3.1. Synthesis, characterization and photothermal conversion of Cu,.,Se-Au
NPs

The Cu,.Se-Au NPs were synthesized by a facile oxidation-reduc-
tion method. The transmission electron microscopy (TEM) images
(Fig. 1la-b) revealed that the NPs were monodispersed, showing a dis-
tinct Janus form with a size of 30.4 + 2.5 nm (where the size of the Au
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core was 14.4 * 1.4 nm). According to the elemental mapping
(Fig. 1c), the dark circular and light half-moon portion of each NP were
attributed to the Au core and Cu,,Se semi-enclosed shell, respectively.
Based on the analysis using energy dispersive spectroscopy (EDS, Fig.
S1 and Table S1), the ratio of Cu/Se was 1.2:1. The X-ray diffraction
(XRD) pattern (Fig. S2) showed that the Au core was highly crystalline
whilst the Cu,Se was amorphous. The monodispersity and good water
solubility of the Janus NPs were confirmed by the linearly increased
optical absorbance with the dispersion concentration in water (Fig. S3)
and the dynamic light scattering (DLS) results (Fig. S4). The optical
absorption property of the Janus NPs was distinct from that of either
the Au or Cu,_Se NPs alone (Fig. 1d and Fig. S5), showing a strong and
broad absorption in the NIR region, besides the evident peak located at
~635 nm. Such modification is attributed to the coating of Cu,.,Se on
the Au core and the varied band structure (Fig. S6) of the Janus NPs due
to the Cu, 4Se—-Au coupling.

We then explored the photothermal property of the Janus NPs. The
dispersion temperature showed sensitive response to the irradiation,
follwoing a concentration- and irradiation duration-dependent fashion
(Fig. 1e). For instance, a large temperature elevation from ~29.2 °C to
~76.2 °C was achieved upon 8 min irradiation (Cu ion concentration of
30 ug mL ™, 808 nm, 1.2 W cm ~%); whilst the temperate of the control
group, i.e. deionized (DI) water, was barely varied (AT = 1.6 °C) under
the same irradiation conditions. The photothermal conversion effi-
ciency () of the Janus NPs was calculated from the heating and cooling
curves (Fig. S7a-b and Table S2), deducing an efficiency as high as
~67.2%, higher than that of the Cu,,Se nanocrystals (22%), nanos-
tructred Au particles (21%), or Au@Cu,_.,S NPs (52.1%) reported pre-
viously [24,29,41]. Besides, the Janus NPs also possessed reliable
photothermal conversion stability, as evidenced by the reproducible
temperature elevation upon the six irradiation cycles (Fig. 1f). No no-
ticeable variation were observed from the optical absorption spectrum
after the cycling (Fig. S7d), indicating the good photothermal stability
of the Janus NPs.

To figure out the role of the Au core in photothermal conversion, the
optical absorption and photothermal conversion capability of the Janus
NPs were compared with those of pure Cu,Se NPs synthesized using
the same method as the Cu,.,Se semi-enclosed shell in the Janus NP.
Although Au barely contributed any optical absorbance at 808 nm, the
absorbance of the Janus NPs was evidently higher than that of Cu, ,Se
at the identical Cu concentration (30 ug mL™1Y) (Fig. S5). Moreover, by
tuning the concentration of the Janus and Cu,,Se dispersion to get
them reach the same absorbance at 808 nm (Fig. S8a-b), larger tem-
perature elevation was achieved from the Janus NPs dispersion upon
the same irradiation, pointing out the higher photothermal conversion
capbility of the Janus NPs. Consistently, although the Au core alone
showed nearly no temperature variation upon the 808 nm irradiation,
the dispersion temperature of the Janus NPs was much higher than that
of Cu,_,Se at each given dispersion concentration (Fig. le vs. Fig. S8).

3.2. Fenton-like and photocatalytic reactions with H,0»

The -OH generation and H,O, consumption mediated by the Janus
NPs were investigated using the methylene blue (MB) probing tech-
nique and Ti(SO,4), solution, respectively. Since -OH is capable to
bleach MB efficiently, the -OH generation can be evaluated by the
optical absorption decrease of MB [5]. The Janus NPs (Cu ion con-
centration as low as 20 ug mL™ ") was found to be able to react with
H>0, under different conditions. Both the -OH generation and H,0,
consumption followed a temperature-sensitive manner (Fig. 2a-b).
Clearly, much more efficient -OH generation was achieved upon the
NIR irradiation. Irradiation at 1.2 W cm ™2 for 5 min (corresponding to
a temperature rise process from 30.0 °C to 60.0 °C) can already bleach
~99.5% of MB; whilst keeping the solution at 60.0 °C (without irra-
diation) even for 10 min, the MB peak was only reduced by ~85.2%.
Very interestingly, under the same irradiation power density and
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Fig. 1. Morphology, composition, optical absorption and photothermal conversion of the Cu,,Se-Au Janus NPs. (a-b) TEM images at different scales, showing
dispersed, uniform NPs with a typical Janus morphology. (c) Elemental mapping of an individual Janus NP, showing the presence and distribution of Au, Cu and Se.
(d) UV-vis-NIR absorption spectrum and a digital photo of the Janus NPs dispersion at a Cu ion concentration of 30 pg mL ™. (e)Temperature elevation of the Janus
NPs at various concentrations upon 808 nm irradiation (1.2 W cm ™ 2). () Temperature elevation curve mediated by the Janus NPs upon repeated irradiation cycles.

duration, although the -OH generation rate (75, determined by the MB
peak decrease rate) of the Janus NPs was significantly elevated com-
pared with that of the Cu,_,Se, the H,O, consumption rate (ro) of the
former was much lower (Fig. 2c—d). As a result, the H,O, utilization
efficiency (1, = 15/1c) mediated by the Janus NPs was ~3.65 and 5.38
folds as that of the Cu,,Se under an irradiation of 0.8 W ¢cm ™2 and
1.2 W em ™2, respectively. Especially, upon 5 min irradiation, the
sample solution temperature increased by the Janus NPs irradiated at
0.8 Wem ™2 (~51 °C) was nearly identical to the temperature mediated
by the Cu,.,Se irradiated at 1.2 W cm ™2, and the 7y of the Janus NPs
irradiated at 0.8 W cm ™2 was ~512% as that of Cu,_,Se at 1.2 W cm ~2.
All these results suggest that the Janus NPs have much powerful -OH
generation capability and higher H,O, utilization rate than Cu,.,Se
alone.

Furthermore, we compared the -OH generation of our Janus NPs
with another Cu,,Se-Au hybrid particles where the Cu,_,Se semi-sphere
is in a high crystalline form (c-Janus). It was found that, no matter
keeping at 60 °C or irradiated for 5 min (808 nm, 1.0 W cm ™~ ?), the -OH
generation mediated by the amorphous Cu,,Se-Au NPs was always
higher than that by c-Janus. As shown in Fig. S9, the MB degradation
rate mediated by the amorphous Janus NPs is ~44.9% and 87.1% at
60 °C and under 5 min 808 nm irradiation, which is evidently higher
than that of c-Janus (~33.5% at 60 °C and ~26.3% under 5 min irra-
diation). The -OH generation of the amorphous Janus sample was ~3.3
fold as that of c-Janus under the 5 min irradiation (Cu ion concentration
of 15 g mL~1). The results indicate that the amorphous feature of Cus,.
«Se is beneficial for the -OH generation of the Janus NPs. This is very
likely the reason that CDT of hybrid copper oxides/chalcogenide-Au
NPs has not been reported previously.

3.3. Mechanisms for the promoted photothermal conversion and chemical
reactions

As mentioned above, the enhanced photothermal properties of
Janus NPs were reflected not only in the higher optical absorption at
808 nm, but also in the enhanced photothermal conversion capability.
Compared with the optical absorption spectrum of the Cu,,Se NPs
(Fig. 1d and Fig. S5), the large red-shift of the absorption peak from
515 nm to 635 nm and elevated absorbance in the NIR region both
suggest the strong coupling between the Au core and the Cu,,Se semi-
enclosed shell in the Janus NP. Similar to the reported Au@Cu, S NPs
[24,42], such coupling and the absorption at 808 nm of the Janus NPs
can enable the LSPR of Au NPs and effectively arouse the photothermal
effect.

Importantly, significant photocurrent response of the Janus NPs was
evidenced under both solar irradiation (Figs. 2e.,0.1 W cm~2) and
808 nm laser (Figs. 2f.,1.2 W cm ™ 2), whilst the response of Cu,.,Se
alone in both cases was rather weak. The results indicate the efficient
electron—hole separation of Cu, ,Se in the presence of Au core, further
confirming the strong Au-Cu,,Se coupling. Considering the much
lower Fermi energy of Au than the valence band of Cu,,Se [26,43], the
electron-hole separation then suggest the transfer of photo-induced
electrons from the Cu,,Se shell to the Au core. Although the elec-
tron-hole separation partially may reduce the non-radiative elec-
tron-hole reunion for the photothermal conversion of the Cu,.,Se,
judged by the efficient temperature rise mediated by the Janus NPs as
compared with the case of Cu,_,Se, the transferred electrons from Cu,.
xSe to Au core and the LSPR effect of the Au core can remedy and
promote the photothermal properties of the hybrid NPs. Especially, the
unique semi-enclosed Janus form benefits not only the charge transfer
from Cu,,Se to Au but also sufficient exposure of both Cu,Se and Au
to the surrounding for transfer of holes, electrons and heat.

Besides the amorphous feature of Cu,,Se mentioned above, the
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(g) Schematic illustration for the photothermal conversion-coordinated Fenton-like and photocatalytic reactions of the Janus NPs. Data in panel b and c are expressed
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efficient -OH generation of the Janus NPs is also associated with the
catalytic effect from the Au core, the photocatalytic effect by electron-
hole separation, and the photothermal conversion effect of both Au and
Cu,_,Se. As shown in Fig. S10, without irradiation, the participation of
the Au core can catalyze the Fenton-like reaction. It has been demon-
strated that supported Au can flip between the positive and neutral
states to catalyze Fenton reaction [44]. Moreover, as photo-generated
holes can react with OH™ to form +-OH [45,46], in addition to the -OH
generated by the Fenton-like reaction of Cuy,Se with H,0,, ie.
Cu* + H,0, — Cu®>* + -OH + OH™, the Janus NPs can produce
additional -OH from OH ™~ with the photo-induced holes (Fig. 2g). Such
photocatalytic process is distinct from the reported anticancer PDT
work utilizing the photo-generated electrons from nano-photocatalysts
to produce singlet O, for tumor inhibition [47], and -OH is far more
reactive and powerful than singlet O, in this regard. Meanwhile, the
excellent photothermal property of the Janus NPs further boosts the
Fenton-like and photocatalytic reactions upon the NIR irradiation
[48,49], further increasing -OH generation.

The promoted H,0- utilization rate is closely related to the different

reduction path of Cu ions. For the case of Cu,,Se alone, H,O, were
consumed by not only the Fenton-like reaction for -OH generation but
also the reduction of Cu?* (Cu®* + H,0, — Cu™*
However, for the Janus NPs, efficient production of Cu*
achieved under irraddiation, as revealed by the Cu*
dipolar azide-alkyne cycloaddition (CuAAC) reaction (*H nuclear
magnetic resonance spectra in (Fig. S11), where the plasmonic elec-
trons of Au NPs are known to induce the ion reduction [50]. The pre-
sence of Au core in the Janus NPs thus effectively decreases the H,O,
consumption.

+ 0,5+~ + 2H™).
ions can be
ions catalyzed 1.3-

3.4. Biocompatibility of the Janus NPs and their high specificity of
cytotoxicity on cancer cells

To explore the cytotoxicity of the Janus NPs, HUVEC (normal cell)
and 4T1 cells (cancer cell) were incubated with the NPs for 24 h and
48 h, respectively. Based on the CCK-8 assay, the viability of HUVEC
cells was > 80% after 24/48 h incubation (Fig. 3a and Fig. S12). In
sharp contrast, the cell viability of 4T1 cells was reduced to as low as
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~42.6% under the same conditions. Half-maximum inhibitory con-
centration (ICsp) was calculated according to the cell viability (Figs. 3b
and 24 h incubation), deducing a ICso value of 2076.8 g mL~! and
477.6 pg mL ™! for the HUVEC and 4T1 cells, respectively. All the re-
sults indicate that the Janus NPs are compatible with the normal cells,
but toxic to the 4T1 cells. The specificity of cytotoxicity on cancer cells
is closely related to the significantly higher concentration of H,O,
[40,51] hence higher ROS level generated by the Janus NPs in the

cancer cells. This point was confirmed by evaluating the ROS level in
vitro using 2’,7’-dichlorofluorescent yellow diacetate (DCFH-DA) assay
(Fig. 3c and Figs. S13-14). Excitingly, without extrinsic addition of
H,0,, notable ROS can be already generated based on the endogenous
H,0, of the cells. For instance, after 24 h incubation with the Janus NPs
(100 pg mL™ 1), the ROS level in the 4T1 cells increased to ~371.2%,
whilst that in the HUVEC cells was only ~48.1% higher. In addition,
the hemolytic effect of the Janus NPs on human red blood cells (RBCs)
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was also investigated. No detectable hemolysis and noticeable variation
were observed in our experments (Fig. 3d—e and Fig. S15).

To assess the anticancer efficacy of the combined PTT-CDT-PCT in
vitro, the 4T1 cells were divided into four different groups: (1) Group 1,
irradiation only (808 nm, 1.2 W cm ™2, 10 min), (2) Group 2, Janus NPs
only (10 min incubation with Janus NPs at 100 pg mL_l), (3) Group 3,
Janus NPs (100 ug mL™') with irradiation (808 nm, 1.2 W cm™2
10 min), and (4) Control, treated with PBS only,. Calcein acetoxymethyl
ester (Calcein AM) and propidium iodide (PI) were used to stain the
cells in order to distinguish the live (green) and dead (red) cells.
Compared with the Control, Group 1 and 2 appeared no obvious dif-
ference, showing green fluorescence signal only (Fig. S16). The results
suggest that a short incubation with the NPs or NIR irradiation alone
cannot compromise the cell viability. As a sharp contrast, significant
red fluorescence signal was exclusively presented in Group 3, sug-
gesting the effective cancer cell killing. Measurements using the CCK-8
assay (Fig. 3f) further revealed that ~92.8% of the 4T1 cells were killed
in Group 3, whilst other groups showed high cell viability (> 92.5%).
Consistently, after DCFH-DA staining and without addition of H,O,, no
fluorescence signal (i.e. sign of ROS generation) was observed in the
Control group, whilst strong green fluorescence of ROS in the cells was
evidenced from both Group 3 and the cells after 12 h-incubation with
the Janus NPs (100 pg mL™1) at 37 °C (Group 4), with the signal of
Group 3 more pronounced (Fig. 3g). The ROS generated in the 4T1 cells
for Group 3 was as high as ~574.2% of the Control group (Fig. 3¢ and
Fig. S17). All these results emphasize the significant ROS generation
capability and anticancer efficacy of the Janus NPs.

The ROS generation capability of the Janus NPs was further com-
pared with that of MB, a widely-used photosensitizer for antitumor PDT
treatment [52,53]. As shown in Fig. S18, MB can also improve the ROS
level in 4T1 cells (~157.4%) under 670 nm irradiation (0.75 W cm ™2,
10 min), but its efficacy was far less than that of the Janus NPs.
Moreover, the ROS level generated by MB in the normal cells was as
high as ~30.91 folds higher than that in the cancer cells (Fig. S19). This
is primarily attributed to the fact that the ROS generation by MB is
based on its reaction with O, which is more abundant in the normal
cells than that in the cancer cells. Superior to the photosensitizer in
PDT, the high specific toxicity of the Janus NPs on cancer cells affords
great promise on practical medical applications, besides their high
anticancer efficacy.

3.5. Tumor inhibition effect of the combined PTT-CDT-PCT therapy in
vitro

Encouraged by the promising performance in vitro, the antitumor
therapeutic efficacy of the Janus NPs was then evaluated in vivo.
Tumour-bearing BALB/c mice were divided randomly into three
groups, including (1) PBS injection plus irradiation (Group 1), (2) Janus
NPs injection only (Group 2), and (3) Janus NPs injection plus irra-
diation (Group 3). After intratumoral (i.t.) injection, the tumour area of
each mouse in Group 1 and 3 was irradiated by the 808 nm laser
(0.36 W-cm™2), and the body temperature was monitored by the real-
time infrared thermal imaging. Upon 10 min irradiation, while the
whole body colour was barely varied for Group 1 (AT = 2.8 °C), the
tumour area of mice in Group 3 rapidly turned red and bright, reaching
a plateau of ~54 °C (Fig. 4a—b). According to the literature [54], this
temperature is sufficient to induce hyperthermia for tumour inhibition.
Meanwhile, the results also demonstrated the high-contrast infrared
thermal imaging capability of the Janus NPs in vivo.

To illustrate the ROS generation and its impact on the tumour in
vivo, tumor tissue of the three sample groups was collected 24 h after
the injection and stained by dihydroethidium (DHE) and hematoxylin
and eosin (H&E), respectively. As shown in Fig. 4c, unlike Group 1
which showed neither detectable tumor tissue damage nor fluorescence
signal corresponding to ROS, both Group 2 and 3 exhibited obvious cell
death and ROS. Especially, for the treated tumor tissue of Group 3,
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significant cell variations, such as loss of contact, nuclear damage, and
cell shrinkage, were observed, together with the rather bright ROS
signal. The results indicate that, integrated with PTT, the ROS gener-
ated from endogenous H,O, by the Fenton-like and photocatalytic re-
actions of the Janus NPs was abundant to achieve a significant anti-
tumor effect.

The rest mice of each group after the treatments were carefully
monitored. The tumor volume was measured and recorded with time
(Fig. 4d). Twelve days after the treatments, each tumor was collected
and weighted (Fig. 4e—g). For Group 1, despite the irradiation applied,
the tumor grew rather rapidly with time. As comparison, although the
tumor size of Group 2 did not obviously decrease after the NPs injec-
tion, the tumor growth rate was far less than that of Group 1, with an
inhibition ratio of ~62.1%, indicating that CDT of the Janus NPs alone
can already induce evident inhibition effect. Distinct from these two
groups, the tumors were eliminated by the treatment of Group 3, and
showed barely any recurrence in the twelve days, resulting in a high
inhibition ratio of ~95.7%. The results further confirmed the compe-
tent antitumor capability of the synergistic PTT-CDT-PCT mediated by
the Janus NPs in vivo.

Moreover, the behavior and body weight (Fig. 4h) of all treated
mice were compared with the healthy mice, showing no noticeable
difference. Their major organs were collected for histology analysis
after H&E staining. Neither noticeable inflammation nor organ damage
was visualized in all cases (Fig. 4i). These results demonstrated the no/
low in vivo toxicity of the Janus NPs to mice.

3.6. Invitro and in vivo PA and CT imaging

The PA imaging capability of the Janus NPs was first measured in
vitro. The PA images became gradually brighter with the NPs con-
centration (Fig. 5a), and the plot of signal intensity as a function of the
NPs concentration showed a linear relationship (Fig. 5b). The in vivo PA
imaging was then performed after i. t. injection of the Janus NPs to
tumor-bearing BALB/c mice. Due to the pronounced photothermal
conversion effect mediated by the NPs upon NIR irradiation, thermal
expansion hence acoustic signal can be detected from the tumor area.
As a result, whilst no signal was presented before injection, significant
PA signal was seen in the tumor area (Fig. 5c), confirming the high-
contrast PA imaging capability of the Janus NPs.

The CT imaging capacity of the Janus NPs was also evaluated. Due
to the high Z (79) and high X-ray attenuation coefficient (5.16 at
100 keV) of Au [24,32,33], the Janus NPs showed strong X-ray at-
tenuation effect, with the CT values and imaging brightness progres-
sively increased with the NPs concentration (Fig. 5d—e). According to
the measured CT values at various NPs concentrations, the CT contrast-
enhancement efficiency of the Janus NPs was deduced to be 19.1
HU-mL-mg ', which was higher than that of the clinically-used CT
agent (iohexol, 16.4 HU-mL-mg_l). After injection, the anesthetized
tumor-bearing mice were imaged by CT imaging system (Fig. 5f). Un-
like the image prior to the injection where only bone structure pre-
sented, thanks to the X-ray attenuation effect of the Janus NPs, strong
CT contrast signal of the tumor was clearly observed after injection.

Considering that i. t. injection was applied, to allow a relatively
even distribution of the NPs in the tumor area, both PA and CT imaging
was carried out 20 min after the injection. Still, the CT/PA images
might not be able to show the exact/complete size/appearance of the
tumor. However, as demonstration experiments, the high contrast
imaging results confirm the potential of these Janus NPs for PA/CT
imaging clearly.

4. Conclusion
In summary, We have developed Cu,,Se-Au hybrid NPs in a uni-

form Janus form with PTT-CDT-PCT tri-combination therapeutic
modal and CT/PA/infrared thermal imaging for antitumor treatments.
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Fig. 4. In vivo antitumor efficacy of the Janus NPs. (a) IR thermal images of tumor-bearing mice recorded upon NIR irradiation. (b) Temperature elevation of the
tumor area of Group 1 and 3 under irradiation. (¢) H&E and DHE stained tumor tissue (scale bar: 100 pm), (d) tumor volume growth curves (n = 3, *p < 0.05,
**p < 0.01), and (e) tumor growth inhibition ratio of the treated mice in different groups. (f) The photos and (g) mean weight of the tumors collected from the mice
12 days after the various treatments (n = 3, *p < 0.05, **p < 0.01). (h) Body weight of mice in different groups with time (n = 3). (i) Histology analysis of the major
organs collected from the healthy mice and Group 3. Data in panel b, d, e, g and h are expressed as the mean * standard deviation.

Thanks to the coupling of semiconducting Cu, ,Se semi-closed shell and
metallic Au core, the Janus NPs possess strong NIR absorption and high
phototheramal conversion capability. The amorphous morphology of
Cu,.xSe and the catalytic effect of the Au core enhance -OH generation
in Fenton-like reaction; meanwhile, the efficient electron-hole separa-
tion produces additional -OH by the photocatalytic process. Both the
reactions are further boosted by the photothermal effect. In this case,
the LSPR effect of Au contributes not only to the photothermal con-
version of the Janus NPs, but also to Cu?>*—Cu™ conversion, thus
significantly increases utilization rate of H,O,. Therefore, the simple
semiconductor-noble metal hybrid not only integrates PTT with CDT
and PCT into a new tri-combination antitumor therapy, but also enables
remarkable ROS generation by cell endogenous H,0-. As a result, the
Janus NPs afford competent photothermal conversion (efficiency of

~67.2%) and -OH generation without exotic H,O,, inducing a tumor
inhibition rate of ~95.7% together with high-contrast CT/PA/infrared
thermal imaging performance.

Comparing with the CDT alone and PTT-CDT reported previously,
this PTT-CDT-PCT tri-combination is capable of producing sufficient -
OH without extrinsic addition of H,O,, meanwhile avoids the hazard
induced by the toxicity and drug resistance of chemotherapeutic agents.
Also unlike PDT that is largely confined by the inherent hypoxia of
cancer cell and requires a much shorter irradiation wavelength different
from that for PTT, our tri-combination therapy has specificity of cyto-
toxicity on cancer cells and allows the operation using single wave-
length irradiation in NIR region. It is known that NIR irradiation in-
duces much better penetration to biotic tissues than ultraviolet or
visible light. As the passive accumulation of the Janus NPs based on the
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Fig. 5. In vitro and in vivo PA and CT imaging of the Janus NPs. (a) In vitro PA signal intensity and (b) PA images of the Cu,«Se-Au Janus NPs at various con-
centrations. (c) PA images of tumor before (Pre) and after (Post) injection, where the tumor area is marked by a cycle. (d) In vitro CT values and (e) CT images of the
Janus NPs at various concentrations. (f) In vivo three-dimensional CT images of tumor-bearing mice before (Pre) and after (Post) injection.

enhanced permeability and retention effect upon intravenous injection
is not significant, a proper surface modification using tumor-targeting
molecules would be highly preferred to improve its application pro-
spects. Still, such non-toxic, efficient PTT-CDT-PCT synergistic therapy
based on TME-activated in situ chemical reactions may have opens up a
fresh route for antitumor treatment. In addition, such metal-semi-
conductor heterojunction also holds promise on photocatalysis and
other relevant combined reactions under NIR irradiation.
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