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ABSTRACT

In recent times, the combination therapy has garnered enormous interest owing to its great potential
in clinical research. It has been reported that disulfiram (DSF), a clinical anti-alcoholism drug,
could be degraded to diethyldithiocarbamate (DDTC) in vivo and subsequently resulting in the
copper-DDTC complex (Cu(DDTC),) towards ablating cancer cells. In addition, the ultra-small
copper sulfide nanodots (CuS NDs) have shown great potential in cancer treatment because of
their excellent photothermal and photodynamic therapeutic efficiency. Herein, by taking
advantage of the interactions between CuS and DDTC, a new multi-functional nanoplatform,
DDTC-loaded CuS (CuS-DDTC) NDs, is successfully fabricated, leading to the achievement of
the synergistic effect of photothermal and copper enhanced chemotherapy. All experimental
results verified promising synergistic therapeutic effects. Moreover, in vivo biocompatibility and
metabolism experiments displayed that the CuS-DDTC NDs could be quickly excreted from the
body with no apparent toxicity signs. Together, our findings indicated the superior synergistic
therapeutic effect of photothermal and copper enhanced chemotherapy, providing a promising

anti-cancer strategy based on CuS-DDTC NDs drug delivery system.

KEYWORDS Ultra-small copper sulfides nanodots; Disulfiram; Ion enhanced chemotherapys;

Photothermal; Synergistic effect
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INTRODUCTION

The combination of chemotherapy and photothermal therapy (PTT) has become a hot topic in
clinical research due to the high selectivity and excellent therapeutic effect.!-> In this framework,
various drug delivery systems (DDSs) based on inorganic or organic nanomaterials have been
developed for efficient synergistic PTT and chemotherapy.' >-® However, several drawbacks still
exist for current available therapeutic agents and DDSs, such as undesirable side effects, the
potential toxicity of long-term retention in vivo and the unsatisfactory therapeutic efficiency, which
greatly limit their clinical application.®!* Hence, it is urgent to develop new functional
nanomaterials that can not only effectively cure cancer but also be cleared from the body to avoid

retention toxicity'4.

Notably, the nanomaterials with a diameter smaller than 10 nm can be excreted quickly, avoiding
retention toxicity. Therefore, DDSs based on nanodots have been attracted increased attention
from researchers in recent years to avoid long-term toxicity by taking advantage of ultra-small
sizes.!3-1? Moreover, by modifying polymers or functional groups on the surface, chemotherapeutic
drugs such as doxorubicin can be conveniently loaded onto the nanodots for combined treatment. !>
18 However, current studies have been focused on the simple combination of PTT and
chemotherapy, while the amplification and synergistic efficacy between photosensitizers and
chemotherapeutic moieties are not carefully studied. Thus, the development of multi-functional
nanodots DDSs for coordinated synergistic therapy is a promising approach to optimizing cancer

therapy.!0-20-22

Recently, ultra-small copper sulfides nanodots (CuS NDs) have been widely used in combined

therapy due to its excellent near-infrared (NIR) photothermal efficiency, good biodegradability,
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inexpensive, and low toxicity.?3->> Further, the CuS NDs can also release copper ions for reactive
oxygen species (ROS) generation, towards photodynamic therapy (PDT). The released copper ions
can also coordinate with specific prodrugs, exhibiting ultra-high anti-cancer efficiency.?6-?’ In

addition, CuS NDs have been used for photoacoustic (PA) imaging.?8->°

Disulfiram (DSF), a clinical anti-alcoholism drug, has gained enormous interest in cancer
therapy.3?3! In recent years, DSF has been proved to be a copper-dependent anti-tumor drug.?¢
After in vivo degradation of DSF, diethyldithiocarbamate (DDTC) is formed and subsequently
complexed with copper ions, Cu(DDTC),, resulting in tumor apoptosis.’® As the primary
metabolite of DSF and an active substance for the formation of Cu(DDTC),, DDTC is applied for
the enriched anti-cancer effect of DSF.32-3* However, the limited supply of copper in vivo hampers
the therapeutic ability of DSF. Therefore, the introduction of CuS NDs can be an effective way to
solve the copper source issue. Owing to the intrinsic degradation and the stimulation by laser, the
degraded CuS NDs deliver the copper ions and release them selectively at the tumor site. In
addition, these CuS NDs can serve as ideal carriers and photothermal agents for coordinated

synergistic therapy.

Based on these facts, we demonstrate the construction of a multi-functional nanoplatform on the
basis of the complexation between DDTC and copper ions towards achieving the synergistic effect
of photothermal and copper-enhanced chemotherapy through in sifu chemical activation and
photothermal enhancement. As shown in Scheme 1, DDTC was initially loaded on the surface of
CuS NDs based on the complexation between copper ions and DDTC, resulting in CuS-DDTC
NDs. Cu(DDTC), would be generated after the complexation between copper and DDTC,
resulting in enhanced chemotherapy efficacy. In this system, CuS NDs played four functions of

photothermal agents for PTT, as DDSs to deliver drugs to the tumor site, as contrast agents for PA

ACS Paragon Plus Environment

Page 4 of 26



Page 5 of 26 ACS Applied Materials & Interfaces
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i and thermal imaging, and as a source of copper to increase the copper ion concentration at the
6 tumor site and enhance the chemotherapeutic efficacy. In addition, the biocompatibility and
7

8 metabolism of CuS NDs and CuS-DDTC NDs were evaluated in vivo. Finally, the multimodal
9

:? imaging-guided synergistic therapy of CuS-DDTC NDs was systematically investigated.
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Scheme 1. Schematic illustration showing the (A) synthesis, and (B) photoacoustic imaging, as

44 well as synergistic tumor therapy of CuS-DDTC NDs
47 MATERIALS AND METHODS

50 Materials. Sodium sulfide nonahydrate (Na,S-9H,0), sodium diethyldithiocarbamate trihydrate
52 (DDTC), phosphate-buffered saline (PBS), and copper chloride dihydrate (CuCl,-:2H,0) were

obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP) K15
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(viscosity average molecular 10,000 Da) was obtained from Tokyo Chemical Industry Co., Ltd.
(Shanghai, China). Thiol-polyethylene glycol-fluorescein isothiocyanate (SH-PEGs-FITC) was

obtained from Ruixi Biological Technology Co., Ltd. (Xian, China).

Synthesis of CuS NDs. CuS NDs were synthesized on the basis of the reported method.?’ Briefly,
17.05 mg of CuCl,-2H,0 and 3 g of PVP K15 were added into water (100 mL), and the sample
was heated to 90 °C under vigorous stirring. Then, Na,S solution (0.1 mL, 1 M) was mixed and
stirred for 20 min. Subsequently, the resultant CuS NDs were washed thrice and stored at 4 °C
after lyophilization. FITC-labeled CuS NDs (FITC-CuS NDs) were prepared as follows: SH-PEG-
FITC was reacted with a CuS NDs solution, the obtained sample was maintained for 3 h under

stirring in the dark, then centrifuged and washed with ultrapure water thrice.

Synthesis of CuS-DDTC NDs. To prepare CuS-DDTC NDs, 1 mg of CuS NDs was stirred in
DDTC solution for 20 min. Further, the CuS-DDTC NDs were collected and washed with ultrapure
water to remove free DDTC. The DDTC content in CuS-DDTC NDs was determined by measuring
the free DDTC content remained in the supernatant at 280 nm. Further, drug loading was calculated

using the following equation:

Drug loading (%) = Weight pprc 1oaded into the cus NDs/ Weight cus-ppre nps X100 (1)

Characterizations. The morphological attributes of CuS NDs and CuS-DDTC NDs were
analyzed by transmission electron microscopy (TEM, H-7650, Hitachi Limited, Tokyo, Japan).
The zeta potential and hydrodynamic size were determined using dynamic light scattering (DLS,
ZetaPALS, Malvern Instrument Ltd, UK) approaches. The average size of the NDs was analyzed
by Nano Measurer 1.2 software (n = 200). Ultraviolet-visible-NIR (UV-vis-NIR) absorption

spectra were obtained from the UV-vis-NIR spectrophotometer (UV-1800, Mapada, Shanghai,
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China). The crystalline states of the nanodots were determined by X-ray diffraction (XRD,

Smar/SmartLa, Rigaku, Tokyo, Japan).

In vitro photothermal and photodynamic efficacies. CuS NDs aqueous solution (1 mL, 100
ng/mL) was exposed under an 808-nm laser for 15 min. The temperature was recorded by a
thermocouple thermometer. Then, the photothermal conversion efficiencies (1) were analyzed

using the following equation.?>

hS(ATmax, mix — ATmax,HzO)

1(1— 10 "898y

n= (2)

Where I represent the laser power, s is the surface area of the container, Aggg 1s the absorbance of

the solution at 808 nm, h is the heat transfer coefficient, and AT is the temperature change.

Finally, the photothermal stability of CuS NDs was measured by cycle irradiation for 3 times.
Meanwhile, the temperature change curves of CuS-DDTC NDs under the laser irradiation at 1.5
W/cm? were also examined. To detect the hydroxyl (*OH) generation, terephthalic acid (TA) was
applied. Briefly, 50 pg of CuS NDs, TA (5 mM), and H,O, (400 uM) were mixed in water (1 mL)

and irradiated at 1.5 W/cm? for various times. The fluorescence of the TA solution under excitation

at 360 nm was measured to detect the generation of *OH. To detect the singlet oxygen ('O,), 9,10-

anthracenediyl-bis(methylene)dimalonic acid (ABMDMA) was employed. Briefly, 50 pg of CuS
NDs, ABMDMA (100 uM), and H,O, (400 uM) were mixed in water (1 mL) and irradiated at 1.5
W/cm? at various times. The generation of 'O, was detected by UV-vis-NIR spectra (380 nm). For
the degradation study, CuS NDs (25 pg/mL) and CuS-DDTC NDs (25 pg/mL) were dispersed in
PBS (2 mL, pH-7.4), and the degradation process at predetermined time points was analyzed by

the UV-vis-NIR spectra.
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Cellular internalization. Mouse breast cancer (4T1, Keygen, Nanjing, China) cells were seeded
in 24-well plates (1 x 10 cells per well) and cultured with FITC-CuS NDs (30 pg/mL) at various
times. Then, the 4T1 cells were stained with 4',6-diamidino-2-phenylindole (DAPI, Keygen).
Finally, confocal laser scanning microscopy (CLSM, Leica TCS SP8, Braunschweig, Germany)

was used to capture the images.

In vitro cytotoxicity. To investigate the cytotoxicity of the nanodots, human umbilical vein
endothelial cells (HUVECs, Keygen) and 4T1 cells were used. The cells were seeded in 96-well
plates (5000 cells per well). Further, CuS NDs (100 pL) or CuS-DDTC NDs (100 puL) solution in
Dulbecco’s modified eagle medium (DMEM) were added and cultured for 24 h. The cell viabilities
were then recorded using Cell Counting Kit-8 (CCK-8, Solarbio Co. Ltd, Beijing, China), along
with DMEM as a control group. The cell viability was evaluated with the following equation:
Cell viability (%) = ODgampie = ODplank /ODcontrol = ODpjank* 100 3)
For chemotherapy and photothermal therapy (chemo-PTT), after co-culture with CuS for 6 h, 4T1
cells were exposed under an 808-nm laser (1.5 W/cm?, 5 min). Subsequently, the cell viabilities
were determined. To observe live and dead cells, the cells were subjected to Acridine
Orange/Ethidium Bromide (AO/EB, Solarbio) kit, and the fluorescent images were obtained with

an inverted fluorescence microscope (Ci-L, Nikon, Tokyo, Japan).

Intracellular ROS generation in vitro. 4T1 cells were seeded in 24-well plates (1 x 10° cells per
well) and cultured with CuS NDs or CuS-DDTC NDs for 6 h. Then, the 4T1 cells were exposed
with/without 808 nm laser (1.5 W/cm?, 5 min) and subsequently incubated for 3 h. Finally, 4T1
cells were dyed with 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Keygen) for 2 h, and

the ROS generation was analyzed by CLSM.
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Tumor model. The animal experiments were carried out following the protocol approved by the
Experimental Animal Ethics Committee of Fujian Medical University. 4T1 cells (5 x 10°) were
injected into the nude mice (Huafukang Bioscience Co. Ltd., Beijing, China) in the right hind limbs
to establish the tumor model. When the tumor volumes were increased to around 100 mm?, the

4T1 tumor-bearing mice (4T1-TBM) were used for in vivo investigations.

PA imaging. PA imaging was measured using a PA imaging system (Endra Nexus 128 scanner,
Michigan, USA). For in vitro PA imaging, the images of CuS NDs and CuS-DDTC NDs solutions
with various concentrations were measured. For in vivo PA imaging, the CuS NDs and CuS-DDTC
NDs solutions (200 pL, 10 mg/kg) were intravenously injected into the 4T1-TBM, respectively,
along with the injection of PBS as a control group. After post-injection for various times, PA

signals of the tumor site were recorded.

Thermal imaging. The CuS NDs and CuS-DDTC NDs solutions (200 puL, 10 mg/kg) were
intravenously injected into the 4T1-TBM, respectively, along with the injection of PBS as a control
group. After 12 h of injection, the tumor site was exposed under 808-nm laser (1.5 W/cm?, 5 min).
The temperatures and images were recorded every 1 min using an infrared camera (Tis65, FLUKE,

Washington, USA).

Biocompatibility, biodistribution, and metabolism studies. For biocompatibility study, healthy
female Kunming (KM, Huafukang Bioscience) mice were used. After intravenous injection with
CuS NDs or CuS-DDTC NDs (200 uL, 10 mg/kg) for 14 d, blood was collected for the tests. The
major organs, including liver, spleen, lung, kidney, and heart, were collected for Hematoxylin and
Eosin (H&E, Keygen) staining, and imaged using a microscope (BX43, Olympus, Tokyo, Japan).

For the biodistribution of CuS NDs and CuS-DDTC NDs, 4T1-TBM were used. After intravenous
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injection with CuS NDs or CuS-DDTC NDs (200 pL, 10 mg/kg) for various times, the mice were
euthanized to collect the tumors and major organs. These collected tissues were weighed and
treated with aqua regia. For evaluating Cu metabolism, after intravenous injection for various
times, the feces and urine were collected and treated with aqua regia. Finally, the amount of Cu in

the major organs, tumors, feces, and urine were analyzed using Inductively Coupled Plasma-Mass

Spectrometry (ICP-MS, Agilent 7800, Tokyo, Japan).

Anti-cancer effects. The 4T1-TBM were randomly divided into different groups, including NIR
laser (PBS + L), DDTC, CuS NDs, CuS-DDTC NDs, CuS NDs + NIR laser (CuS + L), CuS-
DDTC NDs + NIR laser (CuS-DDTC + L), and PBS groups (n = 4). The samples containing CuS
NDs or CuS-DDTC NDs were intravenously injected (200 pL, 10 mg/kg) in all corresponding
groups, respectively. After 12 h, the PBS + L, CuS + L, and CuS-DDTC + L groups were exposed
under the 808-nm laser (1.5 W/cm?, 5 min). After 14 d of treatment, the mice were euthanized to

collect tumors. Finally, the weights of the tumors were recorded.

RESULTS AND DISCUSSION

Synthesis and characterizations. The construction of CuS-DDTC NDs was depicted in Scheme
1. First, PVP-coated CuS NDs were fabricated via the chemical reaction of S?- and Cu?' ions.? As
shown in Figure 1A, the average diameter of the synthesized CuS NDs was about 8.8 nm, and no
significant agglomerations were observed. Figure 1B showed that CuS NDs possessed strong NIR
absorption in the NIR bio-window (750 — 1100 nm), which could be optimum for PTT, PA, and
thermal imaging.?* 3¢ Further, the chemical status of CuS NDs was assessed by the X-ray
photoelectron spectroscopy (XPS, K-Alpha+, Thermo Fisher Scientific, Waltham, USA), and the
Cu and S signals were appeared in the XPS spectrum (Figure 1C), which confirmed the

formation of CuS NDs. Next, to achieve the complexation between copper and DDTC, DDTC was

ACS Paragon Plus Environment
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added in the CuS NDs solution to prepare CuS-DDTC NDs. The loading capacity under the
different mass ratios of CuS NDs to DDTC was measured. In the UV-vis-NIR absorption curve
(Figure 1D), the characteristic absorption peak at 433 nm could be ascribed to Cu(DDTC),,
indicating that DDTC was successfully loaded on the CuS NDs surface. With increasing the
amount of DDTC, the absorbance at 433 nm increased gradually, suggesting that the loading
efficiency was enhanced and was up to 19.5 %, while CuS: DDTC was 0.25 (Figure 1E). In
addition, no apparent morphological change was observed on CuS NDs with the increasing amount
of surface DDTC (Figure S2). Moreover, the DLS measurements showed that the zeta potential
values of both CuS NDs, as well as CuS-DDTC NDs, were in the negative range (Figure 1F), but
the dispersity decreased slightly (Figure 1F). Similarly, the particle size gradually increased with
the increasing amount of surface DDTC in Figure S3, indicating that the higher DDTC content
might have affected the dispersibility of the particles and led to an increase in the hydrodynamic
size of CuS NDs. In addition to the drug loading and physicochemical properties of CuS NDs, the
biocompatibility of CuS-DDTC NDs was investigated using HUVECs.?! The experimental results
showed that the mass ratio of higher 50:1, CuS-DDTC NDs were highly toxic to HUVECs (Figure
S4). Therefore, the mass ratio of 100:1, exhibiting excellent dispersibility, and the least toxicity to
normal cells, was chosen for the subsequent experiments. After the loading process of DDTC on
CuS NDs, the characteristic peaks of DDTC and Cu(DDTC), at 280 nm and 433 nm were
disappeared entirely in the spectrum of supernatant, respectively, indicating that DDTC was fully
loaded on the CuS NDs surface (Figure 1H). In addition, the XRD patterns showed that CuS NDs
were hexagonal-phase, and the characteristic peak of Cu(DDTC), was discovered in CuS-DDTC
NDs (Figure 1I).23 These results demonstrated that CuS NDs were well-prepared, DDTC was

successfully loaded on the surface of CuS NDs.
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Figure 1. Characterizations of CuS NDs and CuS-DDTC NDs. A. TEM image of CuS NDs and
the histogram in the inset showing the size distribution of CuS NDs. B. UV-vis-NIR spectra of the
CuS NDs suspension. C. XPS spectrum of CuS NDs. D. UV-vis-NIR spectra of the CuS-DDTC
NDs solution with different mass ratios. E. Drug loading efficiency of the CuS-DDTC NDs with
different mass ratios. F. Zeta potential, and PDI of the CuS-DDTC NDs solution with different
mass ratios. G. TEM image of CuS-DDTC NDs at the mass ratio of 100:1, and the histogram in
the inset showing the size distribution. H. UV-vis-NIR spectrum of supernatant before and after

drug loading. I. XRD patterns of DDTC, Cu(DDTC),, CuS NDs, and CuS-DDTC NDs.

Photothermal and photodynamic efficacies in vitro. The photothermal properties of CuS NDs
were tested using the 808-nm laser. The temperature of the CuS NDs solution (100 pg/mL)
irradiated at various power densities (0.5, 1.0, 1.5, and 2.0 W/cm?, 15 min) was increased to 5.1,

10.2, 13.4, and 19.2 °C, respectively (Figure 2A). Further, the photothermal conversion rates of
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CuS NDs at various power densities (0.5, 1.0, 1.5, and 2.0 W/cm?) were calculated by using the
previously reported method as 60.9, 61.2, 53.7, and 56.5 %, respectively, suggesting that CuS NDs
had shown excellent photothermal conversion performance.?> In addition, the results of cyclic
photothermal experiments of CuS NDs showed that the photothermal conversion ability remained
stable (Figure 2B), and the UV-vis-NIR absorption spectrum remained unchanged throughout the
experiments (Figure 2C). The temperature of CuS-DDTC NDs solution (100 pg/mL) raised to
13.4 °C after irradiation (1.5 W/cm?, 15 min) in Figure 2D, demonstrating that the photothermal

conversion performance of CuS-DDTC NDs was not affected by DDTC.

To investigate the photodynamic properties of CuS-DDTC NDs, we monitored the generation of
*OH and 'O, radicals by using the formation reaction of 2-hydroxy-terephalic acid (TAOH) and
the degradation reaction of the ABMDMA, respectively.'® Figure 2E and 2F indicated that the
fluorescence of TAOH enhanced rapidly at 360 nm, and the absorption of ABMDMA decreased
slightly at 380 nm with CuS NDs and CuS-DDTC NDs (Figure S5), suggesting the substantial
generation of free radicals, *OH, and 'O, radicals. Moreover, the production rates of ROS without
laser irradiation were also higher than that pure TA or ABMDMA irradiated without CuS NDs and
CuS-DDTC NDs. These results were agreement with the reported studies,?* indicating CuS was a
good nano-catalyst for Fenton-like reaction. Meanwhile, the reaction rates under laser irradiation
were faster than that of without irradiation (Figure 2F), which could be due to the leakage of
copper ions under laser irradiation. In addition, because of the formation of Cu(DDTC),, the
reaction rate of CuS-DDTC NDs was faster than CuS NDs in Figure 2F.37 All these results

demonstrate the potential of CuS-DDTC NDs in PTT and PDT.

To investigate the degradation process of CuS NDs and CuS-DDTC NDs, CuS NDs and CuS-

DDTC NDs were incubated in PBS in vitro, respectively. The UV-vis-NIR spectrum indicated that
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the absorbance of CuS decreased with the increase of incubation time (Figure 2G and 2H), which
indicated that CuS NDs and CuS-DDTC NDs could be degraded in physiological buffer.?* Due to
the ease of oxidation and rapid degradation of (102) surface, the copper ions were released from
the CuS NDs, which was conducive to the degradation of CuS NDs and the production of ROS,

further avoiding the long-term toxicity and favorable for the production of Cu(DDTC),.
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Figure 2. In vitro photothermal and photodynamic performances. A. The temperature change
curves of CuS NDs solutions under different laser power densities. B. The temperature change
curves of CuS NDs solutions with three temperature cycles. C. UV-vis-NIR spectra of the CuS
NDs before and after laser irradiation. D. The temperature change curve of CuS-DDTC NDs
solutions under 1.5 W/cm? laser irradiation. E. The change of the fluorescence spectra of TA

solution in the presence of CuS-DDTC NDs under laser irradiation. F. A variation in the
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fluorescence intensity of TAOH at 360 nm under different treatment. G. UV-vis-NIR spectra of
CuS NDs PBS suspension. H. UV-vis-NIR spectra of CuS-DDTC NDs PBS suspension at different

time points.

In vitro synergistic therapeutic effects. Before exploring the synergistic effect of chemo-PTT in
vitro, we first studied the intracellular uptake efficacy of CuS NDs. In Figure 3A, the CuS NDs
were internalized efficiently into cells in the proximity of the nucleus. Moreover, the fluorescence
intensity was enhanced with the extended culture time, representing the increase of the internalized
amount of CuS NDs, which is conducive to the photothermal effect.’3-3° Then, the synergistic
effect of chemo-PTT effects of the designed formulation was measured. The experimental results
depicted that the viabilities of 4T1 cells remained at high rates after incubation with CuS NDs and
free DDTC (Figure 3B). Then, the viability of cells treated with CuS-DDTC NDs obviously
decreased compared to that of free DDTC and CuS NDs, which could be due to the complexation
of copper with DDTC. Notably, the designed CuS NDs could effectively deliver DDTC into cells,
and then the copper from degraded CuS would be chelated with DDTC, resulting in the active
complex of Cu(DDTC),. Therefore, CuS-DDTC NDs could perform significantly better anticancer
effect than CuS NDs and DDTC. Further, the experimental results showed that under the laser
irradiation, CuS NDs and CuS-DDTC NDs could effectively kill the 4T1 cells. At the
concentration higher than 30 pg/mL, the anti-tumor effect of the CuS-DDTC + L group was
significantly higher than that of CuS + L and CuS-DDTC treatment group. In addition, when the
concentration was 50 pg/mL, the cell survival rate was close to zero. On the one hand, depending
on the excellent photothermal conversion performance of CuS NDs, the intracellular temperature
increased significantly, which resulted in a large number of cell death. On the other hand, the

photothermal effect might have promoted the release of free copper ions, which would be chelated
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to generate more Cu(DDTC),, indicating the higher efficiency of combined chemo-PTT treatment

(Figure 3B).

Further, to investigate the intracellular ROS releasing profiles, DCFH-DA was employed. As
shown in Figure 3C, weak green fluorescence in CuS and CuS-DDTC group and strong green
fluorescence in CuS + L and CuS-DDTC + L treatment groups were observed in 4T1 cells by
CLSM, representing the presence of ROS. Contrarily, the control and DDTC treatment groups
showed a negligible green fluorescence. These results showed that under the laser irradiation, CuS
NDs and CuS-DDTC NDs could effectively produce ROS for PDT treatment. In addition, AO/EB
staining was used to visualize living and dead cells, respectively. These results showed that the
cells in the control, laser, DDTC, and CuS NDs treatment groups displayed strong green
fluorescence, representing the living cells (Figure 3D). It was observed that CuS-DDTC NDs, CuS
+ L, and CuS-DDTC + L treatment groups displayed both red and green fluorescence. In
comparison, most 4T1 cells in the CuS-DDTC + L group have shown apoptosis with red
fluorescence, demonstrating the high efficiency of synergistic therapeutic effect via the

combination of photothermal therapy and copper ions-enhanced chemotherapy.
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Figure 3. Cellular uptake and synergistic effect of Chemo-PTT in vitro. A. Cellular uptake assay
of CuS NDs, scale bar is 20 pum. B. Cell viabilities of 4T1 cells. C. DCFH-DA fluorescence images
of 4T1 cells, scale bar is 100 um. D. Live/dead staining images, live cells in green and apoptosis

cells in red, scale bar is 100 um. *** P < 0.001 and **** P <(0.0001.

Synergistic effect of PTT and copper enhanced chemotherapy in vivo. Based on the excellent
near-infrared photothermal efficiency, CuS NDs was an ideal PA contrast agent, assisting in the
tracking of these composites in the tumor tissue. The PA signals in vitro induced by CuS-DDTC
NDs and CuS NDs were similar, and both of which increased linearly with the CuS concentrations
in Figure 4A. Further, we validated their PA imaging efficiency in vivo. The 4T1-TBM were
injected with CuS NDs and CuS-DDTC NDs, respectively. Then, PA images and signals at various
times were recorded (Figure 4B and 4C). The results indicated that with the extended injection

time, the PA signal intensity had significantly enhanced and reached a peak at 12 h. Further,
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biodistribution and metabolism were investigated using 4T1-TBM to assess the mechanism of the

pharmacokinetics of CuS NDs and their efficacy in vivo. Figure 4D and 4E showed that CuS-

DDTC NDs could be rapidly cleared through feces and urine. After intravenous injection for 48 h,

the excretion amounts in feces and urines were nearly 37.2 and 2.8 %, respectively, which was

consistent with previous studies.?* The biodistribution of CuS-DDTC NDs in major organs at

different time intervals indicated that the CuS-DDTC NDs were efficiently eliminated (Figure

4E). Moreover, after intravenous injection, the designed nanocomposites into 4T1-TBM for 12 h,

about 3.0 % of CuS-DDTC NDs were accumulated in the tumor site. Together, our findings

demonstrated that CuS-DDTC NDs could be effectively accumulated to tumor site for tumor

treatment, and efficiently excreted from the body with low long-term toxicity.
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Figure 4. PA imaging and biodistribution of CuS NDs and CuS-DDTC NDs in vivo. A. PA images

and signal values of CuS NDs and CuS-DDTC NDs solutions with various concentrations. B. PA

imaging of 4T1-TBM at various time points. C. PA signal values of CuS NDs and CuS-DDTC
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Next, the biocompatibility in vivo was accessed by intravenous injection of CuS NDs and CuS-
DDTC NDs into KM healthy mice, respectively, along with PBS as a negative control treatment.
After 14 d of intravenous injection, these mice were sacrificed for blood test together with liver
and kidney function evaluation. The blood test results in Figure S8 indicated that there was no
obvious difference between the CuS NDs, CuS-DDTC NDs, and PBS treatment groups. These
blood test results suggested that CuS NDs and CuS-DDTC NDs had no apparent toxicities. No
prominent toxicities and damage in organs were observed after the treatment with CuS NDs and
CuS-DDTC NDs (Figure S9). All these results indicated that CuS-DDTC NDs were safe for tumor

treatment.

Finally, the combined therapeutic efficiency was assessed using 4T1-TBM. Based on the results
of PA images and distribution in the tumor site, thermal imaging was performed after intravenously
injected with CuS NDs and CuS-DDTC NDs for 12 h. PTT is a highly selective and low toxic
treatment method. Accordingly, the tumor tissue can be selectively irradiated with laser light
towards precise ablation without causing any damage to normal tissue.*’ In Figure 5A and 5B, the
temperature at the tumor site in CuS NDs and CuS-DDTC NDs groups increased about 14 °C and
reached to 48 °C, higher than PBS + L group, i.e., 39 °C, suggesting that CuS NDs and CuS-DDTC
NDs were the effective photothermal agents for tumor treatment in vivo. The CuS NDs or CuS-
DDTC NDs were intravenously injected in all corresponding groups, respectively. After 12 h, the
PBS + L, CuS + L, and CuS-DDTC + L groups were exposed under the laser (1.5 W/cm?, 5 min).
In Figure 5C, no noticeable body-weight loss of mice was observed throughout the treatment
period. As demonstrated in Figure SD-F, the tumor volume of PBS, PBS + L, DDTC, and CuS
NDs treatment groups increased rapidly, while a particular tumor inhibition effect was observed

in the CuS-DDTC group within 4 d after injection. Notably, the tumor growth trend was slowed
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down in the CuS-DDTC group. However, CuS-DDTC NDs could be rapidly eliminated by
metabolism, and only one injection could not effectively control the tumor growth. In the later
stage, tumor cells were grown rapidly, and there was no significant difference in tumor volume
between CuS-DDTC and PBS group. Further, compared to the PBS group, CuS + L and CuS-
DDTC + L groups showed a remarkable inhibitory effect on tumor growth. In addition, the digital
photos of 4T1-TBM (Figure SE) showed that the center part of the tumor in the CuS +L group
was eliminated and crusted. However, the edge of the tumor continued to grow to the periphery
due to tumor recurrence. As the eliminated part of the tumor was calculated in the tumor volume,
but not included in the tumor weight, the tumor weight results (Figure SF) showed that there had
a significant difference between PBS, CuS + L, and CuS-DDTC + L groups. The growth of tumors
was inhibited in the CuS-DDTC + L group without reoccurrence in the 14 d of the treatment
(Figure 5D-F), while contrarily, the tumors in CuS + L group were relapsed in 8 d of the treatment.
The substantial tumor inhibition effects of the CuS-DDTC + L group over the CuS + L treatment
group could be due to combined copper-dependent chemo-phototherapy therapy. In addition, the
blood samples were collected for the blood tests after 14 d of treatment. The experimental results
showed that only the blood indices of CuS-DDTC + L group were within the normal range,
demonstrating the mice were healthy and the tumors were eliminated without reoccurrence in the
CuS-DDTC + L group (Figure S10). These in vivo results indicated the CuS-DDTC NDs were

promising for cancer treatment applications with high biosafety.
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Figure 5. Synergistic therapy in vivo. A. Thermal imaging of 4T1-TBM injected with PBS, CuS
NDs, and CuS-DDTC NDs under the laser irradiation (1.5 W/cm?, 5 min) post intravenous
injection for 12 h. B. The temperature change at the tumor site. C. Body weight of 4T1-TBM with
different treatments. D. Tumor volume change curves. E. Digital photos of 4T1-TBM and tumors
after different treatments for 14 d. F. Tumor weights after different treatments for 14 d. * P <0.05,

¥ P <0.01, *** P <0.001, and **** P <0.0001.

CONCLUSION

In conclusion, we have successfully fabricated a biodegradable multi-functional nanoplatform
based on CuS-DDTC NDs possessing capabilities of multimodal imaging along with the
synergistic effect of combined photothermal and copper ions-enhanced chemotherapy. As a DDS
and copper source, CuS NDs could effectively deliver DDTC and copper ions to the tumor sites.

Due to the degradation and photothermal effect of CuS NDs, copper ions were released and
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chelated with DDTC to generate Cu(DDTC), and improve the anti-tumor effect. Because of the
synergistic therapeutic effect, CuS-DDTC NDs exhibited an excellent anti-tumor effect in vivo.
Therefore, CuS-DDTC NDs could efficiently inhibit tumor growth and be readily degraded as well
as excreted in vivo without showing long-term toxicity. These results indicated that CuS-DDTC

NDs have huge potential for cancer treatment in future clinical applications.
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