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Abstract 

To circumvent the huge cost, long R&D time and the difficulty to identify the targets of new drugs, repurposing 
the ones that have been clinically approved has been considered as a viable strategy to treat different diseases. 
In the current study, we outlined the rationale for repurposing disulfiram (DSF, an old alcohol-aversion drug) to 
treat primary breast cancer and its metastases. 
Methods: To overcome a few shortcomings of the individual administration of DSF, such as the dependence 
on copper ions (Cu2+) and limited capability in selective targeting, we here artificially synthesized the active 
form of DSF, diethyldithiocarbamate (DTC)-Cu complex (CuET) for cancer therapeutics. To achieve a greater 
efficacy in vivo, smart nanomedicines were devised through a one-step self-assembly of three functional 
components including a chemically stable and biocompatible phase-change material (PCM), the robust 
anticancer drug (CuET) and a near-infrared (NIR) dye (DIR), namely CuET/DIR NPs. A number of in vitro assays 
were performed including the photothermal efficacy, light-triggered drug release behavior, nuclear localization, 
DNA damage and induction of apoptosis of CuET/DIR NPs and molecular mechanisms underlying 
CuET-induced repression on cancer metastatic behaviors. Meanwhile, the mice bearing 4T1-LG12-drived 
orthotopic tumors were employed to evaluate in vivo biodistribution and anti-tumor effect of CuET/DIR 
NPs. The intravenous injection model was employed to reflect the changes of the intrinsic metastatic 
propensity of 4T1-LG12 cells responding to CuET/DIR NPs. 
Results: The rationally designed nanomedicines have self-traceability for bioimaging, long blood circulation 
time for enhanced drug accumulation in the tumor site and photo-responsive release of the anticancer drugs. 
Moreover, our data unearthed that CuET/DIR nanomedicines behave like “Trojan horse” to transport CuET 
into the cytoplasm, realizing substantial intracellular accumulation. Upon NIR laser irradiation, massive CuET 
would be triggered to release from the nanomedicines and reach a high local concentration towards the 
nucleus, where the pro-apoptotic effects were conducted. Importantly, our CuET/DIR nanomedicines revealed 
a pronounced capability to leash breast cancer metastases through inhibition on EMT. Additionally, these 
nanomedicines showed great biocompatibility in animals. 
Conclusion: These combined data unearthed a remarkably enhanced tumor-killing efficacy of our CuET 
nanomedicines through nuclear targeting. This work may open a new research area of repurposing DSF as 
innovative therapeutic agents to treat breast cancer and its metastases. 

Key words: diethyldithiocarbamate, DSF-Cu nanocomplex, light-triggered nuclear targeting, metastasis, 
epithelial-mesenchymal transition 
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Introduction 
The cancer occurrence and death are still rising 

worldwide due to numerous intertwined 
socioeconomic reasons [1], and comprehensive cancer 
prevention and control strategies and effective 
therapeutics are emerging to tackle even greater 
challenges than before [2-4]. Thus far, chemotherapy 
still leads the most prevalent modalities in cancer 
treatment [5,6], but this type of therapeutics is greatly 
undermined by drug resistance, limited targeting to 
diseased sites and detrimental effects on normal cells 
[7-9]. Under this setting, continuous efforts are being 
invested in search of new drugs. However, a few 
factors, including huge cost, long R&D time and slim 
odds of success, incredibly hinder the successful 
applications of new drugs. To circumvent these 
obstacles, drug repurposing, also called drug 
repositioning or reformulation, has been popularly 
proposed to treat cancers with the drugs that have 
been clinically approved to treat other disorders and 
pathological conditions [10-14]. For instance, a 
number of repurposed anticancer drugs have recently 
been defined and tested, such as disulfiram (DSF), 
metformin and statins [15-21].  

 DSF is an established FDA-approved agent to 
treat alcoholism dependent on its activity to inhibit 
acetaldehyde dehydrogenase (ALDH) for decades 
[22]. Preclinical studies manifested a surprisingly 
encouraging activity against cancers through 
inhibition on the proteasome activity, pro-apoptotic 
effects, depletion of cancer stem cells and repression 
on epithelial-mesenchymal transition (EMT) [23-28]. 
With respect to the molecular mechanisms, in 
addition to a direct suppression on ALDH enzymatic 
activity, diethyldithiocarbamate (DTC), a metabolized 
monomer from DSF, forms DTC-copper (Cu2+) 
complex (CuET), which displays even more potent 
anticancer efficacy than the parental DSF. 
Mechanistically, CuET tightly targets nuclear protein 
localization-4 (NPL4), a crucial adaptor of p97 
segregase, leading to prompt protein aggregate 
formation and resultant heat-shock response 
associated with oxidative stress and cell death [29]. To 
this end, it would be speculated that Cu ions are 
indispensable for reinforced DSF chemotherapeutic 
activity through the formation of CuET complex.  

Nevertheless, many questions should be 
addressed in developing DSF regimes in cancer 
treatment, as follows. (i) An adequate Cu ion level is a 
prerequisite for providing substrates to form the 
CuET complex; however, the intrinsic anfractuous Cu 
biodistribution and homeostasis of in the human body 
is not fully understood [30]. In other words, 
DSF-based strategies may be restrained by insufficient 
Cu ions in tumor microenvironment. (ii) Copper is an 

essential micronutrient necessary for all types of cells. 
Based on the CuET formation mechanism, it would be 
plausible to see the formation of CuET in normal 
tissues and cells, resulting in unintended side effects 
and even toxicity. Thus, increasing selective tumor 
delivery efficacy would be more advisable. (iii) Given 
that the threshold in finetuning copper metabolism 
between normal cells and cancer cells is not known till 
now and excessive Cu2+ mass would cause additional 
oncogenic influences [31,32], extra Cu2+ supply in 
patients without copper deficiency would incur more 
problems [33-35]. 

To conquer these above-mentioned obstacles, in 
the current study, we artificially synthesized 
CuET/DIR NPs to realize substantial intracellular 
accumulation, where massive CuET would be 
triggered to release from the nanomedicines upon 
near-infrared (NIR) laser irradiation to reach a high 
local concentration towards the nucleus. Our 
combined data unraveled a new target of CuET: 
cellular nucleus, associated with DNA damage and 
cell death, and pinpointed a promising strategy in 
developing controllable photosensitive CuET/DIR 
nanomedicines for greater therapeutics against breast 
cancer and its metastasis.  

Materials and Methods 
Reagents and chemicals 

Copper (II) chloride (CuCl2), sodium 
diethyldithiocarbamate (Na[S2CNC4H10]) and 
disulfiram (DSF) were obtained from the Sinopharm 
Chemical Reagent Co. Ltd. (Shanghai, China) and the 
J&K (Beijing, China), respectively. Lauric acid (99% 
purity), stearic acid (>97% purity), 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[
methoxy(polyethylene glycol)-5000] (Mw=5000, 
DSPE-PEG5000) and soybean lecithin (Mw≈750) were 
purchased from the Innochem (Beijing, China), the 
Acros (Beijing, China), the Laysan Bio (Shanghai, 
China) and the TCI (Shanghai, China), respectively. 
DIR iodide (DIR, >98% purity) was purchased from 
the Sigma-Aldrich (Shanghai, China). Thiazolyl blue 
tetrazolium bromide (MTT), methanol (CH3OH), 
ethanol (CH3CH2OH), chloroform (CHCl3) and 
dimethyl sulfoxide (DMSO) were obtained from the 
Sigma-Aldrich. Hoechst 33342, LysoTracker Green 
DND-26, culture medium, fetal bovine serum (FBS) 
and phosphate buffered saline (PBS, 10 mM, pH=7.4) 
were purchased from the Thermo Fisher Scientific 
(Beijing, China).  

Synthesis of CuET 
In brief, CuCl2 (1 mmol, 135 mg) and sodium 

diethyldithiocarbamate (Na[S2CNC4H10]) (2 mmol, 
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342 mg) were separately dissolved in deionized water. 
The metal ion solution was mixed with the dissolved 
diethyldithiocarbamate ligand solution with a ratio of 
1:2 at the molar concentration. The products were 
immediately formed as precipitates, followed by 
centrifugation and re-dissolution in chloroform. The 
molecular precursors were recrystallized by diffusing 
ethanol into the above chloroform solution in 1 week 
prior to the following experiments. 

Synthesis of CuET/DIR NPs and CuET/Cy5.5 
NPs 

 Phase-change materials (PCM) NPs were 
fabricated following a previously reported method 
with minor revisions [36]. Briefly, lauric acid and 
stearic acid (4:1 by weight) were dissolved in 
methanol at 4 mg/mL. In order to enhance the 
stability of NPs and the dispersion in biological fluids, 
the hydrophilic polymeric shell with antibiofouling 
properties was modified onto the surface of PCM 
NPs. Lecithin and DSPE-PEG5000 (3:1 by weight) 
were dissolved in 4% aqueous ethanol at 1 mg/mL. 
Phospholipid solution (3 mL) was heated to 50 °C for 
30 min. The PCM solution (600 μL) mixed with the 
desired payloads (48 μL 2.5 mg/mL DIR or Cy5.5 in 
DMSO and/or 48 μL 2.5 mg/mL CuET in DMSO) was 
then added dropwise into the preheated phospholipid 
solution, followed by vigorous vortex for 3 min. After 
cooling down in the ice water for 2 min, the cloudy 
solution was warmed up to ambient temperature in 2 
h, and was then vortexed for 2 min, followed by 
filtration through a 0.2 µm surfactant-free cellulose 
acetate membrane (Thermo Fisher Scientific). The 
unencapsulated molecules and organic solvents were 
removed using a VIVASPIN 6 centrifugal 
concentrator (Sartorius, MWCO=10 kDa). After 
washing with water for 3 times, the resultant 
nanoparticles were suspended in water for further 
use. 

Characterization of CuET/DIR NPs 
PCM NPs were negatively stained with 1.5% 

phosphotungstic acid for transmission electron 
microscope (TEM) characterization (H-7500, Japan). 
Scanning electron microscope (SEM) imaging of the 
NPs was performed on a field-emission SEM (NOVA 
NANOSEM430, FEI, Netherlands) at 5-10 kV after 
gold coating for 120 s (EM-SCD500, Leica, Germany). 
The particle size distribution was measured at 25 °C 
by dynamic light scattering (DLS, Zetasizer Nano ZS, 
Malvern). The UV-vis absorption spectra were 
recorded on a UV-vis spectrophotometer DU-800 
(Backman, USA). The concentration of DIR was 
assayed on a microplate reader (Thermo Fisher 
Scientific, Beijing) for fluorescence measurement at 

780 nm with CuET/DIR NPs dissolved in methanol. 
The concentration of CuET was determined by 
inductively coupled plasma mass spectrometry 
(ICP-MS) (Agilent 8800, Japan) based on Cu after 
nitrification with 1.5% HCl and 0.5% HNO3. Drug 
encapsulation efficiency (EE) was calculated using the 
following equation: 

EE=(weight of the drug in nanoparticles)/(weight of 
the added drug)×100% 

Photothermal efficacy of CuET/DIR NPs 
The aqueous solution of CuET/DIR NPs (1 mL, 

[DIR]=2.0 μg/mL) was subjected to 808 nm laser 
irradiation at different power density for 10 min, and 
the temperature was recorded at intervals of 30 s with 
thermocouple (TES 1315, TES Electrical Electronic 
Corp., China). After the temperature dropped to the 
ambient temperature, 2 additional cycles of 
irradiation were performed with each cycle lasting for 
10 min. 

NIR-triggered drug release 
To measure the release profile of CuET under 

NIR laser irradiation, the aqueous solution of 
CuET/DIR NPs (1 mL, [CuET]=0.4 μg/mL) was 
irradiated under 808 nm laser at a power density of 2 
W/cm2 for 5 min. At indicated time points, the 
irradiated solution (20 μL) was retrieved and mixed 
with water (80 μL) for fluorescence measurement 
using a microplate reader at 432 nm (Thermo Fisher 
Scientific, Beijing). For the heating/cooling 
experiment, the aqueous suspension of CuET/DIR 
NPs (1 mL) was repeatedly irradiated under 808 nm 
laser at a power density of 2 W/cm2 for 5 min, along 
with an interval of 5 min for heat dissipation. The 
percentage of CuET release was calculated by 
(It−I0)/(I100−I0)×100, where It is the fluorescence 
intensity of the solution at the indicated time points, I0 
is the initial fluorescence intensity of the solution 
prior to laser irradiation, and I100 is the fluorescence 
intensity of CuET at the initial concentration. 

Cell culture and animal models 
Here, breast cancer cells MCF-7, 4T1 and 4T1 

subline 4T1-LG12 cells were cultured in RPMI 1640 
medium supplemented with 10% FBS and 1% 
antibiotics (containing penicillin and streptomycin) in 
a humidified incubator at 37 °C containing 5% CO2. 
All animal experiments were approved by the Animal 
Ethics Committee at the Research Center for 
Eco-Environmental Sciences, Chinese Academy of 
Sciences. Female mice (7-8 weeks old with BALB/c 
genetic background) were purchased from the Vital 
River Laboratory Animal Technology Co. Ltd (Beijing, 
China). The orthotopic model (under the skin at the 
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mammary fat pad sites) and the intravenous injection 
model were accordingly established following the 
instructions in our previous reports [37,38]. The NIR 
laser irradiation was only implemented at solid 
tumors per se. Because 4T1-LG12 cells were genetically 
integrated an exotic luciferase gene, metastatic tumors 
were visualized and monitored through the 
bioluminescent signals after injection of 100 μL 
luciferin (15 mg/mL) using an IVIS Spectrum 
Imaging System (Caliper Life Sciences Inc., USA). In 
the orthotopic model, when the volume of primary 
tumors reached approximately 150 mm3, mice with a 
comparable volume of primary tumors were 
randomly divided into different groups for following 
treatments. Tumor volume was measured by a caliper 
and calculated according to the following equation: 
tumor volume=(length×width2)/2. To assess lung 
metastasis, 4T1-LG12 cells was first pre-treated with 
CuET or CuET/DIR NPs together with NIR laser 
irradiation for 24 h, and pre-treated cells were 
afterwards intravenously injected into mice through 
tail vein. Lung metastasis was eventually examined 
when mice were sacrificed. 

Tissue distribution of CuET/DIR NPs in mice 
Mice bearing 4T1-LG12-drived orthotopic 

tumors were intravenously injected with CuET/DIR 
NPs (432 μg/Kg body weight based on CuET) via tail 
vein. After imaging of the whole animals, primary 
tumors together with other organs were dissected for 
imaging at different time points (n=5 for each point). 
Collected tumors and organs were weighed, and then 
dissolved in acid solution containing 1.5% HCl and 
0.5% HNO3 for nitrification at 65 ℃. The Cu content in 
tumors and organs were analyzed by ICP-MS.  

Histological examination 
Tissue specimens were collected and fixed in 4% 

PBS-buffered paraformaldehyde, and tissue sections 
were stained with hematoxylin and eosin (H&E) 
staining following the standard protocols, followed 
by examination under an optical microscope (Axio 
Scope A1, Carl Zeiss, Inc., Germany). 

Fluorescent microscopy characterization 
4T1-LG12 cells were seeded in confocal dishes at 

a density of 3-4×105 cells per dish and were then 
cultured overnight. CuET/Cy5.5 NPs were added 
into the cells and incubated at 37 °C for 3 h. After 
washing with PBS, cells were stained with Hoechst 
33342 (1 mL, 10 μg/mL) and Lysotracker Green 
DND-26 (1 mL, 250 nM) in RPMI-1640 at 37 °C for 20 
min. After washing with PBS for 3 times, the fresh 
culture medium was supplemented for fluorescence 
microscopy imaging (DMI6000, Leica).  

In vitro cytotoxicity and cellular uptake 
assessments 

Cells were seeded in 96-well plates at a density 
of 1-1.5×104 cells per well and were then cultured 
overnight, followed by different treatments. With 
respect to cells receiving NIR laser irradiation, cells 
were irradiated with the 808 nm laser at a power 
density of 2 W/cm2 for 5 min after incubation with 
different treatments for 12 h, followed by additional 
12 h culture. Post treatments, cell viability was 
determined through by Cell Counting Kit-8 (CCK-8) 
assay following a standard protocol (Solarbio, 1000 T, 
China). After various treatments, cell death was 
determined using PI staining through flow cytometry 
analysis (FACS Calibur, BD Biosciences, CA). To 
reflect the cellular uptake of CuET and CuET/DIR 
NPs, treated cells were collected for ICP-MS 
determination of Cu mass.  

Transwell invasion/migration and 
wound-healing assays 

Regarding the transwell invasion/migration 
assay, matrigel (200 μg/mL in 50 μL) was first loaded 
onto the upper chambers of transwells, and then 
incubated at 37 °C for 2 h. Next, 5.0×104 cells with or 
without treatments were seeded onto the upper 
chambers. Thereafter, culture medium with 10% FBS 
(in 100 μL), acting as the chemoattractant, was added 
into bottom wells for consecutive culture for 24 h. 
Then, the filters were removed from the upper 
chambers, and fixed with 4% formaldehyde. The 
filters were stained with 1% crystal violet, followed by 
examination under an optical microscope. In the 
meanwhile, the wound-healing assay was carried out 
following the method, as described previously [39].  

Western blot analysis 
Harvested cells were lysed in RIPA buffer 

containing protease inhibitor cocktail (Roche 
Diagnostics, USA). Concentrations of total cellular 
proteins were assayed using the BCA method 
(Solarbio, China). An equal amount of total proteins 
for each group were subjected to SDS-PAGE and 
thereafter transferred onto nitrocellulose membranes. 
Immunoblotting was carried out following a standard 
protocol, as previously described [40]. Primary 
antibodies (Abs) were as follows, anti-β-actin Ab 
(1:1000 dilution, Proteintech, USA), anti-GAPDH Ab 
(1:1000 dilution, Proteintech, USA), anti-Vimentin Ab 
(1:1000 dilution, Proteintech, USA), anti-β-catenin Ab 
(1:1000 dilution, Proteintech, USA), anti-occludin Ab 
(1:1000 dilution, Proteintech, USA), anti-γ-H2AX Ab 
(1:1000 dilution, Proteintech, USA) and anti-cleaved 
caspase-9 Ab (1:1000 dilution, Proteintech, USA).  



Theranostics 2020, Vol. 10, Issue 14 
 

 
http://www.thno.org 

6388 

Cell nucleus extraction 
Nuclei from 4T1-LG12 cells after treatments 

were collected with a Nuc-Cyto-Mem preparation kit 
(Applygen Technologies Inc, China). Briefly, cytosol 
extraction reagent (500 µL) was added to the 
precipitate per 1×107 cells for resuspension, followed 
by ice bath for 2 min. The cell suspension was 
transferred to a precooled glass homogenizer and 
homogenized manually in ice bath for 20-30 times. 
The crude cell nuclei were collected by centrifugation 
at 800 g and 4 °C for 5 min. Then, nucleus extraction 
reagent (500 µL) was added to the crude cell nuclei for 
resuspension, followed by centrifugation at 4,000 g 
and 4 °C for 5 min. After resuspension with nucleus 
extraction reagent and centrifugation for 2 times, the 
precipitate was resuspended in suspension buffer (50 
µL) for the next-step analysis of ICP-MS. 

DNA damage determination through γ-H2AX 
immunofluorescence analysis 

  4T1-LG12 cells were seeded in confocal dishes 
at a density of 5×104 cells for 24 h. The experiment was 
divided into 4 groups (Control, CuET at 0.1 μM, CuET 
at 1 μM, CuET/DIR NPs + NIR containing 1μM 
CuET). Next, the last group was subjected to 
irradiation with NIR laser (808 nm, 2 W/cm2 lasting 
for 5 min) after incubation with CuET/DIR NPs 
(containing 1μM CuET, 1 mL) for 3 h, followed by 
additional 3 h culture. Afterwards, cells were fixed 
with 4% paraformaldehyde for 15 min, rinsed 3 times 
with PBS, and then permeabilized with triton-X 100 
for 10 min at room temperature, followed by washing 
with PBS. Thereafter, cells were exposed to blocking 
buffer (1% BSA in PBS) for 1 h at room temperature, 
and then incubated with γ-H2AX Ab (dilution 1:1000) 
overnight at 4 ℃. On the next day, after washing, the 
cells were incubated with Cy3-conjugated goat 
anti-rabbit IgG (H+L) (dilution 1:1000) for 1 h at the 
room temperature. Moreover, nuclei were stained 
with DAPI at room temperature. At last, the cells were 
imaged under a confocal microscope (DMI6000, 
Leica). 

DNA extraction and enzymatic digestion 
Genomic DNA was extracted from the harvested 

cells using a Genomic DNA Purification Kit (Solarbio, 
China) according to the manufacturer’s instructions. 
The concentration and quality of the extracted DNA 
were evaluated by measuring the absorbance at 260 
nm and 280 nm. The extracted DNA was digested 
with 1 U DNase I, 2 U calf intestinal phosphatase and 
0.005 U snake venom phosphodiesterase I (New 
England Biolabs, Ipswich, MA, USA) at 37 °C for 24 h. 
Proteins from the DNA digestion system were 
removed prior to the ultra-performance liquid 

chromatography-tandem mass spectrometry 
(UPLC-MS/MS) analysis, using the microcon 
centrifugal filter device (Millipore, Bedford, MA, 
USA) with the 3,000 D cutoff membrane through 
centrifugation at 10,000 g for 30 min. 

UPLC-SRM MS/MS analysis 
The UPLC separation was conducted on a 

Thermo TSQ Quantum Access Max equipped with 
Accela U-HPLC and autosampler (Thermo Fisher 
Scientific, Waltham, MA). A reversed-phase Hypersil 
GOLD column (100×2.1 mm, 1.9 µm, Thermo) was 
used, and 95% water (containing 0.1% formic acid) 
and 5.0% methanol was used as mobile phase at a 
flow rate of 0.2 mL/min. The eluate from the HPLC 
column was directly introduced into an ESI-triple 
quadrupole mass spectrometer (TSQ Quantum Access 
MAX). The mass spectrometer was operated in the 
positive ion mode. For Selective Reaction Monitoring 
(SRM) analysis, collision energy was performed at 15 
eV. The fragmentor voltage was 90 V, and nitrogen 
was used as nebulizer gas. The desolvation gas 
(nitrogen) was heated to 300 °C and delivered at a 
flow rate of 9.0 L/min. The capillary voltage was set 
at 3,500 V. The injection volume is 5.0-15.0 µL for the 
digested DNA. Then, 8-oxo-7,8-dihydro-2'-deoxy-
guanosine (8-oxodG) in cellular DNA was detected in 
the form of the mononucleotide 8-oxodG by 
monitoring the transitions of m/z 284.1→168.1. The 
amount of 8-oxodG was calibrated by the standard 
curve. 

Statistical analysis 
The statistical analysis of experimental data was 

carried out using independent t-test or one-way 
ANOVA test with the SPSS Statistics 17.0 software. 
All experimental data are presented as mean ± 
standard error. Statistical significance was determined 
with *: P < 0.05 and #: P < 0.001. 

Results and Discussion 
  To obtain the active form of DSF, we 

deliberately synthesized CuET complex, as described 
previously [41]. As shown in Figure 1A, the molecular 
structure of CuET was verified by X-ray single-crystal 
diffraction, with characteristic absorption peak at 432 
nm (Supplementary Figure S1). Herein, synthesized 
CuET complex was used in the following mechanistic 
investigations. For even though direct administration 
of CuET is an option to enhance the anticancer 
efficacy of DSF, unsatisfactory drug delivery to 
selective sites remains a large challenge for CuET, 
which hinders its clinical applications [42-44]. To 
address this challenge, we loaded CuET into 
nano-vehicles, organic phase-change nanomaterials 



Theranostics 2020, Vol. 10, Issue 14 
 

 
http://www.thno.org 

6389 

(PCMs), to obtain PCM@CuET NPs. To fabricate 
PCMs, a eutectic mixture of lauric acid and stearic 
acid was used as the core, and phospholipids served 
as the shell. As shown in the TEM image (Figure 1B, 
the insert), the PCM@CuET NPs displayed uniform 
sphere-like morphology with the diameter in the 
range of 80-120 nm. The average hydrodynamic 
diameter of PCM@CuET NPs was about 123 nm, as 
determined by DLS, and the zeta potential of 
PCM@CuET NPs was -20.8 mV (Supplementary 
Figure S2).  

To build up a smart release system, in addition 
to CuET, a photochemical agent DIR was also 
encapsulated into PCM NPs, in that DIR would 
sensitively respond to NIR laser. As reflected by the 
characteristic absorption spectra (Figure 1C), 
successful loading of CuET and DIR was 
substantiated [36], with an encapsulation efficiency as 
high as 12% and 62%, respectively. It is worth noting 
that the absorption peak of DIR was slightly 
broadened after encapsulation into PCM (Figure 1C), 
likely due to the hydrophobic interaction between 
DIR and PCM. In addition, the NPs in different media, 
such as water, PBS and DMEM, manifested good 
dispersion stability for at least 1 week without visible 
precipitation. Thereafter, the photothermal properties 
of PCM@CuET@DIR NPs (denoted as CuET/DIR NPs 
here) were assessed. Figure 1D presents the 
photothermal heating curves showing a strong 
power-dependent temperature increase with the 
maximum temperature up to 51.6 ℃ at a power 
density of 2 W/cm2 for CuET/DIR NPs at 2.0 μg/mL 
based on DIR. Besides, the photothermal heating 
curves were tested at different concentrations based 
on DIR with a power density of 2 W/cm2. As shown 
in Supplementary Figure S3, a concentration- 
dependent temperature increased for CuET/DIR NPs. 
The photothermal stability assessment unveiled that 
the CuET/DIR NPs still bore pronounced 
photothermal efficacy after 3 repeated cycles of laser 
irradiation (Figure 1E). Subjected to NIR laser 
irradiation, the drug release from CuET/DIR NPs was 
evaluated. As shown in Figure 1F, CuET was 
gradually dissolved from CuET/DIR NPs over time in 
response to NIR laser irradiation, in contrast to no 
drug release in the control samples without NIR laser 
irradiation, indicating temperature-induced phase 
change of PCM and resultant release of CuET upon 
the photothermal heating of DIR. Moreover, 
photothermal-controlled drug release was determined 
during heating/cooling cycles. Supplementary Figure 
S4 shows a steady and long-term feature for the 
release of CuET. In agreement with our data, a 
previous study manifested a similar release profile for 
30 min [36]. Further DLS and SEM measurements 

indicated that the average diameter slightly increased 
to 134 nm (Supplementary Figure S5A-B), presumably 
being attributable to the melting of PCM and 
consequent particle agglomeration. Together, we here 
made stable temperature-responsive CuET 
nano-carriers for anti-cancer activity tests. 

Thereafter, we attempted to look for new targets 
of CuET, except p97 segregase adaptor: NPL4, as 
recently discovered [29]. Recent studies reported 
elevated radiosensitivity of glioblastoma cells with 
DSF pretreatment through DNA damage, cell cycle 
interruption and finally apoptosis [45,46], implying 
likely localization of CuET towards nuclei. To this 
end, its subcellular localization was closely probed. 
Since no fluorescence could be used to visualize 
CuET/DIR NPs inside cells, we deliberately labelled 
CuET/DIR NPs with the Cy5.5 dye. As shown in 
Figure 2A, remarkable co-localization was visualized 
between Cy5.5 fluorescence (in red) and lysotracker 
(in green, suggestive of lysosome), revealing that 
CuET/DIR NPs were engulfed into cells via 
endolysosomal pathway. To confirm cellular uptake 
of CuET, ICP-MS was performed to measure Cu mass 
in cells treated with CuET at 1 μM and CuET/DIR 
NPs (with an equal amount of CuET at 1 μM). Our 
results showed marked cellular uptake of CuET into 
4T1-LG12 cells upon treatment with CuET only, and 
CuET/DIR NPs further elevated the cellular uptake 
by approximately 2.3 times compared to cells with 
only CuET treatment (Figure 2B, P<0.05), suggesting 
that the NPs in fact favored cellular uptake of CuET. 
More strikingly, nuclear enrichment of Cu was 
evidenced by more than 3 times in cells treated with 
CuET/DIR NPs (with 1 μM CuET) together with 808 
nm laser irradiation than those upon CuET alone at 1 
μM, unveiling that CuET/DIR NPs together with NIR 
laser irradiation could further facilitate the 
transportation of CuET into nuclei (Figure 2C, 
P<0.05). The finding on nuclear accumulation of CuET 
has not been recognized before, and pinpoints a new 
mechanism of CuET-induced cytotoxicity, different 
from interaction with NPL4. Hereby, we unearthed a 
nuclear targeting mechanism for CuET 
nanomedicines, as shown in Supplementary Figure 
S6. First, CuET nanomedicines behave like “Trojan 
horse” to realize substantial intracellular 
accumulation. In support of this statement, as shown 
in Figure 2A, massive nanomaterials were found to 
accumulate in the perinuclear region. Second, upon 
NIR laser irradiation, massive CuET would be 
triggered to release from the nanomedicines and 
reach a high local concentration towards the nucleus. 
In fact, this serves as a prerequisite for further 
delivering them into the nucleus [47]. Third, mild NIR 
laser could induce local hyperthermia in the 
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perinuclear region [48]. Under this context, it could be 
assumed that, subjected to the effect of local 
hyperthermia around the perinuclear region, 
tremendous anticancer drugs would rapidly occupy 
the nucleus, as proposed previously [47-49]. 

Inspired by the above nuclear localization 
results, we thereby examined the likely DNA damage 
and cell death in cells responding to CuET and 
CuET/DIR NPs. First, a popularly used surrogate to 

recognize DNA double-strand breaks, γ-H2AX, was 
assessed. As manifested by Western blotting results 
(Figure 3A), CuET largely increased the concentration 
of γ-H2AX in 4T1-LG12 cells at 0.1 to 5 μM. Moreover, 
CuET with the aid of PCM NPs, namely CuET/DIR 
NPs, further increased the mass of γ-H2AX under NIR 
laser irradiation, relative to CuET alone at the same 
concentration (Figure 3A). This difference was also 
demonstrated by in situ γ-H2AX determination, as 

 

 
Figure 1. Characterization and photothermal efficacy of CuET/DIR NPs. (A) Molecular structures of CuET monomer and dimer in solution and solid, suggesting rich 
electronic density on the sulfur atom within CuET. (B) Representative SEM and TEM images of CuET/DIR NPs. The TEM image of CuET/DIR NPs is shown in the upper-right 
insert. (C) UV-vis absorption spectra of free CuET (black), free DIR (red) and CuET/DIR NPs (blue). (D) Temperature elevation of CuET/DIR NPs solution (with 2.0 μg/mL DIR) 
under 808 nm laser irradiation at different power density for 10 min. (E) Change of the photothermal heating behaviors for CuET/DIR NPs after repeated cycles of 808 nm laser 
irradiation at a power density of 2 W/cm2. (F) Cumulative CuET release from CuET/DIR NPs under laser irradiation over time (808 nm, 2 W/cm2).  
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much stronger positive signaling (in red) was 
visualized in CuET/DIR NP-treated cells, compared 
to CuET-treated cells at 1 μM (Figure 3B), supporting 
the findings on elevated nuclear delivery CuET by 
nano-carriers together with NIR laser irradiation 
(Figure 2C, P<0.05). To corroborate CuET-induced 
DNA damage, the levels of cellular 8-oxodG, as a 
sensitive parameter of DNA damage, were measured 
through UPLC-MS/MS analysis. As shown in Figure 
3C, CuET increased the levels of 8-oxodG in 4T1-LG12 
cells, especially at 1 μM with more than 50% elevation 
relative to untreated cells (P<0.05). Moreover, 
DIR-involved combinatory thermo-chemotherapy 
induced much greater 8-oxodG/DNA production 
than CuET alone at the same concentration (Figure 
3C, P<0.05), in parallel to the changes of γ-H2AX, as 

described above. As a result, elevated cell death was 
found in cells upon CuET treatment at different 
concentrations, with a substantial PI-positive 
proportion at 5 μM relative to untreated cells 
(Supplementary Figure S7). In support of the above 
findings, the central downstream executor to trigger 
apoptosis in response to DNA damage, caspase-9 in 
the activated form (i.e. cleaved caspase-9) was 
increased in CuET-treated cells, and further increased 
in cells treated with CuET/DIR NPs (containing 1 μM 
CuET) at the same concentration of CuET together 
with NIR laser irradiation (Figure 3D). These data 
together highlighted the reinforced cytotoxicity of 
CuET in the form of CuET/DIR NPs towards 
4T1-LG12 cells due to its nuclear transportation and 
resultant DNA damage.  

 
 

 
Figure 2. Nuclear localization of CuET/DIR nanomedicines. (A) Confocal microscopy images showing the locations of CuET/Cy5.5 NPs (with 0.4 μg/mL CuET and 2.0 
μg/mL Cy5.5) in 4T1-LG12 cells after incubation for 3 h, with Hoechst 33342 (blue), Lysotracker (green) and Cy5.5 (red). (B) Quantitative analysis of intracellular Cu content in 
4T1-LG12 cells upon CuET and CuET/DIR NPs at the same dose of CuET (1 μM) for 24 h by ICP-MS (n=3). (C) Quantitative analysis of nuclear Cu content in 4T1-LG12 cells 
upon CuET and CuET/DIR NPs together with/without NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) at the same dose of CuET (1 μM) for 24 h through ICP-MS (n=3).  
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Figure 3. CuET-induced DNA damage and induction of apoptosis. (A) Protein levels of γ-H2AX in 4T1-LG12 cells upon CuET at different concentrations and 
CuET/DIR NPs (containing 1 μM CuET) together with NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) for 6 h. (B) Representative immunofluorescent images of γ-H2AX 
induced by CuET at 0.1 and 1 μM and CuET/DIR NPs (containing 1 μM CuET) in combination of NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) for 6 h. DAPI (blue), Cy3 (red) 
and merged image (pink). (C) The levels of 8-oxodG in 4T1-LG12 cells upon CuET at different concentrations and CuET/DIR NPs (containing 1 μM CuET) with NIR laser 
irradiation (808 nm, 2 W/cm2 for 5 min) for 24 h. (D) Protein levels of cleaved caspase-9 in 4T1-LG12 cells upon CuET at different concentrations and CuET/DIR NPs (containing 
1 μM CuET) together with NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) for 6 h. 

 
Next, the tumor-killing efficacy was closely 

assessed for CuET and CuET/DIR NPs in various 
cancer cells. In analogy to the above findings, as 
shown in Supplementary Figure S8A, CuET showed 
remarkable cytotoxicity after treatment for 24 h even 
at low concentrations from 0.1 to 5 μM in various 
cancer cell lines (P<0.05), including human breast 
cancer cell line MCF-7, murine breast cancer cell line 
4T1 (parental line) and its aggressive subline 
4T1-LG12, which harbors enhanced propensity to 
metastasize to the lung [37,38]. In contrast to little 
cytotoxicity for DSF and the primary DSF metabolite 
DTC, CuET otherwise was more toxic towards cancer 
cells, as evidenced by a dramatic drop of cell viability 
in 4T1-LG12 cells starting from 0.5 μM 
(Supplementary Figure S8B, P<0.05). Afterwards, the 

cytotoxicity of CuET/DIR NPs was determined. 
Figure 4A shows a significant dose-dependent 
tumor-killing efficacy in 4T1-LG12 cells upon 
CuET/DIR NPs from 0.2 to 0.8 μg/mL (P<0.05), and 
NIR laser irradiation further enhanced the 
tumor-killing efficacy of CuET/DIR NPs with 21-33% 
reduction of cell viability relative to those without 
NIR laser irradiation (Figure 4A, P<0.05). The 
enhanced tumor-killing efficacy should be mainly 
accountable to the intracellular localization of CuET 
with the aid of the nano-vehicles and local 
hyperthermia effects around the perinuclear region, 
as described above. Furthermore, the in vivo 
anticancer activity of CuET/DIR NPs was examined 
in animal model with xenotransplanted breast tumors 
derived from 4T1-LG12 cells, as established in our 
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laboratory [37,38]. The tissue distribution profiles 
indicated that liver, spleen and lung were the major 
organs for CuET/DIR NPs accumulation with much 
less amount in heart, kidney and blood, as 
characterized by Cu mass through ICP-MS (Figure 4B, 
P<0.05), in parallel to most nanomedicines [50-52]. 
Based on these results (Figure 4B, P<0.05), the 
circulation time of CuET/DIR NPs was calculated to 
be approximately 48 h, which offered relatively long 
circulation time for nanodrugs to accumulate at the 
tumor sites. Strikingly, CuET/DIR NPs showed 
incredible inclination to accumulate in tumors with a 
comparable amount to that in the lung, and the 
accumulation increased over time from 12 to 48 h in 
line with the decline in the liver (Figure 4B, P<0.05). 
The preferential feature of tumor accumulation for 
CuET/DIR NPs offers an advantage to liberate drugs 
from the nanomedicines. Meanwhile, DIR 
fluorescence dye encapsulated in CuET/DIR NPs 
enabled the imaging of the tumors, which could 
visualize the localization of CuET/DIR NPs. 
Consistent with the ICP-MS results, CuET/DIR NPs 
exhibited appreciable localization in orthotopic 
primary tumors over time (Figure 4C-E, P<0.05). 
Additional single organ imaging further substantiated 
the massive accumulation of CuET/DIR NPs in 
tumors (Figure 4D).  

The above findings encouraged us to interrogate 
the anticancer effects of CuET/DIR NPs in vivo. In the 
following, we thereby looked into tumor growth 
using the orthotopic model by transplanting 
4T1-LG12 cells in mammary fat pads of BALB/c mice. 
In analogy to previous reports [29], CuET 
administration alone at 216 μg/Kg body weight could 
slow down tumor growth over the time course 
(Figure 4F, P<0.001). Of note, our effect of CuET 
administration alone showed a less extent than what 
has been described previously [29], and a few reasons 
were proposed to interpret this difference, including 
the administration protocol and total administration 
dose and other tumor features (e.g. heterogeneity 
within the tumor microenvironment and drug 
resistance [53-55]). Without NIR laser irradiation, 
individual intravenous administration of CuET/DIR 
NPs did not show significant repression on tumor 
growth (Figure 4F-G). Importantly, the administration 
of CuET/DIR nanomedicines plus 808 nm laser 
irradiation substantially restrained tumor growth 
with no palpable tumors left on day 12 (Figure 4G). 
On this regard, on the one hand, CuET/DIR 
nanomedicines enhanced blood circulation time and 
tumor accumulation (Figure 4B, P<0.05). On the other 
hand, NIR laser triggered more liberation of CuET to 
attack the nucleus. By contrast, limited ablation of 
primary tumors was obtained if only dependent on 

the photothermal effects of DIR, as observed in the 
DIR NPs + NIR group relative to the CuET/DIR NPs 
+ NIR group (Figure 4F, P<0.001), suggesting the 
indispensable role of NIR laser irradiation in initiating 
CuET-induced chemotherapy. Images of dissected 
tumors also corroborated these observations (Figure 
4G). Nonetheless, no noticeable gross toxicity was 
defined in the animals upon these treatments, 
including physical activities and diet. And no 
significant alterations of body weight were found in 
mice upon diverse treatments compared to untreated 
control (Supplementary Figure S9). Plus, histological 
examination of an array of organs validated the 
excellent biosafety and biocompatibility of these 
nanomedicines (Supplementary Figure S10). 
Collectively, these results highlighted a pronounced 
synergistic thermo-chemotherapeutic capacity of 
CuET/DIR NPs to suppress primary breast cancer 
growth, where CuET-induced chemotherapy was 
triggered and subsequently reinforced by NIR laser 
irradiation.    

Given that metastasis accounts for the majority 
of cancer deaths, substantial efforts are being invested 
in search of metastasis-specific therapeutic agents. 
Under this setting, metastatic behaviors of 4T1-LG12 
cells were thus scrutinized upon treatment with CuET 
and CuET/DIR NPs. To better depict the 
anti-metastasis effects, a metastasis-specific mouse 
model was employed, where 4T1-LG12 cells were 
intravenously injected through tail vein and thereafter 
massive lung metastatic tumors were developed 
[37,38]. Consistent with our previous reports [38], 
considerable lung metastasis was formed in untreated 
mice, as characterized by bioluminescent imaging of 
the animals and dissected lungs (Figure 5A-B). 
Although CuET pre-treatment at a lower dose (0.1 
μM) did not elicit significant inhibition on metastatic 
tumors, higher-dose CuET (0.5 μM) otherwise 
incurred great repression on lung metastasis (Figure 
5C, P<0.05). Intriguingly, CuET/DIR NP-mediated 
combinatory thermo-chemotherapy induced even 
greater repression on lung metastasis than CuET itself 
at the same dose (0.5 μM), as nearly no 
bioluminescent signaling could be visualized in 
CuET/DIR NP-treated mice (Figure 5A-B). To 
substantiate this finding, metastatic tumor nodules in 
the lungs were directly counted after fixing with 
Bouin's Fluid. As shown in Figure 5D-E, the number 
of lung nodules was reduced by 67% in the CuET 
group (at 0.5 μM), compared to untreated control, and 
more than 83% reduction was demonstrated in 
CuET/DIR NPs with NIR laser-treated mice relative 
to untreated mice (P<0.05), signifying the greater 
efficacy of CuET/DIR NP-conducted combined 
thermo-chemotherapy against metastasis. 
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Additionally, histological examination with H&E 
staining confirmed the reduction of metastatic tumors 
in the lungs from mice upon treatment with CuET and 

CuET/DIR NPs together with NIR laser irradiation 
(Figure 5F).  

 

 
Figure 4. Tumor localization and tumor-killing assessment. (A) Phototoxicity towards 4T1-LG12 cells in response to NIR laser irradiation of CuET/DIR NPs at different 
concentrations, 0.2 μg/mL CuET with 1.0 μg/mL DIR; 0.4 μg/mL CuET with 2.0 μg/mL DIR; 0.8 μg/mL CuET with 4.0 μg/mL DIR, respectively, at a power density of 2 W/cm2 for 
5 min, followed by additional 12 h culture. *: P<0.05, relative to cells without NIR laser irradiation. (B) Tissue distribution of CuET/DIR NPs in 4T1-LG12 tumor-bearing mice after 
administration of CuET/DIR NPs at 432 μg/Kg body weight based on CuET through tail vein at different time points. *: P<0.05. (C) In vivo fluorescent imaging of mice bearing 
4T1-LG12 tumors after tail vein injection of CuET/DIR NPs at 1.2 mg/Kg body weight based on DIR at different time points. (D) Ex vivo fluorescent imaging of major organs and 
tumors dissected from mice after tail vein injection of CuET/DIR NPs at 48 h. (E) Quantification of the bioluminescent signals at the tumor sites at different time points. (F) The 
growth curves of tumor volumes over time and (G) representative tumor images in different groups with orthotopic implantation of 4T1-LG12 cells at the mammary fat pads 
(5×104 cells/per mouse, n=5). Different treatments were performed 12 days after the volume of tumors reached 150 mm3. CuET group: CuET administration (216 μg/Kg body 
weight); CuET/DIR NPs group: CuET/DIR NPs administration (216 μg/Kg body weight based on CuET and 1.2 mg/Kg body weight based on DIR); DIR NPs + NIR group: DIR NPs 
administration (1.2 mg/Kg body weight based on DIR) together with NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) 12 h post administration; CuET/DIR NPs + NIR group: 
CuET/DIR NPs administration (216 μg/Kg body weight based on CuET and 1.2 mg/Kg body weight based on DIR) in combination with NIR laser irradiation (808 nm, 2 W/cm2 
for 5 min) 12 h post administration. The administration was implemented through tail vein every 48 h for a total of 2 times. 
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Figure 5. CuET/DIR NPs undermined the intrinsic metastatic propensity of 4T1-LG12 cells to the lung. (A) Bioluminescent signals at the lung sites in mice of 
4T1-LG12 cell lung metastasis model upon different treatments. 4T1-LG12 cells were first pre-treated with CuET at 0.1 and 0.5 μM or CuET/DIR NPs containing 0.5 μM CuET 
together with NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) for 24 h, and pre-treated cells were afterwards injected into mice through tail vein. Then, 3 weeks later, 
bioluminescence was imaged after intraperitoneal injection of D-luciferin at 75 mg/kg body weight (n=4). (B) Bioluminescent signal was separately imaged when mice were 
sacrificed. (C) Quantified bioluminescent signals on the lung sites in different groups. (D) Representative lung photographs from different groups. Dark blue arrowheads indicate 
metastatic tumors in the lungs. (E) Quantification of tumor nodules in the lungs from mice after injection of 4T1-LG12 cells with different pre-treatments including CuET and 
CuET/DIR NPs together with NIR laser irradiation (808 nm, 2 W/cm2 for 5 min) (n=4). (F) H&E staining images of lung sections from different group. Green arrowheads point 
at tumor nodules in lung sites. 

 
Afterwards, to inspect the molecular 

mechanisms underlying the anti-metastatic capability 
of CuET, cellular migration/invasion behaviors and 

the EMT program upon CuET were thoroughly 
probed. As shown in Figure 6A, CuET greatly 
repressed mobility/migration of 4T1-LG12 cells from 
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0.1 to 1 μM in a dose-dependent manner, as reflected 
by the wound-healing assay. To validate these results, 
the transwell assessment was carried out, and 
significant inhibition on cellular migration/invasion 
was found in cells treated with 0.1 μM CuET, as 
demonstrated by a dramatic drop of transmigrated 
cells relative to untreated cells (Supplementary Figure 
S11A). Cancer metastasis is a rather complex process 
involving a series of biological programs, of which 
EMT is generally believed to be the driving force for 
cancer cell transition from epithelial features into 
mesenchymal phenotypes [56]. EMT would 
remarkably change the morphology of cancer cells 
with elevated propensity to metastasize to distant 
organs. As delineated in Figure 6B, the cellular 
morphology of 4T1-LG12 cells upon CuET at different 
concentrations was markedly altered from a 
“mesenchymal” shape to an “epithelial” shape, 
indicative of the reverse process of EMT, namely 
mesenchymal-epithelial transition (MET). Similar 
morphological changes were also observed in the 
parental 4T1 cells responding to CuET 

(Supplementary Figure S11B). To verify the inhibited 
EMT progress occurring in CuET-treated cells, a few 
representative surrogates were examined. Vimentin 
encodes an intermediate filament protein responsible 
for cell migration through integrating mechanical 
stimuli from outside and orchestrating the dynamics 
of cytoskeleton, and diminished vimentin level would 
fairly restrain tumor cell invasion and migration 
[57-59]. Likewise, the Wnt/β-catenin signaling plays a 
crucial role in promoting metastasis through 
transcriptional activation of genes involved in EMT 
induction. Meanwhile, as an epithelial cell marker, 
occludin is an integral transmembrane protein at tight 
junctions, and increased occludin concentration 
would enhance cell-to-cell adhesion. As shown in 
Figure 6C, reduced levels of vimentin and β-catenin 
and reversely increased occludin, were found in 
4T1-LG12 cells upon CuET in a dose-dependent 
manner. Together, these findings uncovered that 
CuET greatly compromised the EMT program to leash 
the metastatic behaviors of 4T1-LG12/4T1 cancer 
cells. 

 

 
Figure 6. Molecular mechanisms underlying CuET-induced repression on cancer metastatic behaviors. (A) Representative images of wound-healing assay for 
4T1-LG12 cells without or with CuET treatment at different concentrations for 24 h. (B) Morphological alterations of 4T1-LG12 cells upon CuET treatment at different 
concentrations for 24 h. Scale bars: 10 μm. (C) Protein levels of Vimentin, β-catenin and Occludin in 4T1-LG12 cells upon CuET at different concentrations for 6 h.  
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Conclusions 
In summary, the active form of DSF, an old 

alcohol-aversion drug, namely CuET, was 
synthesized and fabricated for cancer 
chemotherapeutics. Different from proposed 
mechanisms for CuET-conduced tumor-killing 
activity, the present work opens the wider caliber for 
the CuET-based anticancer drug design through 
developing an easy-to-do strategy in triggering 
light-responsive nuclear drug influx, resulting in 
DNA damage and cell apoptosis in breast cancer cells. 
Our CuET/DIR nanomedicines garnered a few 
advisable features in combatting tumors and 
metastases, including enhanced drug accumulation in 
the tumor, self-traceability for tumor bioimaging and 
photo-responsive release of laden anticancer drugs. 
Mechanistically, CuET/DIR nanomedicines function 
like “Trojan horse” to efficiently deliver the CuET 
drug inside the cell, and upon NIR laser irradiation, 
CuET would be liberated from the nanocomplexes to 
localize the nucleus, where the pro-apoptotic effects 
were induced (Supplementary Figure S6). And the 
NIR light-responsive nuclear delivery was designed 
to enhance the intranuclear intrusion. Furthermore, in 
contrast to previous anti-tumor growth only at the 
primary tumor, our CuET nanomedicines showed a 
considerable efficacy in diminishing breast cancer 
metastases to the lung through essentially 
undermining the intrinsic metastatic propensity of 
cancer cells dependent on inhibition on the EMT 
program. Additionally, our CuET/DIR NPs exhibited 
little toxicity to normal tissues, showing greater 
biocompatibility. These merits collectively endow our 
nanomedicines with a remarkably enhanced 
tumor-killing efficacy and great biocompatibility. Our 
findings undoubtedly will open up new avenues to 
investigate broader applications of DSF in cancer 
therapeutics, and will lead to critical insights into 
concomitant thermo-chemotherapy under a smart 
control mechanism to thwart primary tumor growth 
and invasive properties of metastatic cancer cells as 
well. 
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