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Abstract

Disulfiram copper complex [Cu(DDC)2] nanoparticles have been explored as promising anticancer 

agents but with concerns of toxic side effects. To improve tumor specificity and enhance 

anticancer efficacy, we developed a novel [copper sulfide nanoparticle (CuS NP) + disulfiram 

prodrug (DQ) micelle + near-infrared (NIR) laser] (CDL) combination therapy. DQ, a reactive 

oxygen species (ROS)-responsive prodrug, can be selectively activated at the tumor site with 

elevated ROS to release DDC and form Cu(DDC)2 in situ. The CuS NP + NIR laser treatment can 

effectively increase the intra-tumor ROS levels and efficiently activate the DQ prodrug. The CDL 

therapy kills cancer cells through multiple mechanisms, including ROS amplification cascade and 

Cu(DDC)2 chemotherapy. NIR light-triggered tumor-specific “nontoxic-to-toxic” transition can 

significantly improve the specificity of anticancer effects and reduce systemic toxicity. Also, CDL 

therapy can effectively induce immunogenic cell death (ICD) and has the potential of eliciting 

antitumor immunity.
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1. INTRODUCTION

Triple-negative breast cancer (TNBC) is one type of breast cancer missing progesterone, 

estrogen, and human epidermal growth factor receptor 2 (HER-2) receptors. TNBC is a 

aggressive tumor with invasive and metastatic properties (Carey et al., 2010; Garrido-Castro 

et al., 2019). Due to the heterogeneous nature of TNBC, drugs targeting a specific signaling 

pathway or protein usually cannot achieve satisfactory anticancer efficacy (Nedeljković 

and Damjanović, 2019). Cytotoxic chemotherapy has been commonly used for TNBC 

treatment (Carey et al., 2010; Garrido-Castro et al., 2019; Nedeljković and Damjanović, 

2019). However, chemotherapy often shows short-term benefits and limited patient survival. 

The clinical use of chemotherapy is also limited by the toxic side effects and development 

of drug resistance (Nedeljković and Damjanović, 2019). Thus, there is a great need for novel 

therapies for TNBC. Recently, cancer immunotherapy, particularly the immune checkpoint 

inhibitors (e.g., anti-PD1 antibody, anti-PD-L1 antibody), have demonstrated great potential 

for treating cancer through the induction of anticancer immunity. The immune therapy can 

effectively treat or prevent cancer metastasis and benefit patients with TNBC which has a 

high incidence of metastasis. The development of therapeutics to kill cancer cells through 

immunogenic cell death (ICD) is a promising strategy to elicit antitumor immunity and 

improve the efficacy of immunotherapy for TNBC (Feng et al., 2020).

Copper sulfide nanoparticle (CuS NP) is a nanomaterial with great potential for biomedical 

applications (Goel et al., 2014; Zhou et al., 2016). CuS NP has a strong near-infrared 

(NIR) absorption because of the d-d transition in copper and thus has been utilized for 

photothermal therapy (PTT) and photodynamic therapy (PDT) against cancer and other 

diseases (Chen et al., 2015; Chen et al., 2017; Chu et al., 2018; Huang et al., 2017; Qiao 

et al., 2019; Shi et al., 2018; Zhou et al., 2010). Previous studies have also demonstrated 

promise of CuS NP for bioimaging applications such as positron emission tomography 

(Cui et al., 2018; Zhou et al., 2015a; Zhou et al., 2015b) and photoacoustic tomography 

(Chen et al., 2017; Ku et al., 2012). CuS NP showed excellent biocompatibility and low 

toxicity. It can be cleared from the body after degradation and alleviate long-term exposure 

toxicity, which is a concern for the use of NPs made with noble metals (Shi et al., 2019). 

When treated with NIR laser, CuS NP can efficiently produce ROS through photodynamic 

effects (Gu et al., 2019). The heat generated through photothermal effects can also activate 

dissolved oxygen to generate ROS (Li et al., 2017). Cu2+ released from CuS NP can also 

facilitate the production of ROS through Haber-Weiss and Fenton reactions (Dong et al., 

2020). These properties of CuS NP can be utilized for cancer therapy by increasing the level 

of ROS in cancer cells. Cancer cells are more vulnerable than normal cells to ROS-mediated 

cytotoxicity because they have elevated baseline ROS levels to promote tumor progression 

and have fewer capacities to maintain redox hemostasis (Perillo et al., 2020).

Disulfiram (DSF) has been used as an anti-alcoholism drug for decades. Also, DSF has 

copper-dependent anticancer activities (Bruning and Kast, 2014; McMahon et al., 2020; 

Skrott et al., 2017). DSF is metabolized in vivo and converted into DDC. DDC complexes 

with Cu2+ to generate Cu(DDC)2, which induces cancer cell death by targeting p97 

segregase adaptor nuclear protein localization protein 4 (NPL4) and inhibiting proteasome 

protein degradation pathway (Bruning and Kast, 2014; Skrott et al., 2017). DSF has been 
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tested in several clinical trials for treating castration-resistant prostate cancer, glioblastoma, 

and breast cancer (https://clinicaltrials.gov). However, the clinical use of DSF did not 

achieve satisfactory outcomes due to its poor stability in the body, which results inadequate 

Cu(DDC)2 concentration in the tumor tissue (Zhang et al., 2020). Therefore, novel 

formulations for DSF-based therapy are needed to obtain sufficient intratumoral Cu(DDC)2 

concentration and have potent anticancer efficacy (McMahon et al., 2020; Zhao et al., 

2018a). Previously, we prepared the Cu(DDC)2 NP formulation with a stabilized metal 

ion ligand complex (SMILE) technology developed in our laboratory. The Cu(DDC)2 NP 

showed excellent anticancer efficacies against breast cancer and prostate cancer in the 

preclinical setting (Chang et al., 2020; Chen et al., 2018; Huang et al., 2020).

In the current work, we propose to use a novel CDL combination therapy for cancer 

treatment (Figure 1). The DQ prodrug is stable in the blood and normal tissues but can be 

activated specifically at the tumor microenvironment with elevated ROS levels to produce 

DDC. The ROS generated by NIR laser + CuS treatment will enhance the activation of the 

DQ prodrug. The DDC complexes with Cu2+ to form Cu(DDC)2 in situ at the tumor site. 

The CDL therapy kills cancer through multiple mechanisms, including (1) in situ formed 

Cu(DDC)2 chemotherapy, (2) tumor ROS amplification, and (3) the induction of ICD. The 

CDL combination therapy uses the localized NIR laser to activate DQ prodrug and trigger 

the nontoxic-to-toxic transition at the tumor site. Since the individual ingredients of CDL 

combination therapy have low toxicity and excellent biocompatibility, the toxic side effects 

associated with their exposure in normal tissues/organs will be minimal. The synergistic 

or additive effects of multiple anticancer mechanisms will effectively kill the cancer cells 

by targeting multiple pathways and avoid or delay the emergence of acquired resistance. 

In addition, the induction of ICD will bolster adaptive anticancer immune responses to 

suppress cancer metastasis and potentially enhance the efficacy of immune checkpoint 

inhibitors.

2. MATERIAL AND METHODS

2.1 Material

PEG2K-PLA1.8K was synthesized with the ring-opening polymerization method described 

in our previous study (Li et al., 2010). 2’,7’-dichlorodihydrofluorescein diacetate (DCF

DA) was ordered from EMD Millipore Corp (Darmstadt, Germany). Flouroprobe 5,59,6,69

tetrachloro-1,19,3,39-tetraethylbenzimidazol-carbocyanine iodide (JC-1) was ordered from 

AdipoGen Life Science Inc (San Diego, CA). Propidium iodide (PI) and Calcein-AM were 

ordered from BD science Inc (San Diego, CA). FITC Annexin V apoptosis detection kit was 

from BioLegend (San Diego, CA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) was purchased from Swiss Pharmaceutical Company Novartis (Basel, 

Switzerland). Anti-Calreticulin antibody (ab2907) was purchased from abcam. Oxaliplatin 

(OXP) was from LC Laboratories. DQ was synthesized as previously reported (Pan et al., 

2019) and characterized with 1H-NMR, ESI/MS, and Thin-layer chromatography (TLC). 

Other supplies were purchased from VWR International, LLC (Radnor, USA). Lewis lung 

carcinoma (LLC) lung cancer cells, 4T1 and EMT 6 breast cancer cells, as well as 3T3 

fibroblast cells were from American Type Culture Collection (ATCC). mCherry-KDEL 
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over-expression 4T1 cells (4T1-mCherry) were kindly provided by Dr. Brent Johnston at 

Dalhousie University, Canada (Gebremeskel et al. 2017). The 4T1, EMT6, 3T3 cells were 

cultured in a humidified atmosphere containing 5% CO2 at 37 °C using Roswell Park 

Memorial Institute (RPMI) 1640 with 10% FBS and 1% antibiotic antimycotic. LLC cells 

were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM) with with 10% FBS and 

1% antibiotic antimycotic.

2.2 Preparation and characterizations of CuS NP

CuS NP was synthesized as previously reported (Zhao et al., 2018b). In brief, bovine serum 

albumin (BSA, 250 mg) was dissolved in purified water (7.5 mL). CuCl2 solution (100 

μL, 0.2 M) was slowly added into the BSA solution at room temperature under stirring. 

Then, NaOH solution (1 M, 0.5 mL) and Na2S (0.2 M, 2 mL) were added sequentially. 

The reaction mixture was heated for 30 minutes at 90 °C to yield CuS NP. The synthesized 

CuS NP was purified by dialysis against deionized water, freeze-dried, and stored in a 

refrigerator. CuS NP was observed with transmission electron microscopy (TEM, Zeiss 

EM10) and analyzed with energy dispersive X-ray spectroscopy (EDS; X-Max detector, 

Oxford Instruments Inc). The size of CuS NP was determined with dynamic light scattering 

(DLS; Zetasizer, Malvern). The CuS NP concentration was determined based on the Cu 

concentration. Briefly, 1 mg CuS NP sample was dissolved with 0.8 mL HNO3 (0.6 N) and 

sonicated for 1 hour to dissolve CuS NP. Then, 0.2 mL ammonia was added to the above 

solution to form Cu (NH3)2+.The Cu concentration was determined by the absorption at 

618 nm (Mehlig, 1941; Villanueva et al., 2016). The percentage of CuS content in the NP 

formulation was calculated using the following formula: Amount of CuS / Total Amount 

of NPs x 100%. The CuS NP was also analyzed by X-ray powder diffraction (XRD) by 

using a diffractometer (Bruker, D8 ADVANCE). UV-Vis absorption spectrum of CuS NP 

was determined with Ultrospec 2100 pro UV/Visible Spectrophotometer. The CuS NP was 

also analyzed with Fourier-transform infrared spectroscopy (FT-IR) with spectrum in the 

range of 650-400 cm−1. The serum stability of CuS NP was determined by measuring the 

change of particle size in phosphate-buffered saline (PBS, pH 7.4) with fetal bovine serum 

(FBS, 10%). To determine the photothermal effects of CuS NP, the NP samples were treated 

with NIR laser (808 nm), and the change of temperature was monitored with a digital 

thermometer. The effects of CuS NP concentration, laser power density, and exposure time 

on temperature change were determined.

2.3 Preparation and characterizations of DQ micelle

DQ-loaded micelle was prepared with a film-dispersion method (Li et al., 2011). Briefly, 

DQ (3.5 mg) and PEG-PLA polymer (35 mg) were dissolved with dichloromethane (DCM). 

Then, DCM was removed with a rotary evaporator to form a thin layer of film. The film 

was dispersed in 1 mL PBS with sonication, and unloaded drugs were removed with 

centrifugation at 6,700 rcf for 10 min. The DQ concentration in micelle formulations 

was determined with a UV-Vis spectrometer at 270 nm. The percentage of DQ content 

in the micelle formulation was calculated using the following formula: Amount of DQ / 

Total Amount of DQ and Polymer Carriers x 100%. The critical micelle concentration 

(CMC) was determined with a pyrene-based method (Li et al., 2010). The size of micelles 

were determined with DLS (Zetasizer, Malvern). The morphology was determined with 
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transmission electron microscopy TEM (Zeiss EM10).The serum stability of DQ micelle 

was determined by measuring the change of particle size in FBS (10%) containing PBS (pH 

7.4).

2.4 Anticancer effects on 2D cultured cell line

Cells were seeded into 24-well plates (15,000 cells / well) and incubated overnight. For 

the CDL combination therapy, CuS NP was incubated with cells for 3 hours prior to NIR 

laser treatment. Cells were treated with an infrared diode laser (MDL-N-808) with beam 

diameter of 1.5 cm, intensity of 2.54 W/cm2 for 5 minutes. Then, DQ micelle was added 

and incubated for additional 45 hours. Other groups were treated similarly by using proper 

controls. Cells were treated with the same method with minor adjustments for other assays 

in this study. At the end of treatment, the cell viability was determined with the MTT assay 

(Chang et al., 2020). Calcein-AM/PI staining was also performed 24 hours post treatment 

to test the anticancer effects. Dead and viable cells were observed by the red fluorescence 

(dead) and the green fluorescence (viable), respectively.

2.5 Anticancer effects on 3D tumor spheroids

We used a liquid overlay method to establish tumor spheroids as deseribed in our previous 

studies (Chang et al., 2020). Briefly, a 24-well plate was pretreated with agarose gel (1% 

w/v) and then was seeded with 4T1 cells. The spheroids were formed typically in five day 

and then treated with various testing formulations for additional 24 hours. Then, the samples 

were stained with Calcein-AM/PI. Viable cells with green fluorescence and dead cells 

with red fluorescence and were observed. We also determined the cell viability of tumor 

spheroids with the CellTiter-Blue cell viability assay. After treating tumor spheroids with 

different formulations for 56 hours, tumor spheroids were incubated with CellTiter-Blue dye 

for additional 4 hours, and the fluorescence intensity was measured (EX 560 nm and EM 

590 nm).

2.6 Annexin V apoptosis assay

Cells seeded in a 12-well plate (100,000 cells / well) were treated with different 

formualtions. Twenty-eight hours post-treatment, cell apoptosis was analyzed with FITC 

Annexin V apoptosis kit following the vendor’s instruction (Biolegend) with flow cytometry 

(BD Accuri C6 plus).

2.7 Wound-healing assay

We performed the wound-healing assay as described in our previous studies (Kang et al., 

2018). Briefly, the 4T1-mCherry cells were seeded in a 24-well plate to form a confluent 

monolayer. Then, monolayer was scraped with a pipet tip to produce a scratch. Cells were 

treated with different formulations and the change of scratch was observed.

2.8 Analysis of intracellular ROS

The intracellular ROS was determined with a DCF-DA dye method. Briefly, cells were 

seeded in a 24-well plate (70,000 cells per well). Cells were incubated with DCF-DA (20 

μM) in serum-free medium at 37 °C for 1 hour and then treated with different formulations 
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for additional 6 hours. The fluorescence intensity was determined (EX 485nm / EM 535nm), 

and the fluorescence photos were also taken by the cytation 5 cell imaging multi-mode 

reader.

2.9 Mitochondrial membrane potential (MMP) measurement

JC-1 dye was used to determine the change of MMP. The depolarization of the 

mitochondrial membrane can be determined by monitoring the shift of JC-1 fluorescence 

from red to green (Tang et al., 2017). In this study, cells seeded in a 24-well plate were 

treated with different formulations. After 8 hours, the treated cells were incubated with 

JC-1 dye (0.1 mg/mL) in serum-free media in the dark for 30 minutes. Then, samples were 

observed with the cytation 5 multi-mode cell imaging reader.

2.10 Biomarkers of immunogenic cell death (ICD)

Cells were seeded in a 24-well plate (100,000 cells per well), and incubated overnight 

before use. Then, cells treated with different formulations were analyzed to determine the 

following ICD biomarkers. (1) Cell surface Calreticulin (CRT): Ten hours post-treatment, 

cells were collected and incubated with anti-calreticulin antibody (Abcam, ab2907; 1:200) 

for 60 minutes and treated with the FITC-conjugated secondary antibody for 30 minutes 

(1:200; Goat Anti-Rabbit IgG, Jackson ImmunoResearch). Then, stained cells were analyzed 

with flow cytometry (BD Acurri C6) to determine the cell surface CRT. (2) ATP release. 

Cell culture media was collected 12 hours after treatment, the ATP concentration in the 

conditioned culture media was determined with an ATP bioluminescence detection kit 

(Promega). (3) High mobility group box 1 protein (HMGB1): Cell culture media was 

collected 18 hours after treatment, and the HMGB1 in the culture media was determined 

with an HMGB1 ELISA chemiluminescence kit (Novus Biologicals).

2.11 Determination of Cu(DDC)2 with LC/MS

Cells seeded in a 12-well plate (100,000 cells/well) were treated with CDL for 4 hours, then 

cell lysate and supernatant were collected and mixed with acetonitrile to precipitate proteins. 

After centrifugation, the supernatant was collected and analyzed with LC/MS to detect the 

formation of Cu(DDC)2. The analysis was performed on a UPLC system (Waters,USA) with 

a quadrupole time-of-flight mass spectrometer and electrospray ionization (ESI) in positive 

mode using Masslynx software (V4.1). Ten microliters of solutions were injected into a 

C18 column (Waters BEH C18 2.1 mm x 50 mm, 1.7 μm). The mobile phase (flow rate of 

200 μL/min) was composed of solution A (100% water) and solution B (100% acetonitrile) 

beginning at 50% B, held for 1.5 minutes, then linear ramp to 95% B at 11 min, and return 

to 50% B at 14 min with 4 minutes of re-equilibration.

2.12 Statistical Analysis

Experiments were performed in triplicate or quadruplicate unless otherwise noted. Results 

were reported as mean ± standard deviation (SD). The difference between groups was 

analyzed with the unpaired t-test.
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3. RESULTS AND DISCUSSIONS

Preparation and characterization of DQ Micelle and CuS NP

We synthesized DQ with 4-Bromomethylphenylboronic acid pinacol ester and sodium 

diethyldithiocarbamate as shown in Figure S1 (Pan et al., 2019). The structure of DQ 

was confirmed with 1H-NMR (Figure S1). The ESI/MS (m/z) of DQ was 366.1727, and 

the calculated [MH+] was 366.17. The purity of the DQ was confirmed with TLC, and 

no significant impurity spot was observed. DQ was loaded into the PEG-PLA polymeric 

micelle as described in our previous paper (Li et al., 2011). The PEG-PLA micelle has 

a CMC value of 5 x 10−3 g/L and a particle size of 32 ± 2 nm (Figure S2). DQ was 

loaded into the hydrophobic core of micelles (Figure 2A) with a DQ concentration of 2.9 

± 0.3 mg/mL and a percentage of drug content of 7.5 ± 0.7%. The DQ micelle had a size 

of around 155 ± 8 nm as determined by DLS (Figure 2B). The morphology of the DQ 

micelle was also observed with TEM (Figure 2C). DQ micelle showed outstanding stability 

in serum-containing medium, and no significant change of particle size was observed in 

56 hours (Figure 2D). CuS NP was synthesized with a reported biomineralization method 

(Zhao et al., 2018b). When CuCl2 solution was mixed with BSA, a blue color mixture was 

formed, which was due to the coordination interactions of Cu2+ and BSA functional groups 

(e.g., -SH, -NH2, -COOH). The color of the mixture turned purple after the addition of 

NaOH solution, which was used to adjust the pH to alkaline conditions to unfold the tertiary 

structure of BSA and make more amino acid residues available for stabilizing the CuS NPs. 

The color of the mixture turned into brick red after adding Na2S, indicating the formation 

of CuS. Finally, the color of the mixture turned dark green when the system was heated at 

90 °C for 30 minutes to form stable CuS NPs. The synthesized CuS NP was purified by 

dialysis against deionized water, freeze-dried, and stored in a refrigerator. BSA was used as 

the stabilizer of CuS NP because of the strong affinity between copper and functional groups 

of BSA (Figure 2E). The percentage of CuS content in the NP formulation was 19.5 ± 

0.3%. CuS NP synthesized with this method had a particle size of 81 ± 7 nm as determined 

with DLS (Figure 2F). The morphology and size of CuS NP was also determined with the 

TEM (Figure 2G). CuS NP also demonstrated excellent stability. No significant change of 

particle size was observed after incubation in the serum-containing medium for 56 hours 

(Figure 2H). The CuS NP showed strong absorption at 808 nm and around the NIR range 

(Figure 2I). The synthesized CuS NP was also characterized with EDS (Figure 2J), XRD 

(Figure 2K), and FT-IR (Figure 2L). The results were consistent with previous reports (Li et 

al., 2018; Wang et al., 2016; Zhang et al., 2015). We tested the photothermal properties of 

CuS NP treated with NIR laser (808 nm). The treatment of CuS NP with 808 nm laser can 

significantly increase the temperature, which was dependent on the CuS NP concentration, 

laser treatment time and power intensity (Figure S3). When the CuS NP (0.1 mM) were 

treated with laser (808 nm, power density: 2.54 W/cm2) the temperature increased with time 

of exposure, while much less increase of temperature was observed in pure water control 

(Figure S3A). The incrase of laser power intensity led to the temperature increase in CuS 

NP group (0.1 mM), while minimal effects were observed in the control pure water group 

(Figure S3B). Our data also demonstrated that the change of temperature was dependent on 

the CuS NP concentration. After being exposed to laser (power density: 2.54 W/cm2) for 5 
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minutes, the temperature of control water sample was around 28.6°C and the temperature of 

CuS NP sample (0.1 mM) was about 40°C (Figure S3C).

Anticancer activities of CDL combination therapy

We tested the anticancer effects with 4T1 breast cancer cells. Before testing the anticancer 

effects of CDL combination therapy, we determined the effects of different individual 

treatments on the viabilities of 4T1 cancer cells with the MTT assay. The DQ micelle did not 

show significant cell toxicity when incubated with 4T1 cells for 48 hours at a concentration 

of up to 2 μM (Figure S4A). The unactivated DQ prodrug showed significantly reduced 

toxicity than the DSF when used in combination with CuS NPs. DQ (2 μM) and CuS 

NP (0.1 mM) co-treatment showed minimal effects on 4T1 cells’ viability (75.0 ± 5.6%). 

In contrast, the viability of 4T1 cells co-treated with 0.1 mM CuS NP and 1 μM DSF 

(equivalent to 2 μM DQ) was reduced to 7.3 ± 0.4% (Figure S4B). In the absence of NIR 

laser, CuS NP showed minimal effects on 4T1 cell viability when its concentration was 

less than 0.42 mM (Figure S4C). When co-treated with NIR laser (2.54 W/cm2), CuS NP 

showed concentration-dependent anticancer activities, and the cell viability was around 60% 

at the highest CuS NP concentration (0.42 mM). We also determined the effects of different 

laser intensities on 4T1 cell viability. When 0.1 mM CuS NP was used, the cell viability 

decreased with increased laser intensities. However, in the absence of CuS NP, the treatment 

with the same laser intensity did not result in significant change of cell viability (Figure 

S4D). Although a higher concentration of CuS NP or a higher power of laser will have 

more potent anticancer effects, we will select a relatively low CuS NP concentration and 

low laser intensity in the CDL combination therapy, which can improve the safety but can 

still effectively kill cancer cells through multiple anticancer effects achieved by the CDL 

combination therapy.

Based on these pilot studies, we moved forward to test the anticancer effects of CDL 

combination therapy. As demonstrated in Figure 3A, none of the CuS (0.1 mM), DQ (2 μM), 

Laser (2.54 W/cm2) monotherapy group showed significant cytotoxicity after treatment for 

48 hours, and cell viability in these groups 95 ± 4%, 93 ± 7%, and 97 ± 6%, respectively. 

The [DQ+Laser] showed minimal toxicity and the cell viability in this group was 90 ± 

5%. The cell viabilities in [CuS + Laser] and [CuS + DQ] groups were 81 ± 2% and 

72 ± 7%, respectively. The CDL combination therapy showed the most potent effects 

with the cell viability of 29% in this group. We also tested the anticancer efficacy with 

Calcein-AM/PI staining (Figure 3B and Figure S5). The CuS and DQ groups showed no 

significant change than negative control. The number of dead cells (red) slightly increased in 

the [CuS + DQ] and [CuS + Laser] groups, which were associated with a reduced number 

of living cells (green). The CDL group showed the largest dead cells (red) number and 

significantly reduced the living cells (green) number. We also tested the anticancer effects 

with 3D-cultured 4T1 tumor spheroids, which can mimic the tumor microenvironment. After 

receiving different treatments, the cell viability of tumor spheroids were measured with 

the CellTiter-Blue cell viability assay (Figure 3C). The CuS treated group did not show 

significant change in cell viability over the negative control group. Cell viability was slightly 

decreased in [CuS + Laser] and [CuS + DQ] groups. The CDL group showed the most 

significant reduction of cell viability among all treatment groups. Tumor spheroids were 
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also stained with Calcein-AM and PI. The CDL combination therapy group had the most 

potent anticancer effects, showing the least living cells (green) number and the largest dead 

cells (red) number among all treatment groups. Both [CuS + DQ] and [CuS + Laser] groups 

showed more dead cells than the negative control but less than the CDL combination therapy 

group (Figure 3D). Similar trends were observed in the colony formation study. The CDL 

treatment showed the most potent effects on the inhibition of the colony formation. The 

[CuS + Laser] and [CuS + DQ] treatment groups also showed significant inhibition of cell 

colony but were less effective than the CDL group (Figure 3E). Next, we performed wound

healing studies. This study can evaluate the effects of different treatments on cell metastasis 

(Chang et al., 2020). The treatment with DQ or CuS alone did not show noticeable inhibition 

of wound healing. Some minor effects were observed in [CuS + Laser] and [CuS + DQ] 

groups. The CDL combination therapy group showed the most significant inhibition of 

wound healing (Figure 4). These results indicated that CDL therapy might inhibit cancer 

metastasis, which needs to be further confirmed with in vivo studies with a metastatic tumor 

model.

We also tested CDL combination therapy and relevant controls with LLC lung cancer cells 

and EMT 6 breast cancer cells, as well as 3T3 fibroblast cells. Despite the potent cytoxocity 

of CDL combination therapy group in these cells, all other control groups showed minimal 

effects (Figure S6). Although the CDL also showed toxicity towards the 3T3 fibroblast cells, 

the localized laser treatment for in vivo application can trigger the anticancer effects in 

tumor tissues and avoid toxicity in normal tissues and organs.

Anticancer mechanisms of CDL combination therapy

We hypothesize that the CDL combination therapy kills cancer through Cu(DDC)2 

chemotherapy and ROS amplification. To confirm the Cu(DDC)2 formation in cells treated 

with CDL combination therapy, we analyzed cell samples with LC/MS. The peak at 359 

m/z confirmed the formation Cu(DDC)2 after CDL treatment (Figure S7). We also observed 

the formation of Cu(DDC)2 in the DQ+CuS treated group. Further studies will be need 

to quantitatively compare the concentration of Cu(DDC)2 in different treatment groups. To 

further understand the anticancer mechanism, we determined the intracellular ROS levels in 

4T1 cells using TNBCH-DA as a ROS detection probe, which shows a green fluorescence 

at elevated ROS levels. As shown in Figure 5A&B, CDL combination therapy induced the 

highest ROS level due to the activation of the ROS amplification cascade (Figure 1). [CuS + 

DQ] and [CuS + Laser] groups also showed significantly elevated ROS levels but were less 

than the CDL group. A slight increase in ROS levels was observed in the DQ group. There 

was no significant increase in ROS levels in the CuS group. The intracellular ROS levels 

in different treatment groups showed a good correlation with the cytotoxicity study results 

in Figure 3, indicating ROS amplification was one of the anticancer mechanisms for CDL 

combination therapy.

JC-1 was used in this study to detect the change of the MMP. In normal cells with high 

MMP, JC-1 forms J-aggregates with red fluorescence. The green fluorescence (J-monomers) 

increases at the reduced MMP. As shown in Figure 5C & Figure S8, the control, CuS, Laser, 

DQ, [DQ+Laser] groups showed strong red fluorescence but a negligible green fluorescence, 
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demonstrating high MMP in these groups. [CuS+Laser], [CuS + DQ], and CDL combination 

therapy groups showed a significant increase of green fluorescence signals and associated 

with the decrease of red fluorescence, indicating the reduction of MMP in these groups. 

Among them, the CDL group showed the most significant decrease in MMP. A previous 

study reported that the disulfiram/copper combination therapy could disrupt mitochondrial 

membrane integrity and result in mitochondria-dependent cell apoptosis (Xu et al., 2020; 

Yang et al., 2016). The CDL combination therapy might have a similar effect and kill 

cancer cells through the amplified oxidative stress and by the disruption of mitochondrial 

membranes.

To further investigate cell death patterns, we performed annexin V apoptosis assay (Kang 

et al., 2017) to determine the percentage of early-stage and late-stage apoptotic cells. The 

CDL combination therapy group showed 14.8 ± 0.9 % early-stage apoptotic cells and 29 ± 

2.1% of late-stage apoptotic cells. The [CuS + laser] group showed 8.7 ± 0.3% early-stage 

apoptotic cells and 9.5 ± 4.4% of late-stage apoptotic cells. The [CuS + DQ] group showed 

10.8 ± 0.7% early-stage apoptotic cells and 17.8 ± 8.4% of late-stage apoptotic cells (Figure 

5D). These results indicated that CDL combination therapy could efficiently induce cell 

apoptosis in cancer cells.

ICD refers to any type of cell death that releases damage-associated molecular patterns 

(DAMPs) and stimulates anticancer immunity (Zhou et al., 2019). A variety of therapy, 

including chemotherapy, PDT, PTT, and radiotherapy (RT), can efficiently induce ICD and 

generate “in situ tumor vaccines” to convert a “cold” tumor immune microenvironment 

(TIME) to a “hot” one, providing a new approach of cancer therapy. Cells undergoing 

ICD were often characterized by three biomarkers: (1) Cell-surface translocation of CRT; 

(2) ATP release; and (3) HMGB1 release (Galluzzi et al., 2020). CRT transfers to the 

cell surface and can act as the “eat-me” signal to antigen-presenting cells (APCs) with 

CD91 receptors. Extracellular ATP acts as a short-range “find-me” signal. HMGB1 is a 

biomarker of late-stage ICD. The released extracellular HMGB1 is needed for antigen 

presentation by dendritic cells (DCs). DAMPs facilitate the presentation of antigen released 

from cancer cells, activate anticancer cytotoxic T cells, and establish long-term adaptive 

anticancer immunity. The induction of ICD can activate anticancer immunity and enhance 

the anticancer efficacy of immunotherapy, such as immune checkpoint inhibitors (Kepp and 

Kroemer, 2020). Various ICD inducers have been explored in previous studies (Serrano-del 

Valle et al., 2019). Despite their different action mechanisms, two common features were 

often observed and played a central role in driving ICD: ER stress and elevated ROS 

levels (Serrano-del Valle et al., 2019). Previous studies with disulfiram/Cu therapy and our 

unpublished data with Cu(DDC)2 NP showed the induction of ICD in colorectal and breast 

cancer cells (Sun et al., 2020; You et al., 2019). Cu(DDC)2 can inhibit proteasome-mediated 

protein degradation, cause accumulation of misfolded proteins in the endoplasmic reticulum 

(ER), induce ER stress, and trigger the exposure of danger signals (Serrano-del Valle et 

al., 2019). Bortezomib, a proteasome inhibitor that inhibits protein degradation, can also 

function as an efficient ICD inducer (Serrano-del Valle et al., 2019). Furthermore, both PDT 

and PTT can effectively induce ICD due to their effects on ER stress and ROS generation 

(Duan et al., 2019). Therefore, we hypothesize that the CDL combination therapy could 

efficiently induce ICD. To test this hypothesis, we determined the ICD biomarkers in 4T1 
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cells treated with CDL therapy (Figure 6). The cell surface translocation of CRT was 

determined with flow cytometry after staining cells with anti-CRT primary antibody and 

fluorescence-labeled secondary antibody (Figure 6A). The CDL therapy group showed the 

highest level of cell surface CRT. There was a slight increase of cell surface CRT in [CuS 

+ Laser] and [CuS + DQ] groups compared to the negative control. The treatment with 

[DQ + Laser] and other monotherapy did not result in significant increase of cell surface 

CRT. The CDL treatment showed a similar level of cell surface CRT levels as compared 

to the OXP treated group (positive control). The released ATP in the cell culture medium 

was determined (Figure 6B). The results demonstrated that CDL therapy resulted in the 

most significant ATP release. The [CuS + Laser] and [CuS + DQ] treatment also resulted 

in significant increase of extracellular ATP in cell culture medium. There was no substantial 

change of extracellular ATP in CuS group compared with the control group. Further, we 

determined the released HMGB1 in conditioned cell culture medium using ELISA (Figure 

6C). The CDL combination therapy significantly increased the release of HMGB1. [CuS + 

Laser] and [CuS + DQ] treatment also increased the release of HMGB1 when compared 

with the negative control group. However, the CuS group had a similar level of HMGB1 

release as the control group. These studies indicate that the treatment of cells with CDL 

combination therapy could induce ICD and activate anticancer immunity. The CDL therapy 

kill the cancer through Cu(DDC)2 chemotherapy and elevated intracellular ROS levels. Both 

Cu(DDC)2 and ROS induce ER stress and result in ICD (Deng et al., 2020). Accordingly 

to the definition of type I or type II ICD inducer described in a previous paper (Garg et al., 

2015), the CDL therapy works as type II inducer. However, further studies might be need to 

confirm whether it is a type I or type II inducer.

In this study, we developed a novel CDL combination therapy for cancer treatment. It is 

superior to previously reported disulfiram-based therapies due to its innovative features 

(McMahon et al., 2020; Tang et al., 2020). The CDL therapy kills cancers through 

multiple mechanisms, including in situ formed Cu(DDC)2 chemotherapy, intratumoral ROS 

amplification, and induction of ICD. (1) NIR laser plus CuS NP treatment can elevate ROS 

levels in tumor tissues due to photodynamic effects. (2) ROS-responsive DQ prodrug can be 

selectively activated at the tumor site in response to elevated ROS levels to release DDC. 

DDC complexes with Cu2+ to produce anticancer Cu(DDC)2 in situ at the tumor site. DQ is 

stable and has a minimal release of DDC at normal tissues/organs with low ROS levels. The 

activated DQ will further increase the ROS levels in tumor cells through ROS amplification 

cascade. (3) CuS NP will function as the Cu2+ reservoir and release Cu2+ in response to NIR 

laser-induced CuS NP degradation. (4) DDC and Cu2+ form Cu(DDC)2 complex in situ at 

the tumor site, which induces cell death and proteotoxic stress by targeting P97 segregase 

adaptor NPL4 (Skrott et al., 2017). (5) Both Cu(DDC)2 chemotherapy and elevated ROS can 

induce ICD in cancer cells and activate the anticancer immune responses. It will not only kill 

primary tumors but also prevent or treat metastatic ones.

In the current study, CuS NP was used to trigger the ROS generation in response to 

NIR light treatment and function as a source of Cu2+ to form Cu(DDC)2 complex for 

chemotherapy. A recent study showed that nanoscale copper coordination polymers can 

enhance the induction of ICD through the Cu+ triggered hydroxyl radical production and 
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Cu2+ mediated elimination of GSH (Wang et al., 2021). This mechanism might also 

contribute to the anticancer effects of our CDL combination therapy and is worthwhile 

to be investigated in future studies. Moreover, the potential of CDL therapy for induction 

of ICD was determined in the current study based on in vitro cell-based assays. It is 

critical to perform in vivo pre-clinical studies to test the CDL therapy for its anticancer 

efficacy and potential for anticancer immune therapy in future studies. The CDL therapy 

can potentially convert a “cold” TIME into a “hot” TIME and thus enhance the efficacy 

of anti-PD-L1 antibody and other immune checkpoint inhibitors. Future investigation of the 

immunopotentiating property of CDL therapy is warranted.

4. CONCLUSION

In this study, we developed a CDL combination therapy as a novel therapeutic approach 

for treating TNBC. The CDL combination therapy can enhance anticancer efficacy due to 

the combination of multiple anticancer mechanisms, including Cu(DDC)2 chemotherapy 

and oxidative stress amplification. This therapy will have minimal toxic side effects due 

to tumor-specific NIR light-activated “nontoxic-to-toxic” transition. Because of its unique 

mechanism of action, the CDL combination therapy can be used as a broad-spectrum 

anticancer therapy for different cancers. Cancer cells with elevated ROS levels will be more 

sensitive to CDL therapy. In addition, the CDL therapy will also have the potential to 

enhance the anticancer efficacy through eliciting antitumor immunity.
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Figure 1. Mechanism of CDL Combination Therapy.
(1) NIR laser + CuS NP treatment increases intracellular ROS. (2) ROS converts DQ 

prodrug to DDC. (3) CuS NP release Cu2+. (4) DDC and Cu2+ form Cu(DDC)2 active 

anticancer complex. (5) Cu(DDC)2 chemotherapy and ROS induce immunogenic cell death 

in cancer cells.
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Figure 2. 
(A) Schematic representation DQ micelle. (B) Particle size of DQ micelle. (C) Transmission 

electron micrograph (TEM) of DQ micelle. (D) Stability of DQ micelle in PBS containing 

serum as determined by the change of particle size. Data are presented as the mean ± SD, 

n=3. (E) Schematic representation of CuS NP. (F) Particle size of CuS NP. (G) TEM of 

CuS NP. (H) Stability of CuS NP in PBS containing serum as determined by the change of 

particle size. Data are presented as the mean ± SD, n=3. (I) UV–vis absorbance spectrum of 

CuS NP (1mg/mL). (J) Energy dispersive spectrometer (EDS) analysis of CuS NP sample 
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shows peaks of Cu and S. (K) X-ray diffraction (XRD) spectra of CuS NP. (L) FT-IR spectra 

of CuS NP.
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Figure 3. In Vitro Antitumor Effects.
(A) the MTT assay and (B) Calcein-AM/PI straining. The 4T1 tumor spheroid viability was 

determined with (C) CellTiter-Blue assay and (D) Calcein-AM/PI straining. (E) Cell colony 

formation assay. (CuS, 0.1 mM; DQ, 2 μM Laser, 2.54 W/cm2 for 5 minutes. Data are 

presented as the mean ± SD, n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001 compared with 

the negative control group; # # P < 0.01, # # # P < 0.001, compared with CDL treatment 

group).
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Figure 4. Wound-healing study.
Cells received different treatments after the generation of the scratch. Then, photos were 

taken at 24 hours and 48 hours. mCherry red fluoresce protein labeled 4T1 cells was used in 

this study. (CuS, 0.1 mM; DQ, 2 μM; Laser, 2.54 W/cm2 for 5 minutes. )
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Figure 5. 
Intracellular ROS levels of 4T1 cells receiving different treatments were determined with 

DCFH-DA dye based method. (A) Fluorescence image and (B) fluorescence intensity 

determined with fluorescence spectrometer. (C) The change of MMP was determined with 

JC-1 dye method. (D) Annexin V/PI apoptosis assay determine the percentage late-stage 

apoptotic cells (annexin V+/PI+) and early-stage apoptotic cells (annexin V+/PI−) with flow 

cytometry. (CuS, 0.1 mM; DQ, 2 μM Laser, 2.54 W/cm2 for 5 minutes. Data are presented as 
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the mean ± SD, n = 3, *** P < 0.001 compared with the negative control. # P < 0.05, ### P 

< 0.001 compared with the CDL treatment group).
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Figure 6. Biomarkers of ICD.
(A) Cell surface CRT determined with flow cytometry. (B) ATP release was determined with 

ATP bioluminescence detection kit. (C) HMGB1 release was determined with ELISA. (CuS, 

0.1 mM; DQ, 2 μM Laser, 2.54 W/cm2 for 5 minutes, OXP 5 μM). Data are presented as 

the mean ± SD, n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001, compared with the negative 

control group; # P < 0.05, # # P < 0.01, # # # P < 0.001, compared with CDL treatment 

group).
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