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Abstract 

Background: Several recent studies have well demonstrated that the chemotherapy or 

near-infrared-II (NIR-II) photothermal therapy (PTT) can induce immunogenic cell 

death (ICD). However, single treatment based on the independent chemotherapy or 

PTT to induce ICD may require high dose of drug, high laser power, or high 

temperature, which limits their clinical application. We hypothesize that combination 

of chemotherapy and NIR-II PTT possesses great promise to overcome respective 

limitations. This manuscript describes the development of polyethylene glycol (PEG) 

modified hollow CuxS nanoparticles (NPs) for synergistic chemo-photothermal 

therapy to effectively promote ICD. 

Results: Hollow structure CuxS-PEG NPs were prepared under mild condition by 

using Cu2O NPs as sacrificial templates. CuxS loaded with doxorubicin (Dox) as 

NDDSs were characterized for hydrate particle size and surface charge. The 

morphology, photothermal effect, drug loading/releasing abilities, synergistic 

chemo-photothermal therapy, and ICD from synergistic therapy of CuxS-PEG NPs 

have been investigated. The in vitro outcomes of ICD and chemo-photothermal 

therapy were assessed in EMT-6 cells. In vivo therapeutic studies and immunoreaction 

were performed in EMT-6 bearing mice where therapeutic outcomes were assessed by 

tumor volume, immunohistochemical staining, and expression of CD8
+
 cytotoxic 

T-lymphocytes. The CuxS-PEG NPs with hollow structure show high drug loading 

capacity (~255 μg Dox per mg of CuxS NPs) and stimuli-responsive drug release 

triggered by NIR-II laser irradiation. The chemo-photothermal strategy more 
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effectively induces ICD than that of the single treatment, accompanying with the 

release of adenosine triphosphate, pre-apoptotic calreticulin, and high mobility group 

box-1. Finally, the synergistic chemo-photothermal therapy based on the 

Dox/CuxS-PEG NPs promotes CD8
+
 cytotoxic T-lymphocytes infiltration into tumors 

and achieves ~98.5% tumor elimination.  

Conclusion: Therefore, our study emphasizes that the great potentials of CuxS-PEG 

NPs can be used as NIR-II light-responsive NDDSs for the applications of 

biomedicine and immunotherapy.  

 

Keywords: Nanocarrier-based drug delivery systems, hollow copper sulfide 

nanoparticles, doxorubicin, chemo-photothermal therapy, immunogenic cell death 
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Background 

Recently, several studies have well demonstrated that the chemotherapy or 

photothermal therapy (PTT) in the second near-infrared (NIR-II) window can induce 

immunogenic cell death (ICD), accompanying with the release of damage-related 

molecular patterns (DAMPs), which serve as immunostimulatory “danger” signals to 

elicit T cell activation [1-5].
 
However, single treatment based on the independent 

chemotherapy or PTT to induce ICD may require high dose of drug, high laser power, 

or high temperature, which limits their clinical application [6, 7].
 
We hypothesize that 

combination of chemotherapy and NIR-II PTT possesses great promise to overcome 

respective limitations (i.e. requirement of high laser power, high dose of drug, and 

less efficient therapeutic efficacy, etc.) and more effectively induces ICD to minimize 

damage to healthy tissues. Therefore, rationally designing drug delivery systems for 

chemo-photothermal therapy and improving ICD efficiency is the key to this study. 

Compared to the traditional chemotherapy, nanocarrier-based drug delivery systems 

(NDDSs) have great prospects for precise cancer therapy due to its higher 

bioavailability, multifunctionality, and low side effects for non-target tissues [8-13]. In 

particular, NIR-II light-responsive NDDSs serve as promising modalities to realize the 

demand of drug release at the target disease site and combination with other 

therapeutic modes [14-18]. Light has been widely used as an external stimulus to 

control drug release because of its unique advantages such as safety, minimal 

cross-reaction, and spatiotemporal precision [19, 20]. In addition, the NIR-II light 

could penetrate a few inches into tissues deeper than NIR-I or visible light, and 
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displayed no apparent damage to tissues or cells [21, 22]. Meanwhile, based on the 

photothermal conversion agents (PTCAs) as NDDSs, NIR-II light can be converted 

into heat for PTT, thereafter triggering drug release from the nanocarriers through 

thermal effect. Moreover, PTT is a complementary approach to enhance 

chemotherapeutic efficiency. Thus, using PTCAs as NIR-II light-responsive NDDSs 

can effectively combine chemotherapy and PTT, which has potential to promote 

tumor ICD. 

Various PTCAs such as noble metal, carbon materials, metal oxide and metal 

sulfide NPs have been developed to generate heat efficiently for NIR light-responsive 

NDDSs [23-29]. For example, noble metal nanoparticles (NPs) (gold nanorods, gold 

nanoparticle agglomerates, platinum NPs) and drugs have been encapsulated into 

polymeric micelles to create vectors which allow NIR light-triggered drug release 

[30-35]. Carbon materials are also able to absorb NIR light and generate heat, and 

therefore the high temperature controls drug delivery from vectors containing carbon 

materials [36]. In addition, nanocarriers containing metal sulfide or metal oxide as 

PTCAs release cargoes through photothermal conversion under NIR laser irradiation 

[37, 38]. However, the reported NIR light-responsive vectors encapsulating both 

PTCAs and drugs have some limitations including high cost, relatively low drug 

loading capacity, premature drug leakage, and complex preparation process, which 

prevented their further widespread applications. Therefore, development of NIR-II 

light-responsive NDDSs with high drug loading capacity, low cost, and facile 

preparation process is demanded. 
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Among the various NIR-II PTCAs, copper sulfide has an optical absorption band 

peaking wavelength at NIR-II region caused by the d−d energy band transition of 

Cu
2+

 ions which is independent of the dielectric constant of the surrounding medium 

[39]. Further, copper sulfide is much less expensive than other NIR-II PTCAs. 

Different from embedding PTCAs in nanocarriers, hollow nanostructured copper 

sulfide which exhibits numerous mesoporous pores and a large specific surface area 

has great application potential to be used as NIR-II light-responsive NDDSs [40]. 

Importantly, hollow copper sulfide can be eliminated from the living body by slow 

dissociation of Cu ion from NPs, indicating low biotoxicity of copper sulfide in vivo 

[41].   

In this work, we develop a NIR-II photo-responsive NDDS mediated hollow 

nanostructured copper sulfide (CuxS) with modification of polyethylene glycol-lipoic 

acid (PEG-LA) for drug delivery, NIR-II PTT, and effectively promoting tumor ICD. 

As illustrated in Figure 1A, the hollow CuxS NPs are first prepared through Cu2O 

NPs template under mild condition. Then, drug molecules (doxorubicin) are loaded 

into hollow CuxS NPs (Defined as Dox/CuxS NPs), resulting in a drug a loading factor 

as high as ~255 μg Dox per mg of CuxS NPs, and the obtained Dox/CuxS NPs are 

subsequently modified with PEG-LA as Dox/CuxS-PEG NPs. The Dox/CuxS-PEG 

NPs exhibit a controllable drug release manner triggered by the NIR-II laser 

irradiation (Figure 1B). Moreover, excellent photothermal effect of Dox/CuxS-PEG 

NPs has been demonstrated benefiting from strong NIR-II absorption. By synergistic 

chemo-photothermal therapy, the Dox/CuxS-PEG NPs can effectively induce ICD, 
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accompanying with the release of DAMPs from dying cancer cells. In addition, we 

found that DAMPs such as adenosine triphosphate (ATP), pre-apoptotic calreticulin 

(CRT), and high mobility group box-1 (HMGB-1) in dying cells induced by the 

chemo-photothermal therapy could simultaneously trigger immune responses (Figure 

1C). Both in vitro and in vivo results well demonstrated that such multifunctional 

nanoplatforms could achieve excellent efficiency for tumor suppression. This work 

develops a NIR-II light-responsive NDDS based on a single-component hollow CuxS 

NPs for synergistic chemo-photothermal therapy and effectively inducing ICD. 

 

Figure 1. Schematic diagram of the preparation and bio-applications of hollow 

CuxS-PEG NPs. (A) The synthesis process of Dox/CuxS-PEG NPs. (B) The 

Dox/CuxS-PEG NPs for synergistic chemo-photothermal therapy. (C) The 

chemo-photothermal therapy induces ICD accompanying with releasing 

tumor-associated immunogenic factors which are presented to T cells. 
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Results and discussion 

Preparation and characterizations of Dox/CuxS-PEG NPs 

 

Figure 2. Characterizations of Dox/CuxS-PEG NPs. Representative transmission 

electron microscopy (TEM) images of (A) Cu2O nanospheres and (B) hollow CuxS 

NPs. (C) HRTEM image of hollow CuxS NPs. XPS spectra of (D) Cu 2p and (E) S 2p 

from CuxS NPs. (F) UV−Vis−NIR absorption spectra of the Cu2O nanospheres and 

hollow CuxS NPs. (G) The TEM image of hollow CuxS-PEG NPs. (H) Hydrate 

particle size of CuxS-PEG NPs. (I) The Zeta potentials of CuxS, CuxS-PEG, and 

Dox/CuxS-PEG NPs. (J) The Dox loading capacity of per mg of hollow CuxS-PEG 

under different mass of feeding Dox.  

 

Utilizing Cu2O nanospheres as CuxS NPs precursor and template, we report a mild 

formation of hollow CuxS NPs through a facile reduction method in aqueous solution. 

The precursor Cu2O nanospheres are synthesized through one-step method, in which 

PVP is used as the stabilizing agent, copper nitrate as the CuxS NPs precursor, and 
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ethylene glycol (EG) and deionized water as the reaction solvent. Typical transmission 

electron microscopy (TEM) images (Figure 2A) reveal that the Cu2O nanospheres are 

spherical NPs with narrow size distribution (Figure S1) and average size about ~ 123 

nm. To obtain hollow CuxS NPs, the Cu2O nanospheres as the sacrificial templates 

react with Na2S solution dropwise under vigorous stirring. Upon the addition, Na2S 

continuously etched Cu2O to fabricate hollow nanostructure immediately meanwhile 

the porous channels in the resultant NPs, which has the potential for loading drugs. 

Representative TEM and scanning electron microscopy (SEM) images (Figure 2B 

and Figure S2) reveal spherical hollow nanostructure with narrow size distribution 

(Figure S3) and average diameter about ~ 125 nm. To further characterize the hollow 

CuxS NPs, the high-resolution transmission electron microscopy (HRTEM) image 

(Figure 2C) shows that the lattice fringes corresponding to the (103) and (102) plane 

of CuxS crystal, indicating that the obtained hollow NPs is CuxS. In addition, the 

powder X-ray diffraction (PXRD) patterns (Figure S4) of hollow NPs verifies that the 

all diffraction peaks are assigned to the CuxS crystal (PDF#41-0959) [42]. Next, the 

high-resolution X-ray photoelectron spectroscopy (XPS) spectrum of Cu 2p exhibit 

Cu element in NPs possessed Cu
+
 and Cu

2+
 (Figure 2D), and S element is S

2-
 state 

(Figure 2E)
 
[43]. Furthermore, the corresponding UV-vis-NIR spectrum (Figure 2F) 

of hollow CuxS NPs showed the optical absorption band peaking wavelength at NIR 

region (range from NIR-I to NIR-II), which displayed the potential for the NIR-II 

phototherapy. These results well demonstrated that we successfully achieved hollow 

CuxS NPs with absorption at NIR-II region.  

javascript:;
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To improve the biocompatibility of Dox/CuxS NPs, PEG-LA due to good 

biocompatibility and long-term circulation is used to modify the hollow NPs based on 

the Cu-S bond. The typical TEM image (Figure 2G) displays the observed faint dense 

corona surrounding the surface of CuxS NPs, demonstrating that a uniform PEG layer 

is coated on the hollow CuxS NPs (CuxS-PEG). The average hydrodynamic size of 

CuxS-PEG NP is ~ 120 nm (Figure 2H), consistent with that of the Cu2O templates. 

Therefore, the hollow CuxS NPs have great potential to loading with antitumor drugs 

for chemotherapy, and we select Dox molecules as a model drug to evaluate their 

capacity. Meanwhile, the Zeta potential of CuxS-PEG NPs with strong negative charge 

(–21.2 mV) is higher than than that of the pristine CuxS NPs (–15.9 mV) (Figure 2I). 

After loaded with positively charged Dox, the Zeta potential of Dox/CuxS-PEG NPs 

decreases to –19.3 mV, indicating the successful Dox loading in NPs. Then, the 

loading capacity of Dox was measured by UV-vis spectra according to the standard 

line relation between concentration and absorption intensity (Figure S5). The UV-vis 

spectra of feeding Dox in solution and supernatant were respectively recorded (Figure 

S6), and the maximum loading capacity of Dox in hollow CuxS NPs is quantified to 

be ~ 255 μg Dox per mg of NPs (Figure 2J). 

Properties of CuxS-PEG NPs for drug releasing and in vitro chemo-photothermal 

therapy
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Figure 3. Drug releasing and in vitro chemo-photothermal therapy of 

Dox/CuxS-PEG NPs. (A) The UV-vis-NIR spectra of CuxS-PEG NPs, 

Dox/CuxS-PEG NPs, and Dox. (B) The photothermal conversion curves of CuxS-PEG 

NPs dispersions with different concentrations (0, 50, 100, and 200 µg·mL
−1

). The 

dispersions are irradiated with a 1064 nm laser (1.0 W·cm
−2

). (C) Dox release 

performance at pH = 6.0 and 7.4 with or without laser irradiation (1.0 W·cm
−2

). (D) 

Fluorescence images of EMT-6 cells after treated with Dox/CuxS-PEG NPs and 

Dox/CuxS-PEG NPs plus NIR-II laser, respectively. The red and blue signals 

represent the Dox fluorescence and DAPI-stained cell nuclei, respectively. (E) MIF of 

Dox in the cell at different time point. (F) Cell viability of EMT-6 cells after treated 

with free Dox, Dox/CuxS-PEG NPs and Dox/CuxS-PEG NPs plus NIR-II laser. (G) 

Propidium iodide (PI) and Calcein-AM staining of the EMT-6 cells after 

administration with different groups: PBS, CuxS-PEG NPs, Dox, Dox/CuxS-PEG NPs, 

CuxS-PEG NPs plus laser, and Dox/CuxS-PEG NPs plus laser, was measured by 

fluorescence microscope. 
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Compared with the absorption spectrum of the hollow CuxS-PEG NPs, 

absorption spectrum of Dox/CuxS-PEG NPs shows a wide peak in the range of 

380~600 nm, which is derived from the encapsulated Dox molecules (Figure 3A), 

further indicaiting the successful Dox loading in NPs. Next, the photothermal 

conversion performance of hollow CuxS-PEG NPs was studied by irradiating the 

CuxS-PEG NPs aqueous dispersions with 1064 nm laser (1.0 W·cm
−2

) under different 

concentration (0, 50, 100, and 200 μg·mL−1
). The recorded temperature change curves 

of hollow CuxS-PEG NPs in PBS solution rapidly increases within 4 min, and then 

reached to a plateau. When the NPs concentrations increases from 50 to 200 μg·mL−1
, 

the temperature change (ΔT) is 16.6, 24.1, and 27.9 
o
C (Figure 3B), respectively. In 

stark contrast, the temperature of PBS solution shows negligible temperature increase 

(~2.3 °C) under same conditions. Then, the photothermal stability of CuxS-PEG NPs 

(50 μg·mL−1
) is investigated by repeatedly irradiating aqueous dispersions for four 

ON/OFF cycles. No significant reduction was observed over the four cycles (Figure 

S7), suggesting that the CuxS NPs are photothermal stability for the NIR-II PTT. 

Therefore, the hollow CuxS NPs can be used for NIR-II PTT for triggering drug 

releasing. 

The Dox releasing behavior was studied in PBS solutions (Dox/CuxS NPs: 100 

μg·mL−1
 ) at different pH (6.0 and 7.4) with or without laser irradiation (1.0 W·cm

−2
) 

for 3 min. Under the slightly acidic condition (pH = 6.0), Dox release rate is faintly 

faster than that of under neutral conditions (pH = 7.4). At pH 6.0 after 24 h, the 

released Dox amount reached to 22% which is higher than that at pH = 7.4 (∼13.1%) 



13 

(Figure 3C), deriving from the increased hydrophilia and protonation of Dox under 

acid environment. In addition, a explosive release of Dox observed under laser 

irradiation due to the rapid local temperature increase which can accelerate Dox 

dissolution from the NPs. Moreover, accumulated Dox amount in acidic and neutral 

environment under laser irradiation after 12 h is respectively almost 3.5-fold (51.7% 

vs 14.6%) and 4.1-fold (35.1% vs 8.4%) as that without irradiation. Therefore, hollow 

CuxS NPs can be used as NIR-II light-responsive NDDSs for on-demand drug 

delivery.  

Before evaluating the behavior of intracellular drug delivery, the endocytosis and 

cytotoxicity of hollow CuxS-PEG NPs have been measured by the inductively coupled 

plasma mass spectrometry (ICP-MS) and MTT assay, respectively. Firstly, CuxS-PEG 

NPs (50 and 100 μg·mL−1
) are incubated with EMT-6 cells for different time (1, 2, 4, 

and 6 h), and the concentration and incubation time-dependent phenomena are 

observed (Figure S8). Next, the cytotoxicity of CuxS-PEG NPs was measured with 

various concentrations (ranging from 0~100 μg·mL
−1

) incubated with EMT-6 cells for 

48 h. The MTT assay results show that the cell survival rate remains above 93% when 

the concentration of CuxS-PEG NPs is increased to 100 μg·mL
−1

 (Figure S9), 

indicating that the CuxS-PEG NPs have no significant cytotoxicity to EMT-6 cells at 

the tested concentrations. Then, the intracellular conversion performance of 

CuxS-PEG NPs is investigated on EMT-6 cells after incubating with NPs (50 μg·mL
−1

) 

for 4 h, and the temperature of cells increases to 43.8 
o
C under irradiation with 1064 

nm laser (1.0 W·cm
−2

) (Figure S10). After incubating with CuxS-PEG NPs for 4 h, 
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EMT-6 cells viabilities gradually decrease with increasing concentrations of NPs after 

irradiation with 1064 nm laser for 10 min (1.0 W·cm
−2

), remaining only 

approximately 85%, 69.7% and 54.9% at concentration of 25, 50 and 100 μg·mL
−1

, 

respectively. Therefore, the CuxS-PEG NPs can be used as NIR-II PTCAs for PTT. 

   The drug delivery in cells was tested by incubating Dox/CuxS-PEG NPs with 

EMT-6 cells for different time (0, 1, 2, and 4 h) irradation with or without laser, 

followed stained by 4′,6-diamidino-2-phenylindole (DAPI). The fluorescence signals 

of Dox are observed in EMT-6 cells treated with Dox/CuxS-PEG NPs at different time 

points (Figure 3D). In addition, the fluorescence intensity of Dox increases obviously 

in the cells after treating with Dox/CuxS-PEG NPs plus laser, indicating that the 

NIR-II light can accelerate the release of Dox. As shown in Figure 3E, the mean 

fluorescence intensity (MFI) of Dox is quantified from images (Figure 3D), which 

was consistent with results in Figure 3C. Therefore, these results have well 

demonstrated that CuxS-PEG NPs can be used as NIR-II light-responsive NDDSs for 

drug delivery in cells.  

Next, the NIR-II light-responsive performance of Dox/CuxS-PEG NPs for 

synergistic chemo-photothermal therapy is studied. EMT-6 cells are treated by free 

Dox (chemotherapy), Dox/CuxS-PEG NPs (chemotherapy), or Dox/CuxS-PEG NPs 

plus laser (chemo-photothermal therapy) for cell viability measurement (Figure 3F). 

At test concentration, the Dox/CuxS-PEG NPs plus laser group shows stronger killing 

effects than other group. For example, at 5 μg·mL
−1 

of Dox, chemo-photothermal 

therapy killed ∼98.7% cancer cells, much higher than either free Dox (∼46.1%) and 
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Dox/CuxS-PEG NPs (∼36.3%). Herein, dead/live staining measurement is employed 

to test the chemo-photothermal therapy effect of Dox/CuxS-PEG NPs on the cancer 

cells. Six groups including PBS, CuxS-PEG NPs, Dox, Dox/CuxS-PEG NPs, 

CuxS-PEG NPs plus laser, Dox/CuxS-PEG NPs plus laser are administrated on the 

EMT-6 cells. As presented in Figure 3G, almost no cells die (green fluorescence) in 

groups PBS and CuxS-PEG NPs indicating the no significant cytotoxicity of 

CuxS-PEG NPs, while the number of dead cells (red fluorescence) with treatment of 

Dox/CuxS-PEG NPs plus laser significantly increases. Therefore, the synergistic 

chemo-photothermal therapy of Dox/CuxS-PEG NPs plus laser displays superior 

antitumor effect triggered by the NIR-II light.  

Detection of DAMPs released from the dying cells 
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Figure 4. DAMPs released from the dying cells with chemo-photothermal 

treatment. (A) Schematic illustration of ICD induced by the chemo-photothermal 

therapy. (B) The concentration of ATP releasing from the EMT-6 cells treated with 

different groups. (C) Cell-surface exposure of calreticulin (CRT) of DAPI
- 
EMT-6 

cells after administration with different treatments by flow cytometry analysis. (D) 

Immunofluorescence microscopy of CRT expression on the cell surface of EMT-6 

cells treated with different groups and measured after immunofluorescence staining 

scale bar: 100 µm. (E) The MIF of CRT from (D). (F) HMGB-1 release from cell 

nucleus to cytoplasm of EMT-6 cells treated with different groups and measured after 

immunofluorescence staining, scale bar: 10 µm. (G) The MIF of released HMGB-1 

from (F). Six groups are respectively PBS, CuxS-PEG NPs, Dox, Dox/CuxS-PEG NPs, 

CuxS-PEG NPs plus laser, and Dox/CuxS-PEG NPs plus laser. Data are shown as 

mean ± standard deviation (n = 3), *p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 

0.0001. 
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To date, ICD has been well demonstrated in the chemotherapy or photothermal 

therapy. As shown in schematic illustration (Figure 4A), DAMPs release from the 

dying cells after treatment with phototherapy. A “find-me” signal is delivered by the 

released ATP molecules which cause dendritic cells (DCs) to produce cytokine [44, 

45]. In comparison to the groups of PBS, CuxS-PEG NPs, Dox, Dox/CuxS-PEG NPs, 

CuxS-PEG NPs plus laser, we observe a highest level of extracellular ATP at 25.3 nM 

after treatment with the synergistic chemo-photothermal therapy by using a 

luciferase-based probe (Figure 4B). Moreover, CRT exposure is a mediator of tumor 

immunogenicity and potent “eat-me” signal [46]. Flow cytometry measurement 

reveals that the CRT is most highly expressed after treatment with Dox/CuxS-PEG 

NPs under 1064 nm laser irritation, indicating that combination chemotherapy and 

PTT can more effectively induce the CRT exposure (Figure 4C). The direct 

fluorescence microscopy observation (Figure 4D) and MIF of CRT from fluorescence 

image (Figure 4E) further confirm the most significant exposure of CRT after 

treatment with synergistic chemo-photothermal therapy. To the best of our knowledge, 

HMGB-1 releasing from cell nucleus in dying cells can trigger inflammation, attract 

various immune cells and cause DC maturation [47]. In our work, we observe that the 

treatment of Dox/CuxS-PEG NPs plus 1064 nm laser also shows a most significant 

increase of the translocation of HMGB-1 from nuclei to extracellular space (Figure 

4F). The MIF of HMGB-1 in extracellular space from Figure 4F indicates synergistic 

chemo-photothermal therapy can effectively promote the release of HMGB-1 (Figure 

4G).  
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Next, in vitro DCs maturation was investigated using Bone marrow-derived 

dendritic cells (BMDCs). After treated with PBS, CuxS-PEG NPs, Dox, 

Dox/CuxS-PEG NPs, CuxS-PEG NPs plus laser, and Dox/CuxS-PEG NPs plus laser, 

the harvested dying EMT-6 cells were incubated with BMDCs for 10 h at 37 
o
C and 

measured by flow cytometry. A significant percentage of DCs maturation (38.2%) is 

found in the BMDCs incubated with Dox/CuxS-PEG NPs plus laser pre-treated cancer 

cells (Figure S11), which is higher than that of PBS (11.9%), CuxS-PEG NPs (12.4%), 

Dox (24.1%), Dox/CuxS-PEG NPs (23.7%), and CuxS-PEG NPs plus laser (28.3%). 

Therefore, the combination of chemotherapy and PTT can more effectively generate 

DAMPs in dying cells and benefit the DCs maturation. 

The in vivo chemo-photothermal therapy and ICD  
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Figure 5. In vivo chemo-photothermal therapy and ICD. (A) Schematic illustration 

showing the treatment regimen, EMT-6 cells inoculation in the flank of the mouse. 

The mice (n = 5) received different treatments and irradiated with NIR-II laser for 10 

min (1 W·cm
−2

). (B) Mouse body weight, (C) Tumor growth curve, (D) photographs 

of tumor, (E) Tumor weight of different groups: PBS (I), CuxS-PEG NPs (II), 

Dox/CuxS-PEG NPs (III), Dox (IV), CuxS-PEG NPs plus laser (V), and 

Dox/CuxS-PEG NPs plus laser (VI). (F) Morbidity-free survival of different groups of 

mice with EMT-6 tumors after various treatments. After NIR-II photo-treatments for 3 

days, percentage of anti-tumor CD8
+
 cytotoxic T-lymphocytes cells among leukocytes 

(G) and CD8
+
 T cells to Tregs in tumors (H) were analyzed by flow cytometry 

analysis. Data are shown as mean ± standard deviation *p < 0.05, **p < 0.005, ***p < 

0.001. 
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pre-determined time points (0, 1, 2, 4, 6, 12, 24, and 48 h), and ICP-MS analysis 

displayed that the CuxS-PEG NPs possessed long-term circulation in vivo (Figure 

S12), owing to the modification of PEG on the surface of NPs. Next, we investigate 

the biodistributions of CuxS-PEG NPs in the major tissues including heart, liver, 

spleen, lung, kidney and tumor. The mice were sacrificed at different time (12, 24, and 

48 h) after adimistration of CuxS-PEG NPs, and all collected tissues were treated with 

chloroazotic acid. The ICP-MS measurement indicates that the concentrations of 

CuxS-PEG NPs in the tumor sites are ~4.3%, ~7.8% and ~6.7% at 12, 24, and 48 h, 

respectively (Figure S13). Therefore, the time-point at 24 h after intravenous 

injection of NPs is suitable for in vivo experiments. To verify in vivo photothermal 

conversion properties of CuxS-PEG NPs, the typical thermal images of mice under 

irradiation with the 1064 nm laser were recorded by the infrared camera (Figure S14). 

The temperature at tumor sites with the treatments of CuxS-PEG NPs plus laser 

increases to 45.06 
o
C within 5 min (Figure S15), while the temperature of PBS group 

is silghtly increased. These results reveal that the enhanced permeability and retention 

(EPR) effect induced CuxS-PEG NPs accumulating into the the tumor sites passively. 

Next, we investigate the antitumor efficacy of the synergistic 

chemo-photothermal therapy based on the CuxS-PEG NPs triggered by NIR-II laser. 

As the schematic illustration shown in the Figure 5A, when the tumors were growing 

to ~ 100 mm
3
, six groups (n = 5) of the EMT-6 tumor bearing mice were received 

different treatments as follows: (I) PBS as control, (II) CuxS-PEG NPs (dose of 10 

mg·kg
−1

), (III) Dox/CuxS-PEG NPs, (IV) only Dox, (V) CuxS-PEG NPs plus laser, 
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and (VI) Dox/CuxS-PEG NPs plus laser (1 W·cm
−2

 for 10 min). Subsequently, the 

mice weight and tumor volume were monitored every two days. The body weight of 

mice in all groups shows no remarkable undulation during the therapeutic process 

(Figure 5B), which indicates the security of NIR(II)-induced synergistic 

chemo-photothermal therapy. Moreover, the groups (V) and (VI) efficiently inhibite 

tumor growth by ~76.8% and ~98.5% respectively, after irradiation treatment with 

1064 nm laser (Figure 5C). Meanwhile, on the 18th day after the first treatments, the 

the photos (Figure 5D) and weight measurement (Figure 5E) of the excised tumors 

from sacrificial mice of all groups verify that Dox/CuxS-PEG NPs plus laser group 

can realize more efficient tumor suppression than either PTT or chemotherapy alone, 

which is consistent with cellular reuslts. Remarkably, all the tumors in 

Dox/CuxS-PEG NPs plus laser group (VI) are alomst completely eliminated at the end 

of therapy (Figure S16). In contrast, the groups (I) and (II) show negligible influence 

on the tumor growth, and slight inhibition effect is observed in Dox/CuxS-PEG NPs 

and Dox groups. To assess the therapeutic effect, the excised tumors were sliced and 

stained with H&E (Figure S17) and TUNEL staining (Figure S18), which 

demonstrated that Group VI displayed much severer necrosis of tumor cells than the 

other groups. To further evaluate the therapeutic outcomes of Dox/CuxS-PEG NPs 

plus laser based on chemo-photothermal therapy, the survival experiment was carried 

out on the EMT-6 tumors bearing mice after treated with different groups. We find 

that seven of ten tumors bearing mice can survive for 60 days after treated 

Dox/CuxS-PEG NPs plus laser, in marked contrast to mice in the PBS, CuxS-PEG NPs, 
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Dox/CuxS-PEG NPs, and only Dox groups in which all die within 30-40 days (Figure 

5F). These experimental results indicate that the breast cancer could be effectively 

inhibited by chemo-photothermal therapy. 

Next, we aslo investigated the immune response from ICD after treatments with 

chemo-photothermal therapy, which can trigger cytotoxic T-lymphocytes and induce 

anti-tumor immunity [48]. In our experiments, the EMT-6 tumor bearing mice were 

divided into six groups (n = 5) and administrated with different treatments including 

PBS (I), CuxS-PEG NPs (II), Dox/CuxS-PEG NPs (III), Dox (IV), CuxS-PEG NPs 

plus laser (V), and Dox/CuxS-PEG NPs plus laser (VI). At 72 h after treatments with 

different groups, the PBS and CuxS-PEG NPs with i.v. injection alone failed to 

promote CD8
+
 cytotoxic T-lymphocytes infiltration into tumors. On the contrary, the 

percentage of CD8
+
 cytotoxic T-lymphocytes in tumors of mice after the 

Dox/CuxS-PEG NPs plus laser significantly increases to ~16.3%, which is higher than 

that in Dox (~8.3%) and CuxS-PEG NPs plus laser (~12.5 %) (Figure 5G). The 

regulatory T cells (Tregs) can hamper effective anti-tumor immune responses. It is 

found that the Dox/CuxS-PEG NPs based chemo-photothermal therapy can 

significantly reduce the percentages of Tregs in the tumors (Figure S19). Therefore, 

both CD8
+
/Treg ratio are greatly enhanced in tumors after the treatment of 

Dox/CuxS-PEG NPs based chemo-photothermal therapy (Figure 5H). From the 

abovementioned results, the Dox/CuxS-PEG NPs based chemo-photothermal therapy 

can more effectively induce ICD to elicit an adaptive immune response. 
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Conclusion 

In summary, we successfully develop a hollow structure CuxS-PEG NPs for NIR-II 

light-responsive drug delivery and synergistic chemo-photothermal cancer therapy, 

which can effectively induce ICD. The Dox moleculars can be loaded into the 

CuxS-PEG NPs, displaying a controllable drug release triggered by NIR-II laser 

irradiation. The synergistic chemo-photothermal strategy cab more effectively trigger 

ICD than that of single treatment. In vitro and in vivo results demonstrated that the 

synergistic chemo-photothermal therapeutic efficacy based on the Dox/CuxS-PEG 

NPs is superior to that of monotherapy. Additionally, the synergistic 

chemo-photothermal therapy can promote CD8
+
 cytotoxic T-lymphocytes infiltration 

into tumours, which will provide an effective approach to accomplish a 

photo-immunological response and elicit effective anti-tumor immunotherapy. Such 

CuxS-PEG NPs may encourages the development of NIR-II light-responsive NDDSs 

for further biomedical utility. 
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Methods 

Materials  

Cu(NO3)2, Polyvinylpyrrolidone (PVP, K30), hydrazine hydrate, dimethylsulfoxide, 

sodium sulphide (Na2S), doxorubicin hydrochloride, methylene chloride, diethyl ether, 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), glycol, 

4′,6-diamidino-2-phenylindole (DAPI), lipoic acid, polyethylene glycol (PEG5k), 

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and 

4-dimethylaminopyridine (DMAP) were all purchased from Aladdin reagent Co. LTD. 

Dulbecco's modified eagle medium (DMEM) and Fetal bovine serum (FBS) were 

bought from Gibco BRL (Eggenstein, Germany). Deionized water (~18.2 MΩ·cm) 

obtained from a Milli-Q Water Purification System was used in all the experiments. 

Synthesis of hollow CuxS nanospheres  

First, 50 mg Cu(NO3)2 and 1 g PVP were added into a mixture of 50 mL deionized 

water and glycol (V:V=1:1) to form homogeneous solution under vigorous stirring. 

Then, hydrazine hydrate (30 μL) was immediately added into the above solution 

keeping stirring for 5 min. Subsequently, the Cu2O NPs were collected by 

centrifugation and washed several times with deionized water.  

   Next, the obtained Cu2O NPs were resuspended in the 10 mL of DI water, and 1 

mL Na2S aqueous solution (0.5 M) was introduced into Cu2O NPs suspension keeping 

stirring for 30 min to prepare hollow CuxS NPs. Finally, the CuxS NPs was harvested 

by centrifugation and washed several times with deionized water. 

Synthesis of CuxS-PEG NPs  
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The LA-PEG was prepared according to our previous report [49]. Typically, 5 g 

mPEG5k was dissolved in 20 mL dichloromethane. After fully dissolved, lipoic acid 

(1.0 g), EDC (1.0 g), and DMAP (0.4 g) were introuduced in 20 mL of 

dichloromethane and activated in an ice bath for 3 h. The mixture further reacted for 

72 h, and then the products were precipitated with diethyl ether for three times and 

dried overnight in vacuo to obtain LA-PEG. 

Next, the hollow CuxS NPs were incubated with LA-PEG solution (10 mg·mL
−1

) 

for 24 h in room, and the CuxS-PEG NPs were collected by centrifugation to remove 

redundant LA-PEG. 

Study of the NIR-II photothermal effect  

To explore the photothermal conversion effect of the synthesized CuxS-PEG NPs 

dispersion containing different concentrations (0, 50, 100, and 200 μg·mL
−1

) were 

irradiated by a 1064 nm laser (Xi’an Minghui Optoelectronic Technology) at a power 

density of 1 W·cm
−2

 for 5 min. The temperature at each time point was recorded by 

the NIR thermal imaging camera (IC17320, Infrared Camera Inc). 

The photothermal stability of CuxS-PEG NPs (50 μg·mL
−1

) was measured by 

irradiating with a 1064 nm laser (1.0 W·cm
−2

) for 3 min, followed by shuting off laser 

for 3 min. The laser was applied to on/off with an interval of 3 min for four cycles.  

To further evaluate the photothermal response of CuxS-PEG NPs in cells, EMT-6 

cells were incubated with CuxS-PEG NPs (50 μg·mL
−1

) in DMEM for four hours. 

Then the collected cells were irradiated by a 1064 nm laser (1.0 W·cm
−2

) for 10 min. 

Meanwhile, the photothermal heating curves were recorded by the NIR thermal 
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imaging camera. 

EMT-6 tumor-bearing mice were respectively intravenously injected with 

CuxS-PEG NPs (10 mg·kg
−1

) and PBS (as control group). After 24 hours, all mice 

were irradiated with a 1064 nm laser (1 W·cm
−2

) for 6 min in the tumor site. The 

thermal images and temperature at tumor site were recorded simultaneously with 

infrared thermal camera. 

Drug loading and releasing experiments  

Typically, different amount of Dox was mixed with CuxS NPs (1 mg·mL
−1

) 

dispersion in PBS under stirring at ambient temperature for 24 h, followed by the 

addition of the LA-PEG solution (10 mg·mL
−1

) for further incubating for 24 h. The 

Dox-loaded Dox/CuxS-PEG NPs were obtianed by centrifugation to discard the 

unencapsulated Dox and excess PEG in the supernatant. To evaluate the drug loading 

capacity of CuxS-PEG NPs, the supernatant after centrifugation was carefully 

collected for the UV-Vis spectrum measurement. The Dox loading capacity was 

calculated corresponding to standard calibration curve.  

   For the stimuli-responsive Dox release study, Dox/CuxS-PEG NPs dispersions 

(200 μg·mL
−1

) with pH = 6.0 and 7.4 with or without irradiation of NIR-II laser were 

tested at selected time points (i.e., 0, 1, 2, 4, 6, 12, and 24 h).   

   To study the intracellular drug delivery of the Dox/CuxS-PEG NPs, EMT-6 cells 

were incubated with Dox/CuxS-PEG NPs dispersion for 0, 1, 2, and 4 h with or 

without 5 min NIR-II laser irradiation. After the treatments, the cells were measured 

by the inverted fluorescence microscope for different time point.  
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In Vitro chemotherapy and chemo-photothermal therapy 

To study the chemotherapy and chemo-photothermal effect of the Dox/CuxS-PEG 

NPs in cancer cells, EMT-6 cells (3 × 10
3
) were seeded in 96-well plate and treated 

with the free Dox, Dox/CuxS-PEG, and Dox/CuxS-PEG + laser, respectively. The 

concentration of free Dox was normalized to be equivalent to the loaded Dox in the 

CuxS-PEG NPs. After the treatments, the cell viability of cancer cells was measured 

by MTT assay. 

In vivo chemo-photothermal therapy  

When the tumor volumes were about 100 mm
3
, the mice were randomly divided 

into the following six groups (n = 5): (I) Control (PBS), (II) CuxS-PEG NPs, (III) 

Dox/CuxS-PEG NPs, (IV) free Dox only, (V) CuxS-PEG NPs + Laser, and (VI) 

Dox/CuxS-PEG NPs + Laser. After tail intravenous injection with free Dox, 

CuxS-PEG NPs and Dox/CuxS-PEG NPs dispersions, the mice in group (V) and (VI) 

were exposed to 1064 nm laser (1.0 W·cm
−2

) for 10 min. During the irradiation, the 

tumor temperature was monitored by the IR thermal camera. After laser irradiation, 

the tumor length and width of the mice were measured every 2 days. The tumor 

volume was calculated according to the following formula: (tumor volume) = (length) 

× (width)
2
/2. At the end of experiment, the tumor tissues were excised and weighed. 

Finally, the harvested tumor tissues were fixed in the paraformaldehyde solution, and 

then the paraffin-embedded tumors were sectioned for the hematoxylin and eosin 

(H&E) and terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling 

(TUNEL) staining staining before the observation under a fluorescence microscope. 
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