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Abstract 

Background:  In comparison with traditional therapeutics, it is highly preferable to develop a combinatorial thera-
peutic modality for nanomedicine and photothermal hyperthermia to achieve safe, efficient, and localized delivery 
of chemotherapeutic drugs into tumor tissues and exert tumor-activated nanotherapy. Biocompatible organic–inor-
ganic hybrid hollow mesoporous organosilica nanoparticles (HMONs) have shown high performance in molecular 
imaging and drug delivery as compared to other inorganic nanosystems. Disulfiram (DSF), an alcohol-abuse drug, can 
act as a chemotherapeutic agent according to its recently reported effectiveness for cancer chemotherapy, whose 
activity strongly depends on copper ions.

Results:  In this work, a therapeutic construction with high biosafety and efficiency was proposed and developed for 
synergistic tumor-activated and photothermal-augmented chemotherapy in breast tumor eradication both in vitro 
and in vivo. The proposed strategy is based on the employment of HMONs to integrate ultrasmall photothermal CuS 
particles onto the surface of the organosilica and the molecular drug DSF inside the mesopores and hollow interior. 
The ultrasmall CuS acted as both photothermal agent under near-infrared (NIR) irradiation for photonic tumor hyper-
thermia and Cu2+ self-supplier in an acidic tumor microenvironment to activate the nontoxic DSF drug into a highly 
toxic diethyldithiocarbamate (DTC)-copper complex for enhanced DSF chemotherapy, which effectively achieved a 
remarkable synergistic in-situ anticancer outcome with minimal side effects.
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Background
Drug delivery nanosystems have been employed for 
efficient cancer diagnosis and treatment, particularly 
since the significant development of nanobiotechnology 
applications [1–8]. These organic and inorganic nano-
platforms are multifunctional, have excellent biocompat-
ibility, have relatively high stability in bodily fluids, and 
have the capacity for the controlled release of therapeutic 
agents from the nanocarriers in the desired sites, particu-
larly toward tumor cells [9–18]. In particular, biocom-
patible organic–inorganic hybrid hollow mesoporous 
organosilica nanoparticles (HMONs) have shown high 
performance in molecular imaging and drug delivery as 
compared with other inorganic nanosystems [19–24]. 
Benefited by the enhanced permeability and retention 
(EPR) effect [25–28], the nanosystems could deliver rel-
atively more drugs to the desired sites. However, most 
drugs still accumulated in major organs, such as the liver 
and spleen, causing undesirable side effects [29–31]. 
Herein, we adopted the molecular drug disulfiram (DSF), 
a United States Food and Drug Administration (US 
FDA)-approved alcohol-abuse drug, as a chemotherapeu-
tic agent given its recently reported effectiveness for can-
cer chemotherapy, especially for breast cancer [32–34]. It 
has been revealed that the anticancer toxicity of DSF was 
copper-dependent. As such, DSF-based chemotherapy is 
largely dependent on the number of Cu2+ ions present at 
the tumor site, which can maximize the chemotherapeu-
tic efficacy of DSF [32, 33, 35–39].

In addition, the breast tumor is a superficial tissue 
mass, to which photothermal therapy (PTT) can be 
explored for tumor ablation [6, 11, 40–44]. Near-infrared 
(NIR) light is a low energetic (safe) light that can effec-
tively penetrate the breast tissues. Herein, ultrasmall CuS 
nanoparticles, which served as Cu2+ self-providers and 
photothermal agents, were decorated onto the surface 
of HMONs via a disulfide linker (HMONs-ss-CuS, des-
ignated as HCu), while the chemotherapeutic drug DSF 
was encapsulated into the mesopores and hollow interior 
of HMONs, finally designated as DSF@HCu (Fig. 1a). As 
such, the tail-vein injection of the engineered DSF@HCu 
multifunctional nanomedicine was implemented into the 
bloodstream, which allowed for its efficient accumula-
tion in the tumor tissues due to the typical EPR effect. 
Hence, the concurrent introduction of DSF@HCu thera-
nostic nanosystems and the accompanying photothermal 

hyperthermia were rationally designed to achieve the 
enhanced and synergistic therapeutic outcome with 
exogenous photonic irradiation and endogenous tumor 
microenvironment (TME)-responsive toxicity activa-
tion of the chemotherapeutic drug with minimized side 
effects against breast cancer (Fig. 1b).

Results
Synthesis and characterization of HCu nanosystems
HMONs were synthesized using SiO2 as the hard tem-
plate based on our previously developed “structural 
difference-based selective etching” method. In addition, 
bis(3-triethoxysilylproyl)disulfide (BTES) was employed 
as the organosilica shell with a disulfide bond-incorpo-
rated framework, which was followed by etching SiO2 
core away under an alkaline condition [45, 46]. The 
transmission electron microscope (TEM) image results 
(Fig. 2a) indicated that the HMONs had a highly disper-
sive and uniform spherical morphology as well as a hol-
low structure. Initially, sulfhydryl groups were added to 
the as-synthesized HMONs via typical 3-mercaptopro-
pyltrimethoxysilane (MPTMS) grafting (HMONs-SH), 
thereby obtaining multifunctional theranostic nano-
systems. Subsequently, the anticancer drug DSF was 
encapsulated into the hollow interior of HMONs-SH via 
physical adsorption (DSF@HMONs-SH). The DSF encap-
sulation efficiency was calculated to be 20.9%. The DSF@
HMONs-SH surface was then covalently conjugated 
with ultrasmall CuS-PEG-SH nanoparticles (Fig.  2b) via 
disulfide linkers (designated as DSF@HCu, Fig.  2c). The 
average size of the HMONs was approximately 73.4 nm 
as tested by dynamic light scattering (DLS), which 
increased to 98.4  nm due to CuS conjugation (Fig.  2d). 
Moreover, the initial mesopore size of the HMONs was 
3.2 nm, which exhibited negligible mesopore size change 
(3.1 nm) after CuS-PEG-SH conjugation, indicating that 
the mesoporous channel was not blocked after conjuga-
tion with the CuS-PEG-SH nanoparticles on the surface 
of the HMONs (Fig.  2e). The Cu2+-releasing pattern 
revealed enhanced Cu2+ release under acidic conditions. 
Only 5.54% of Cu2+ was released after 24 h in a neutral 
environment (pH = 7.4), and elevated to 11.7% in an 
acidic environment (pH = 6.0) (Fig.  2f ). In addition, the 
DSF-releasing pattern, as shown in Additional file 1: Fig-
ure S1, further reveals that DSF encapsulated in the hol-
low interior and mesopores was highly stable in aqueous 

Conclusion:  This work provides a representative paradigm on the engineering of combinatorial therapeutic nano-
medicine with both exogenous response for photonic tumor ablation and endogenous tumor microenvironment-
responsive in-situ toxicity activation of a molecular drug (DSF) for augmented tumor chemotherapy.
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buffer, where the releasing amount of DSF after 24 h was 
only 1.18% in aqueous solution. These data illustrate the 
enhanced Cu2+ self-supply from HCu in the acidic envi-
ronment, which accompanied the release of DSF that was 
encapsulated in the hollow interior.

The therapeutic HCu nanosystem maintained the high 
photothermal-conversion capability of CuS. The ultra-
violet–visible-infrared (UV–vis-NIR) spectra of CuS 
and HCu exhibited strong photo-absorption in the NIR 
range (Additional file  1: Fig. S2a, Fig.  3a). The photo-
thermal-conversion performance of CuS and HCu was 
investigated at different concentrations (12.5, 25, 50, 
and 100  μg/mL) by exposing the aqueous solutions to 
808 nm NIR laser at a power density of 1.5 W/cm2 (Addi-
tional file 1: Fig. S2b, Fig. 3b). The temperature reached 
as high as 54.3  °C when the concentration of HCu was 
set at 50  μg/mL, which is high enough to kill cancer 
cells. The temperature curve of CuS and HCu at various 
power densities of the 808 nm laser (0.75, 1.0, 1.25, and 
1.5  W/cm2) indicates that the thermal effect is power 
density-dependent (Additional file  1: Fig. S2c, Fig.  3c). 
The laser was turned off when the temperature was sta-
ble, according to the previous report on the calculation of 

the photothermal-conversion efficiency [47–49], and the 
photothermal-conversion efficiency (η) of HCu was cal-
culated to be 22.16% (Additional file 1: Fig. S2d, e, Fig. 3d, 
e). The heating curve showed that the thermal effect of 
CuS and HCu had not visibly changed during five laser 
on–off heating cycles (Additional file 1: Fig. S2f, Fig. 3f ), 
suggesting that both compounds had relatively high pho-
tothermal stabilities.

In vitro photothermal ablation and Cu2+‑activated DSF 
chemotherapy against 4T1 breast cancer cells
We initially systematically evaluated in  vitro photother-
mal ablation-enhanced and Cu-activated DSF chemo-
therapy on the 4T1 breast cancer cells (Fig.  4a). First, 
because HMONs were used as the main component 
of the nanosystem, the cytotoxicity of the HMONs was 
initially evaluated. The HMONs did not reveal any obvi-
ous cytotoxicity against the 4T1 cancer cells even at a 
high concentration of 200  μg/mL after 48  h, indicating 
their biosecurity (Additional file  1: Fig. S3). To confirm 
the copper-dependent DSF anti-cancer bioactivity, the 
cytotoxicity of DSF at different concentrations (0, 0.1, 
0.2, 0.5, 1.0, and 2.0 μmol/mL) with or without Cu2+ was 

Fig. 1  a Schematic illustration of the stepwise construction of DSF@HCu nanomedicine, and (b) NIR photothermal-augmented and in-situ Cu2+ 
release-activated DSF chemotherapy for the efficient killing of cancer cells and suppression of tumor growth with minimized side effects



Page 4 of 13Zhang et al. J Nanobiotechnol          (2021) 19:290 

investigated. The cell viability of DSF (0.2, 0.5, 1.0, and 
2.0 μmol/mL) with Cu2+ dropped to 62.3%, 23.8%, 8.2%, 
and 8.2%, respectively, as compared with DSF of the 
same concentration without Cu2+ (94.3%, 92.7%, 90.2%, 
and 92.8%, respectively), indicating that DSF is an effi-
cient copper-potentiated anti-cancer molecular drug 
(Fig. 4b). Based on the fact that CuS nanoparticles were 
employed as the Cu2+ donor, the cytotoxicity of CuS was 
then tested. The CuS nanoparticles themselves revealed 
no significant cytotoxicity against the 4T1 cancer cells 
at a concentration of 25  μg/mL in 24  h, demonstrating 
their desirable low cytotoxicity (Fig.  4c). The cytotoxic-
ity of HCu at different concentrations (0, 6.25, 12.5, 25, 
50, 100, and 200 μg/mL) was then investigated, to which 
the results revealed low cytotoxicity (200  μg/mL, 48  h) 
(Fig.  4d). Next, the 4T1 cancer cells were treated with 
PBS, DSF, DSF + CuCl2, DSF + CuS pH = 7.4, DSF + CuS 
pH = 6.0, DSF@HCu pH = 7.4, and DSF@HCu pH = 6.0. 
In the absence of CuS or HCu, the 4T1 cells maintained 
their viability (100%), whereas the addition of CuS or 
HCu resulted in a significant cell viability loss to 19.1% 
and 19.4%, respectively, especially under acidic condi-
tions (10.3% and 17.2%, respectively). CuS and HCu sub-
stantially augmented the anti-cancer bioactivity of the 
DSF drug, especially in the acidic environment (Fig. 4e). 
Furthermore, to reveal the synergy of PTT for DSF-based 

chemotherapy, the 4T1 cancer cells were respectively 
treated with PBS, DSF, DSF + CuCl2, DSF@HMONs, 
DSF@HCu, PTT, HCu + PTT, and DSF@HCu + PTT. 
Without HCu, the 4T1 cells exhibited viability (85.2%) 
after being illuminated with an 808-nm laser at the power 
density of 1.5 W/cm2 for 10 min, whereas the addition of 
HCu or DSF@HCu resulted in a significantly lowered cell 
viability of 15.4% or 8.3%, respectively. The results dem-
onstrated that the designed DSF@HCu nanomedicine 
could not only self-supply Cu2+ to significantly enhance 
the chemotherapeutic efficacy of DSF, but also acted as a 
photothermal agent to synergistically kill the breast can-
cer cells (Fig. 4f ).

To directly observe and characterize the ratio of viable 
and dead cells after various treatments, calcein-AM/pro-
pidium iodide (PI) fluorescent dyes were used to label 
viable (green) and dead (red) 4T1 cancer cells. The results 
indicated that cell viability was not obviously affected in 
the control group as well as in the groups treated with 
DSF or DSF@HMONs. The PTT-treated group exhib-
ited slight changes in their cell viability, as indicated by 
the strong green fluorescent signals of the viable cells. 
In comparison, DSF + CuCl2, DSF@HCu, HCu + PTT, 
and DSF@HCu + PTT killed a significant amount of 4T1 
cancer cells, as presented by the strong red fluorescent 
signals. The DSF@HCu + PTT co-treatment terminated 

Fig. 2  Morphology and structure characterization of HCu. TEM images of (a) HMONs, b CuS, and c HCu. d The average particle size of HMONs and 
HCu was determined by DLS. e The corresponding pore-size distributions of HMONs and HCu. f The releasing profiles of Cu in the buffer solutions 
with varied pH conditions (pH = 6.0 and pH = 7.4)
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the majority of cancer cells (Fig.  4g). Furthermore, we 
also performed the apoptosis assay by Annexin V-FITC/
PI staining and flow cytometry (FCM). The quantification 
results indicated that the apoptosis rate of the 4T1 can-
cer cells treated with DSF or DSF@HMONs was 13.4% or 
17.3%, respectively, which was comparable with the con-
trol group (11.3%). The apoptosis rate was slightly upreg-
ulated after treatment with PTT alone (26.4%). However, 
the apoptosis rate of the 4T1 cells was dramatically 
increased after treatment with DSF + CuCl2, DSF@HCu, 
HCu + PTT, or DSF@HCu + PTT, which was 36.4%, 
74.7%, 59.7%, or 86.2% respectively, of which the DSF@
HCu + PTT group exhibited the maximum therapeutic 
efficacy (Fig. 4h, i).

It has been demonstrated that the efficient anti-cancer 
bioactivity of DSF was potentiated by copper, thus form-
ing diethyldithiocarbamate (DTC)-copper complex (bis 
(diethyldithiocarbamate)-copper (CuET)) [50]. CuET 
binds to and immobilizes NPL4, which is an adaptor of 
p97 segregase, thereby allowing protein turnover for 
multiple regulatory and stress-response pathways in 
cells. Therefore, we extracted the nuclear protein of the 
4T1 cells with different treatments and measured the 

immobilized NPL4 in the nucleus. The extracted nuclear 
protein was loaded for western blot with Lamin B, which 
only exists in the nucleus. GAPDH is located in the cyto-
plasm and is always set as loading control when measur-
ing the target proteins that located in cytoplasm. Here, 
GAPDH was measured to make sure that the extracted 
nuclear protein was not mingled with cytoplasm protein. 
The observed accumulation by western blot verified the 
CuET-induced immobilization of endogenous NPL4. The 
results exhibited that the nuclear NPL4 protein of the 
4T1 cancer cells was significantly increased after treat-
ment with DSF + CuCl2 or DSF@HCu compared with the 
control group, which was 3.63- or 2.53-fold that of con-
trol, respectively (Fig. 4j, k). However, no accumulation of 
nuclear NPL4 was found in cells treated with DSF alone. 
It is reasonably deduced that the synergistic DSF@HCu-
enabled chemotherapy and photothermal hyperthermia 
could also form CuET.

In vivo biocompatibility and biodistribution evaluation
Prior to the  subsequent therapeutic evaluation in  vivo, 
a series of assessments were carried out to evaluate the 
in  vivo biocompatibility and biodistribution of HCu. 

Fig. 3  In vitro photothermal-conversion assessment of HCu. a UV–vis-NIR spectra of HCu at different concentrations (6.25, 12.5, 25, and 50 μg/mL) 
in aqueous solution. b Temperature changes of HCu aqueous solution with NIR laser (808 nm, power density: 1.5 W/cm2) irradiation at elevated 
concentrations (12.5, 25, 50, and 100 μg/mL). c Photothermal-heating curves of HCu dispersed in the aqueous solution irradiated by different power 
intensities (0.75, 1.0, 1.25, and 1.5 W/cm2) of NIR laser at the wavelength of 808 nm. d Photothermal performance of HCu dispersed in aqueous 
solution under NIR irradiation; the laser was turned off when the temperature was stable. e Time constant for heat transfer calculated from the 
cooling period. f Heating curve of HCu dispersed in water for five laser on/off cycles irradiated by 808 nm laser at the power intensity of 1.5 W/cm2
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Healthy Kunming mice (n = 5 in each group) were admin-
istrated with HCu (0, 5 mg/kg, 10 mg/kg, and 20 mg/kg) 
through their tail veins. No evident major organ dam-
age was observed within the one-month feeding term, as 
validated by the body weight (Fig. 5a), hematology (Addi-
tional file 1: Fig. S4a–d), serum biochemistry (Additional 
file 1: Fig. S4e, f ) and histological analyses (Fig. 5f ), thus 
indicating high biocompatibility of HCu to the animals 
within the tested dosage. The biodistribution of HCu in 
major organs and tumors signified that the HCu rapidly 
accumulated at the tumor within 6  h and attained the 
maximum tumor uptake of 5.8 ± 0.1% (Fig. 5b), guaran-
teeing synergistic therapeutics.

In vivo synergistic anticancer efficacy of DSF@HCu 
nanomedicine by both exogenous photonic irradiation 
and endogenous TME activation
Further systematic in  vivo anti-tumor assessments were 
conducted to accompany the observed intense NIR 
absorbance, high biocompatibility, high tumor accumula-
tion, and in  vitro high synergistic chemo-photothermal 
efficacy of DSF@HCu. The efficient accumulation of HCu 
or DSF@HCu into the tumor quickly elevated the tumor 
temperature upon 808 nm NIR laser irradiation (Fig. 5c). 
After intravenous administration of HCu or DSF@HCu, 
the tumor-site temperature of the 4T1 tumor-bearing 
mice increased from 35 °C to 61.8 °C or 62.8 °C, respec-
tively, particularly after exposure to the 808 nm laser at a 
power density of 1.5 W/cm2 for 10 min (Fig. 5d), which 
was sufficiently high to eliminate the tumor tissue. In 
contrast, the tumor temperature in the saline-injected 
mice exhibited slight elevation (10 °C) under 808 nm NIR 
laser irradiation at the same corresponding laser power 
density. Then, the 4T1 tumor-bearing female BALB/c 
nude mice were randomly divided into seven groups, 
including saline (i.v.), DSF + CuGlu (i.g.), DSF@HMONs 
(i.v.), DSF@HCu (i.v.), PTT, HCu (i.v.) + PTT, and DSF@
HCu (i.v.) + PTT. The body weight (Fig.  5e) and major 
organs (heart, liver, spleen, lung, and kidney) of the mice 
(Additional file 1: Fig. S5) did not exhibit any significant 

changes and damage throughout the therapeutic process, 
indicating negligible treatment side effects. More impor-
tantly, DSF@HCu exhibited high therapeutic efficacy and 
desirable biosafety.

The tumors in the HCu + PTT group were superficially 
and thermally eliminated at the early stage but reap-
peared after 8  days (Fig.  5h). Compared with the con-
trol group, the DSF@HCu group and HCu + PTT group 
exhibited tumor regression of 69.9% and 83.3%, respec-
tively. Comparatively, with 808-nm laser irradiation, 
DSF@HCu presented effective growth suppression and 
the suppression rate was calculated to be 94.9% (Fig. 5i), 
suggesting that the synergetic photothermal-augmented 
chemotherapeutic efficacy was better than each afore-
mentioned treatment alone.

According to the tumor-volume records (Fig.  5h) and 
corresponding digital pictures (Fig.  5g, j), the photo-
thermal-augmented chemotherapy resulted in nearly 
complete tumor destruction without recurrence (tumor 
inhibition rate: 94.9%), demonstrating the potential of 
DSF@HCu nanomedicine as a powerful therapeutic 
agent for combating cancer. Hematoxylin–eosin (H&E) 
staining and Ki-67 immunohistochemistry staining 
(Fig.  5k, l) also respectively indicated significant histo-
logical damages and excellent tumor-cell inhibition in the 
tumor sections. The treatment group tumor cells shrank 
and shattered at different degrees, particularly follow-
ing synergetic photothermal-augmented chemotherapy 
treatment, which was consistent with the above in vitro 
tests. These results indicated that the combination of DSF 
chemotherapy with PTT strengthened and enhanced the 
synergistic therapeutic capabilities compared with either 
individual DSF chemotherapy or PTT treatments.

Discussion
We adopt the molecular drug DSF, a US FDA-approved 
alcohol-abuse drug, as a chemotherapeutic agent, which 
has been recently shown to be effective for cancer chem-
otherapy, especially for breast cancer. The ultrasmall CuS 
acted as both photothermal agent under NIR irradiation 

(See figure on next page.)
Fig. 4  In vitro synergistic chemo-photothermal anti-cancer therapy. a Schematic illustration of the underlying mechanism of 
photothermal-augmented and DSF-based chemotherapy against breast cancer. b Relative cell viability of 4T1 cancer cells after incubation with DSF 
at elevated concentrations (0, 0.1, 0.2, 0.5, 1.0, and 2.0 μmol/L) with or without the addition of Cu2+. c Relative cell viability of 4T1 cancer cells after 
incubation with CuS at elevated concentrations (0, 1.5, 3.12, 6.25, 12.5, 25, and 50 μg/mL) for 6 and 24 h. d Relative cell viability of 4T1 cancer cells 
after incubation with HCu at elevated concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 μg/mL) for 24 and 48 h. e Relative cell viability of 4T1 cells 
after different treatments, including control, DSF, DSF + CuCl2, DSF + CuS pH = 7.4, DSF + CuS pH = 6.0, DSF@HCu pH = 7.4, and DSF@HCu pH = 6.0. 
f Relative cell viability of 4T1 cancer cells after different treatments, including control, DSF, DSF + CuCl2, DSF@HMONs, DSF@HCu, PTT, HCu + PTT, 
and DSF@HCu + PTT. g CLSM images of 4T1 cancer cells after different treatments, as stained by calcein-AM (green) and PI (red). Scale bar: 40 μm. 
h Flow-cytometry apoptosis assay of 4T1 cancer cells after different treatments followed by staining with Annexin V-FITC/PI. i Representative FCM 
diagrams of 4T1 cells after different treatments. j Western blot shows CuET binds to and immobilizes NPL4. k Ratio of NPL4/Lamin B. Error bars in 
the graphs (b–f, h) represent standard deviation (n = 5). Error bars in graph k represent standard deviation (n = 3). *p < 0.05, calculated by one-way 
ANOVA test
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Fig. 4  (See legend on previous page.)
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for photonic tumor hyperthermia and Cu2+ self-supplier 
in acidic tumor microenvironment to activate nontoxic 
DSF drug into highly toxic DTC-copper complex for 
enhanced DSF chemotherapy, which effectively achieved 
a remarkable synergistic in-situ anticancer outcome with 
minimal side effects. At cellular level, the  mechanistic 
study uncovered that Cu2+-potentiated DSF nontoxic-
toxic transformation, forming CuET, which binds to and 
immobilize NPL4, thereby allowing protein turnover for 
multiple regulatory and stress-response pathways in cells. 
This work provides a representative paradigm on the 
engineering of combinatorial therapeutic nanomedicine 
with both exogenous response for photonic tumor abla-
tion and endogenous tumor microenvironment-respon-
sive in-situ toxicity activation of the  molecular drug for 
augmented tumor chemotherapy.

Conclusions
In summary, this work proposed a distinct therapeu-
tic modality of “endogenous tumor-activated and exog-
enous photothermal-augmented chemotherapy” based 
on the constructed DSF@HCu nanomedicine by the co-
loading of CuS nanoparticles and molecular drug DSF 
into biocompatible and biodegradable HMONs. This 
therapeutic modality exhibited synergetic photothermal 
hyperthermia and in-situ tumor chemotherapy by copper 
self-supplied DSF toxicity activation. The efficient and 
synergistic therapeutic outcome was attributed to CuS-
based photothermal-triggered cancer hyperthermia and 
Cu2+-potentiated DSF nontoxic-toxic transformation for 
cancer chemotherapy with tumor acidic microenviron-
ment-triggered copper release. The systematic in  vitro 
and in vivo evaluations demonstrated that the engineered 
DSF@HCu nanomedicine induced remarkable synergis-
tic photothermal ablation and DSF chemotherapy under 
NIR light irradiation. These results demonstrated simul-
taneous high therapeutic outcome and mitigated side 
effects of the constructed DSF@HCu nanomedicine-pho-
tothermal hyperthermia with in-situ Cu2+-potentiated 
DSF chemotherapy for cancer-therapeutic modalities.

Methods
Materials
CuCl2·2H2O, sodium citrate, Na2S·9H2O, tetraethyl 
orthosilicate (TEOS), triethanolamine (TEA), hydrochlo-
ric acid (HCl, 37%), ethanol, and ammonia solution (25–
28%) were purchased from Sinopharm Chemical Reagent 
Co. (Shanghai, China). Disulfiram (DSF), cetyltrimeth-
ylammonium chloride (CTAC, 25 wt%), 3-mercapto-
propyltrimethoxysilane (MPTMS), and 2, 2′-dipyridyl 
disulfide (DPDS) were obtained from Sigma-Aldrich. 
Bis(3-triethoxysilylproyl)disulfide (BTES) was bought 
from Lark Chemical Technology Co., Ltd. HS-PEG-SH 
was purchased from Shanghai Yarebio Technology Co., 
Ltd. Calcein-AM/PI double staining kit was purchased 
from Beijing Solarbio Science & technology Co., Ltd. 
Cell counting kit-8 (CCK-8) was purchased from Dojindo 
Molecular Technologies. Annexin V-FITC/PI apopto-
sis detection kit was purchased from Vazyme (Nanjing, 
China). Cell culture medium 1640, trypsin–EDTA and 
fetal bovine serum (FBS) were provided by Gibco-BRL 
(Burlington, Canada). H&E and Ki-67 cell proliferation 
kit were purchased from Beyotime Biotechnology Co. 
(Haimen, China). The primary antibody rabbit anti-NPL4 
antibody was bought from Abcam. The second antibody 
anti-rabbit IgG (horseradish peroxidase (HRP)-linked 
antibody) was bought from Cell Signaling Technology, 
Inc. All chemicals were used as received without further 
purification, and their aqueous solutions were prepared 
using deionized water.

Preparation of HMONs
CTAC aqueous solution (2  g, 10 wt%) and TEA aque-
ous solution (0.08  g, 10 wt%) were mixed and magneti-
cally stirred at 95 °C for 10 min. Then, TEOS (1 mL) was 
added into the above solution dropwisely. After 1 h, the 
mixture involving TEOS (1 mL) and BTES (0.6 mL) was 
added and the reaction was last for another 4  h. After 
centrifugation, the products were washed with ethanol 
for several times. Then, the template CTAC was removed 
by refluxing with a solution of HCl in ethanol (10% v/v) 

Fig. 5  In vivo synergistic photothermal-augmented chemotherapy against 4T1 breast cancer. a Body-weight changes of the Kunming mice in the 
biocompatibility evaluation. b Body distribution of Cu in the major organs (heart, liver, spleen, lung, and kidney) and tumor after administration of 
HCu for varied time durations (2, 6, 12, and 24 h). c Temperature elevation of tumor region in 4T1 tumor-bearing mice under irradiation of 808-nm 
laser at the laser density of 1.5 W/cm2 for 600 s with or without the assistance of intravenously administrated HCu or DSF@HCu and (d) their 
corresponding heating curve. e Bodyweight changes of 4T1 tumor-bearing mice with different treatment: PBS (i.v.), DSF + CuGlu (i.g.), DSF@HMONs 
(i.v.), DSF@HCu (i.v.), PTT, HCu (i.v.) + PTT, and DSF@HCu (i.v.) + PTT. f H&E-stained histological images of the heart, liver, spleen, lung, and kidney 
in the biocompatibility evaluation. Scale bar: 50 μm. g Digital photographs of the dissected tumors from each group after 14 days of treatments. 
Scale bar: 1.0 cm. h Tumor volumes for each group of mice recorded every 2 days after different treatments. i Tumor inhibition rate from each group 
after 14 days of treatments. j Digital photographs of 4T1-tumorbearing mice and their tumor regions after different treatments. k H&E-stained 
histological images of tumor tissues. l Ki-67-stained cellular proliferation in tumor tissues sections. Scale bar: 50 μm. Error bars in the graphs (a, b, e, 
h, i) represent standard deviation (n = 5). *p < 0.05, calculated by one-way ANOVA test. &p < 0.05, calculated by repeated measure ANOVA test

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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at 78 °C for 12 h. The extraction process was repeated for 
three times and the products were washed with deion-
ized water for three times and stored in deionized water 
(20 mL). Finally, the sample (5 mL) was diluted in deion-
ized water (100 mL), and then ammonia solution (2 mL) 
was added. The etching process was lasted for 3 h at 95 °C 
to obtain the final product HMONs.

Synthesis of CuS and HS‑PEGylated CuS nanoparticles
In a typical synthesis, 0.0855 g CuCl2·2H2O and 0.2279 g 
sodium citrate were dissolved in 100  mL distilled H2O 
under magnetic stirring for 30 min at room temperature, 
and then 1  mL 0.12009  g Na2S·9H2O aqueous solution 
was added to the mixture to immediately generate a black 
solution. After 5 min, the reaction mixture was heated to 
90 °C and kept for 15 min before cooling down with ice, 
forming dark-green-colored citrate-coated CuS nano-
particles (Cit-CuS NPs). 0.2  g HS-PEG-SH was added 
to modify the surface of the Cit-CuS NPs at room tem-
perature to obtained PEGylated CuS nanoparticles (CuS-
PEG-SH NPs). The final product was stored at 4  °C for 
further characterization and use.

Drug loading and preparation of DSF@HCu
First, HMONs (100  mg) was dispersed in isopropanol 
(100  mL), followed by adding MPTMS (200  μL) and 
refluxing at 80  °C overnight. After centrifugation and 
washing with methanol, the products (HMONs-SH) were 
dispersed in methanol (10 mL). DPDS (40 mg) was dis-
persed in methanol (5 mL), and then HMONs-SH (2 mL) 
was added and reacted at room temperature overnight to 
obtain the active HMONs-PS. HMONs-PS (10 mg) was 
dispersed in a DSF solution (2  mL chloroform, 40  mg/
mL). DSF@HMONs was obtained after stirring at room 
temperature under dark condition for 24 h and collected 
by centrifugation. After centrifugation, the supernatant 
was collected and measured by UV–vis spectroscopy 
at λ = 262  nm to determine the DSF encapsulation effi-
ciency. Encapsulation efficiency = (Wadministered dose–Wre-

sidual dose in solution)/Wadministered dose × 100%. Finally, DSF@
HMONs-PS was reacted with CuS-PEG-SH to acquire 
the products DSF@HOMNs-CuS (designed as DSF@
HCu).

In vitro Cu2+ release at different pH values
To evaluate the Cu2+-releasing behavior, HCu (5 mg) was 
encapsulated into a dialysis bag (molecular weight cut-
off = 5 kDa), and then immersed in PBS solution (25 mL) 
with different pH values (6.0 and 7.4). The release pro-
cedure was conducted in a shaking table (100  rpm, 
37 °C) and the Cu2+-releasing amount was measured by 
an  inductively-coupled plasma optical emission spec-
trometer (ICP-OES) at the given time points.

Characterization
Transmission electron microscope (TEM) images were 
acquired on a JEOL 2011 TEM (JEOL Ltd., Tokyo, Japan) 
with an accelerating voltage of 200  kV. UV–vis spec-
tra were recorded on a PerkinElmer Lambda 750 spec-
trophotometer. Dynamic light scattering (DLS) was 
performed on a Nano ZS90 Zetasizer (Malvern Pana-
lytical, Malvern, UK) to determine the hydrodynamic 
particle size of the samples. Confocal laser-scanning 
microscope (CLSM) images were obtained on a FV1000 
CLSM (Olympus, Tokyo, Japan). Quantitative elemen-
tal analysis was performed on an inductively-coupled 
plasma optical emission spectrometer (ICP-OES, Agilent 
Technologies, Santa Clara, CA, USA). Flow cytometry 
(FCM) analysis for apoptosis assays was performed using 
a BD LSRFortessa flow cytometer (Becton Dickinson, 
Franklin Lakes, NJ, USA). The western blot results were 
determined by Electro-Chemi-Luminescence display 
devices (Thermo Fisher Scientific, San Jose, CA, USA).

Cell culture and animals
Mouse breast cancer cell line 4T1 cells were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum and 1% penicillin–streptomycin solution in a 
humidified incubator (5% CO2, 37  °C). Healthy BALB/c 
nude mice (18–22 g) and Kunming mice (24–28 g) were 
purchased from the Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. All animal experiments were 
performed under the guideline approved by the Animal 
Study Committee of Fudan University. For the  breast 
cancer model, 4T1 cancer cells (5 × 105) in PBS (5 μL) 
were implanted subcutaneously into the back of BALB/c 
nude mice.

In vitro photothermal effect of HCu
The photothermal performance of HCu was characterized 
by recording the temperature changes during laser irra-
diation at 808  nm (FLIR TM A325SC camera). CuS and 
HCu were dispersed in deionized water with different Cu 
concentrations (12.5, 25.0, 50, and 100  μg/mL) and then 
exposed to 808 nm laser irradiation at the laser-power den-
sity of 1.5 W/cm2. In addition, the temperature increase of 
HCu aqueous solution at the Cu concentration of 50 μg/mL 
as irradiated by 808 nm laser at different power intensities 
(0.75, 1.0, 1.25, and 1.5 W/cm2) was tested.

In vitro cytotoxicity assay
To evaluate in  vitro cytotoxicity of CuS, a standard 
CCK-8 viability assay was conducted. Varied Cu con-
centrations of CuS (0, 1.5, 3.12, 6.25, 12.5, 25, and 50 μg/
mL) were co-incubated with 4T1 cells pre-seeded in 
96-well plates for 6 and 24 h. To evaluate the in vitro DSF 
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anti-tumor activity enhanced by Cu2+, different DSF con-
centrations (0, 0.1, 0.2, 0.5, 1.0, and 2.0 μmol/L) with or 
without Cu2+ (10 μmol) were also co-incubated with 4T1 
cells. Then CCK-8 diluted by RPMI-1640 at a ratio of 1:10 
was added into plates to test the cell viabilities at a wave-
length of 450  nm after 60  min on a microplate reader. 
To evaluate acid environment for Cu2+ release from 
CuS and HCu to enhance cytotoxicity of DSF, the wells 
were divided into seven groups, including control, DSF, 
DSF + CuCl2, DSF + CuS pH = 7.4, DSF + CuS pH = 6.0, 
DSF@HCu pH = 7.4, and DSF@HCu pH = 6.0.

In vitro synergistic photothermal effect assisted by DSF@
HCu
A standard CCK-8 protocol was used to evaluate the syn-
ergistic photothermal performance of DSF@HCu for kill-
ing cancer cells. 4T1 cells were seeded in 96-well plates in 
RPMI-1640 containing 10% FBS for 12 h to adhere to the 
plates at the density of 1 × 104 per well. To evaluate the 
killing effect of synergistic therapy, the wells were divided 
into eight groups, including control, DSF, DSF + CuCl2, 
DSF@HCu, DSF@HMONs, PTT, HCu + PTT, and DSF@
HCu + PTT. The laser-power density was set as 1.5  W/
cm2. The Calcein-AM (15 μL) and PI (15 μL) dispersed in 
PBS (7.5 mL) were used to replace the cell culture media 
and stained the live (green) and dead (red) cells after varied 
treatments. After 15 min staining, the cells were washed by 
PBS for three times and observed by CLSM. Furthermore, 
the synergistic effect of chemo-photothermal therapy was 
confirmed by apoptosis assay and FCM measurement. 
Cells were plated in 6-well plates for 24 h before treatment. 
Then the cells were treated as described for indicated time 
and harvested for double staining with Annexin V-FITC/
PI as manufacture’s instruction. The cells were then sub-
jected to FCM measurement and analyzed with the FlowJo 
software system. The apoptosis rate was defined as the 
percentage of the Annexin V-FITC-positive cells.

Anti‑tumor mechanism of DSF@HCu
To investigate if DSF@HCu could also cause the same 
cascade reaction, CuET-induced immobilization of 
endogenous NPL4 accumulation was detected by nuclear 
protein extraction and western blot. The 4T1 cells were 
treated with control, DSF, DSF + CuCl2, or DSF@HCu for 
24 h and collected for nuclear protein extraction accord-
ing to the manufacturer’s instruction (Thermo scientific, 
cat# 78833). Briefly, the 4T1 cancer cells were trypsi-
nized, washed with cold PBS, and lysed by ice-cold Cyto-
plasmic Extraction Reagent I (CER I) for 10 min. Ice-cold 
Cytoplasmic Extraction Reagent II (CER II) was added 
in it and then the mixture was vortexed vigorously twice 
and centrifuged at the maximum speed after incubation 

on ice for 5 min. The supernatant was collected as cyto-
plasmic protein and the pellet was suspended by Nuclear 
Extraction Reagent (NER) buffer, vortexed vigorously 
every 10 min for total four times and centrifuged at the 
maximum speed. The supernatant at the  last step was 
the extracted nuclear protein. Equal amounts of nuclear 
protein were separated by SDS–PAGE and transferred 
to PVDF membranes (Bio-Rad). The membranes were 
blocked in 5% non-fat milk for 1 h at room temperature 
and then incubated with the primary antibodies diluted 
in blocking milk at 4  °C overnight. After washing three 
times with Tris-buffered saline containing 0.1% Tween, 
the membranes were incubated with HRP-conjugated 
secondary antibody diluted in blocking milk for 1  h at 
room temperature. Protein bands were detected with 
Enhanced Chemi-luminescence reagent (Millipore).

In vivo biocompatibility evaluation
Healthy Kunming mice (n = 5 in each group) were admin-
istrated with HCu (0, 5  mg/kg, 10  mg/kg, and 20  mg/
kg) through tail vein. Blood samples and major organs 
were collected from the control and treated groups at 
30 d after injection. In addition, the body weight of mice 
was recorded every other day for 30 d. The heart, liver, 
spleen, kidney, and lung of different treatments were also 
harvested for H&E staining. H&E stained tissue sections 
were observed under an optical microscope.

In vivo biodistribution evaluation
When the tumor volume of 4T1 breast cancer-bearing 
mice grew to approximately 100 mm3, a HCu saline solu-
tion (100 μL, 20 mg/kg) was injected into mice (n = 5) via 
the tail vein. Next, 2, 6, 12, or 24  h after the injection, 
mice were sacrificed and their major organs (heart, liver, 
lung, spleen, and kidney) and tumors were collected. To 
assess the biodistribution of HCu, Cu concentration was 
measured in major organs and tumors using ICP-OES, 
after melting the tissue with chloroazotic acid.

In vivo anticancer efficacy
The 4T1 breast cancer-bearing mice were randomly 
divided into seven groups (n = 5 in each group), and 
they are treated with intravenously (i.v.) administra-
tion of saline, intragastric (i.g.) administration of DSF 
plus copper gluconate (CuGlu) (i.g. DSF + CuGlu), 
DSF@HMON (i.v.), DSF@HCu (i.v.), PTT, HCu 
(i.v.) + PTT, and DSF@HCu (i.v.) + PTT (50  mg DSF/
kg, 0.15 mg Cu/kg), respectively. The body weight and 
tumor volume were measured every other day after 
treatment.
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