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A B S T R A C T

Encouraged by the clinical success of proteasome inhibitors treating hematological malignancy, continuous ef
forts are being made to improve their efficacy and expand their applications to solid tumor therapy. In this study, 
liposomes were used to encapsulate the proteasome inhibitor carfilzomib (CFZ) and calcium peroxide (CaO2) 
nanoparticles for effective combination therapy targeting the interplay between calcium overload and oxidative 
stress. Low-dose CaO2 synergistically enhances the anticancer effect of CFZ in the human glioblastoma U-87 MG 
cells. The reactive oxygen species (ROS) generation and glutathione depletion by low-dose CaO2 complement 
CFZ-induced ubiquitinated protein accumulation further triggering endoplasmic reticulum (ER) stress leading to 
calcium overload and mitochondrial dysfunction. The liposome-based codelivery system is capable of trans
porting CFZ and CaO2 simultaneously to the tumor, and results in a superior antitumor effect in U-87 MG tumor- 
bearing mice compared with monotherapy. Taken together, CaO2 holds great potential to sensitize proteasome 
inhibitors in the treatment of solid tumors, and this work also presents a new combination therapy strategy 
targeting the crosstalk between proteasome inhibitors and oxidative stress for future cancer therapy.

1. Introduction

Ubiquitin-proteasome system (UPS) is the main intracellular route 
responsible for degrading damaged, unfolded and short-lived proteins 
[1]. It utilizes ubiquitin-activating enzyme (E1), ubiquitin-conjugating 
enzyme (E2) and ubiquitin ligase (E3) to link ubiquitin to substrate 
proteins to form polyubiquitin chains, which are ultimately recognized 
and degraded by the proteasome [2]. Proteasome inhibitors including 
bortezomib, carfilzomib (CFZ) and ixazomib have been developed 
clinically approved proteasome inhibitors for the treatment of multiple 
myeloma and mantle cell lymphoma [3]. As a representative 
second-generation proteasome inhibitor, the epoxyketone of CFZ irre
versibly binds to proteasome subunits, prolonging the duration of pro
teasome inhibition [4]. Due to the poor aqueous solubility of CFZ, the 
current FDA-approved CFZ injection formulation contains sulfobutyl 

ether β-cyclodextrin as a solubilizer and stabilizer [5]. Encouraged by 
the clinical success of proteasome inhibitors treating hematological 
malignancy, continuous efforts have been made to expand their appli
cations to solid tumor therapy, however, disappointing outcomes yiel
ded in patients with solid tumors [5]. Moreover, side effects and 
acquired resistance also hamper the clinical applications of proteasome 
inhibitors [6]. In recent years, nanoparticle delivery systems such as 
liposomes [7], albumin nanocrystals [8] and lipid nanodiscs [9] have 
been developed to improve tumoral accumulation of CFZ through 
enhanced permeability and retention (EPR) effect, albeit without suc
cess in clinical translation.

As monotherapy with proteasome inhibitors for treating solid tumors 
shows inadequate efficacy, combination therapy with proteasome in
hibitors and other therapies has been considered as an alternative 
strategy to broaden their applications [10,11]. Proteasome inhibition 
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results in dramatic accumulation of ubiquitinated proteins which trig
gers endoplasmic reticulum (ER) stress by calcium overload leading to 
cell apoptosis [12]. Calium signaling pathways are mutually inter
connected with reactive oxygen species (ROS) which cause oxidative 
damages to proteins, DNA, and lipids, ultimately inducing cell apoptosis 
[13]. Calcium overload characterized by excessive enrichment of 
intracellular Ca2+ can increase the production of ROS, and meanwhile 
ROS can affect calcium influx in to the cell and release from ER. 
Recently, oxidative stress inducing agents have been recognized as ad
juvants for proteasome inhibitor therapy due to crosstalk between pro
teasome inhibitors and oxidative stress [14]. The cell-penetrating 
peptide GO-203 [15] and histone deacetylase (HDAC) inhibitors [16,17] 
were reported to sensitize the cancer cells to proteasome inhibitors by 
increasing intracellular ROS levels, highlighting a new strategy of the 
combination of ROS and proteasomal inhibition in cancer therapy. 
Moreover, the major antioxidant glutathione (GSH) presents in tumor 
microenvironment (TME) can react with ROS to resist oxidative stress 
thereby diminishing the efficacy of redox-targeted approaches [18,19]. 
It was reported that increasing intracellular GSH levels completely 
abolished the cytotoxicity of the first-generation proteasome inhibitor 
bortezomib [20]. Simultaneous enhancement of ROS generation and 
GSH depletion can be a promising strategy to improve the efficacy of 
proteasome inhibitors.

In recent years, metal peroxide nanoparticles (NPs) have received 
increasing attention in cancer therapy. Metal peroxide including cal
cium peroxide (CaO2), BaO2, CuO2, ZnO2 NPs can decompose to produce 
metal ions and hydrogen peroxide (H2O2) under the acidic conditions in 
TME, leading to metal ion overload and increased oxidative stress [21]. 
As one of the important second cellular messengers, calcium is involved 
in many intracellular signaling pathways. Regulation of calcium 

homeostasis may play a therapeutic role for treating some diseases. 
Therefore, among these metal oxide nanomaterials, CaO2 has attracted 
the most attention in recent years [22,23]. In addition, CaO2 has the 
advantages of facile synthesis and good biocompatibility. In the acidic 
TME and lysosomes, CaO2 reacts with H+ to generate Ca2+ ions and 
H2O2 [24,25]. Under the neutral condition, CaO2 releases O2 slowly. 
CaO2 itself can induce calcium overload stress in cancer cells and sub
sequent apoptosis at high concentrations [26]. The multifunctional 
properties of CaO2 also offer the potential for combinatorial cancer 
therapies. CaO2 was reported to enhance the efficacies of photodynamic 
therapy [27,28], chemodynamic therapy [29], and immunotherapy 
[30]. Few studies have reported its synergistic effect with chemo
therapy. So far, one study reported that calcium overload induced by 
CaO2 sensitized the cancer cells to the anticancer drug doxorubicin [31].

Motivated by the excellent synergistic anticancer effect of oxidative 
stress and proteasome inhibitors, the CaO2 NPs were incorporated with 
CFZ chemotherapy in this report. Considering that CaO2 NPs are prone 
to react with water and decompose, liposomes co-loaded with CaO2 NPs 
and CFZ (CFZ-CaO2@Lip) were synthesized (Fig. 1). The distinctive 
core-shell nanostructure of liposomes enables them to encapsulate both 
hydrophobic and hydrophilic molecules. Hydrophobic CFZ can be 
loaded into the lipid bilayer of the liposomes, while CaO2 NPs can be 
loaded into the inner cores of the liposomes during the film hydration 
process. Under the acidic condition, CaO2 NPs decompose and produce 
Ca2+ and H2O2. In this study, the cytotoxic effect of CaO2 NPs was found 
to be mainly attributed to the release of ROS rather than Ca2+, especially 
at a low concentration. Low dosage of CaO2 synergistically interacts 
with CFZ to induce dramatic ubiquitinated protein accumulation further 
triggering ER stress leading to calcium overload and mitochondrial 
dysfunction. Compared with the monotherapy with CFZ@Lip or 

Fig. 1. Schematic illustration of codelivery of CaO2 NPs and CFZ by liposomes. (a) Synthesis of CaO2 NPs and preparation of liposomes co-loaded with CaO2 NPs and 
CFZ (CFZ-CaO2@Lip). (b) Under the acidic condition, CaO2 decomposes and releases Ca2+ and H2O2. ROS generation and GSH depletion induced by CaO2 at the low 
dosage synergistically enhance the cytotoxicity of CFZ. The combination therapy induces ubiquitinated protein accumulation triggering ER stress leading to calcium 
overload and mitochondrial injury and finally cell death.
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CaO2@Lip, the combination therapy with CFZ-CaO2@Lip induces both 
stronger calcium overload and oxidative stress synergistically leading to 
apoptosis of human glioblastoma U-87 MG cells. This codelivery system 
enables simultaneous accumulation of both CFZ and CaO2 in the tumors 
of U-87 MG tumor-bearing mice. The low-dose CaO2 used in this study 
has no side effects on the liver and kidney, while it significantly im
proves the therapeutic efficacy of CFZ. Taken together, CaO2 holds great 
potential in sensitizing the proteasome inhibitors for solid tumor ther
apy as they complement each other perfectly to induce synergistic cal
cium overload and oxidative stress.

2. Materials and methods

2.1. Chemicals and reagents

CFZ, JC-1 and DCFH-DA were purchased from MCE (USA). C6 was 
purchased from Sigma-Aldrich (USA). CaCl2, ammonia (NH3⋅H2O, 
28− 30 wt%), PVP 8000, glutathione, DTNB, NAC, DiR, MTT, oCPC, 
dimethyl sulfoxide (DMSO) and sodium citrate dihydrate were obtained 
from Aladdin (China). Soy lecithin (SPC) was purchased from AVT 
(China), cholesterol was purchased from Yuanye Biotechnology (China), 
and DSPE-PEG2000 was purchased from Xi’an Ruixi (China). H2O2 (30 
wt%) was purchased from Xilong Scientific Co. Ltd (China). Fluo-4 AM, 
Alexa Fluor 555-conjugated and Alexa Fluor 488-conjugated goat anti- 
rabbit secondary antibody, Hoechst 33342, fetal bovine serum (FBS) 
and alpha-modified Minimum Essential Medium (α-MEM) were ob
tained from Thermo Fisher Scientific (USA). Ac-DEVD-AMC was pur
chased from Enzo Life Sciences (USA). Anti-PARP antibody (9542) was 
purchased from Cell Signaling Technology (USA). Antibodies (anti- 
β-actin (ab8226), anti-Ki67 (ab15580)) and BAPTA-AM were obtained 
from Abcam (UK). Antibodies (anti-ubiquitin (sc-8017), goat anti-mouse 
IgG-HRP (sc-2005) and goat anti-rabbit IgG-HRP (sc-2004)) were pur
chased from Santa Cruz (USA). Precision Plus Protein Dual Color was 
obtained from Bio-Rad Laboratories (USA). Hilymax was purchased 
from Dojindo Laboratories (Japan). TUNEL apoptosis assay kit was ob
tained from Beyotime (China). FITC Annexin V apoptosis detection kit 
was obtained from BD Biosciences (USA). GSH, AST, ALT, BUN and CRE 
assay kits were purchased from Nanjing Jiancheng Bioengineering 
Institute (China). Human glioblastoma U-87 MG cells were purchased 
from American Type Culture Collection (ATCC, USA).

2.2. Synthesis of CaO2 NPs

CaO2 NPs were synthesized by a one-step method at room temper
ature. In brief, CaCl2 (40 mg) and PVP 8000 (120 mg) were dissolved 
completely in ethanol (8 mL). The solution was stirred vigorously for 30 
min, NH3⋅H2O (0.8 M, 400 μL) was then injected into the system to 
activate the reaction, followed by adding H2O2 (40 μL). After further 
stirring for 2 h, the mixed solution was centrifuged at 12000 rpm for 20 
min, and the obtained pellet product was washed twice with ethanol and 
finally dispersed in ethanol.

2.3. Synthesis of CaO2@Lip

SPC (8.3 mg), cholesterol (1.6 mg), and DSPE-PEG2000 (4 mg) were 
mixed and dissolved in chloroform (10 mL). CaO2 NPs (12 mg mL− 1,100 
μL, dispersed in ethanol) were then added. The mixture was dried under 
reduced pressure at 30 ◦C by a rotary evaporator to form a lipid film. The 
film was hydrated by adding water and then sonicated (480 W, 8 kHz, 1 s 
on and 1 s off) in an ice bath for 5 min before obtaining CaO2@Lip.

2.4. Characterization of CaO2@Lip

The sizes of CaO2 NPs and CaO2@Lip were measured by dynamic 
light scattering using Malvern Zetasizer Nano ZS90 analyzer. The 
morphology and mapping analysis were observed by TEM and EDX by 

using FEI HRTEM TF20.

2.5. Calcium content assay

The calcium content was detected by the oCPC method. HCl was used 
to dissolve the CaO2@Lip, followed by ultrasonication for 10 min. The 
diluted sample (50 μL) was added to oCPC solution (0.1 mg mL− 1 in Tris 
HCl buffer, pH = 11.7, 150 μL), and the obtained mixture was incubated 
for 5 min protected from light. The absorbance at 575 nm was measured 
by a SpectraMax Paradigm multimode microplate reader (Molecular 
Devices, USA).

2.6. GSH depletion by CaO2@Lip

The GSH assay was performed based on the reaction between GSH 
and DTNB. In brief, GSH (0− 250 μM, 60 μL) was incubated with DTNB 
solution (0.1 mM in Tris HCl buffer, pH = 8.3, 120 μL) for 5 min, and the 
absorbance at 230− 560 nm was measured by the microplate reader. 
This assay was then used to detect GSH depletion by CaO2@Lip. 
CaO2@Lip (0− 125 μg mL− 1, 390 μL) was mixed with GSH (10 mM, 10 
μL) and incubated at 37 ◦C for 1 h, followed by centrifugation at 9000 
rpm for 10 min. The supernatant (60 μL) was incubated with DTNB 
solution for 5 min, and the absorbance at 230− 560 nm was measured by 
the microplate reader.

2.7. CFZ loading

The CFZ-CaO2@Lip was prepared according to a similar procedure of 
CaO2@Lip by adding CFZ into chloroform, while CFZ@Lip was prepared 
without adding CaO2 NPs. The products were centrifuged with an ul
trafiltration tube (molecular weight cut-off: 300 kDa) at 4000 rpm for 
20 min to remove free CFZ, CFZ-CaO2@Lip was obtained from the upper 
layer in the ultrafiltration tube.

For the drug encapsulation and loading efficiency study, ten times 
the volume of methanol was added to CFZ-CaO2@Lip to break the 
emulsification, followed by 10-min ultrasonication. After centrifugation 
(12000 rpm, 30 min), the CFZ concentration of the supernatant was 
detected by an Agilent 6230 time-of-flight liquid chromatography-mass 
spectrometry (LC-MS) system (USA). The CFZ encapsulation efficiency 
(EE) and loading content (LE) were calculated using the following 
equations: 

EE (%) = (mass of CFZ in the CFZ-CaO2@Lip/total mass of CFZ added) 
× 100 %                                                                                       (1)

LE (%) = (mass of CFZ in the CFZ-CaO2@Lip/total mass of CFZ- 
CaO2@Lip) × 100 %                                                                      (2)

2.8. CFZ desorption assay

The release of CFZ from CFZ-CaO2@Lip was carried out by a dialysis 
method. The above obtained CFZ-CaO2@Lip (0.4 mg, 1 mL) was trans
ferred into a dialysis bag and placed in a beaker containing 40 mL of PBS 
or citrate buffer (20 mM, pH 4.5), followed by stirring 0− 48 h at 100 
rpm at 37 ◦C. The portion (500 μL) of the release solution was taken at 
different time points, and the same volume of PBS or citrate buffer was 
supplemented to the solution. After centrifugation (12000 rpm, 30 min), 
the drug concentration of the supernatant was detected by the LC-MS 
system.

2.9. Cell culture

U-87 MG cells were cultured in α-MEM containing 10 % FBS, 
streptomycin (100 μg mL− 1) and penicillin (100 U mL− 1) in a humidified 
incubator at 37 ◦C and 5 % CO2 atmosphere. GFP-ubiquitin plasmid was 
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transfected into U-87 MG cells by using Hilymax, and the U-87 MG cells 
stably expressing GFP-ubiquitin were maintained in α-MEM with 
geneticin (500 μg mL− 1).

2.10. Cellular uptake assay

The CaO2@Lip was first loaded with the fluorescent probe C6. Five 
thousand U-87 MG cells per well were seeded into a 96-well plate and 
then treated with different concentrations of C6-loaded CaO2@Lip (C6/ 
CaO2@Lip). After 6-h incubation, PBS was used to wash the CaO2@Lip 
adsorbed on the surface of the cells. The cells were then stained with 
Hoechst 33342 (100 ng mL− 1) for 15 min. The fluorescence imaging was 
performed on an Olympus IX71 fluorescence microscope (USA) to study 
the intracellular distribution of CaO2@Lip.

For flow cytometry analysis, 1.5 × 105 U-87 MG cells per well were 
seeded into a 6-well plate and then treated with different concentrations 
of C6/CaO2@Lip. After 6-h incubation, the cells were finally trypsinized 
and the flow cytometry analysis was carried out on a BD FACSAria III 
system (USA).

2.11. Imaging of GFP-ubiquitin puncta

Three thousand U-87 MG cells stably expressing GFP-ubiquitin per 
well were seeded into a 96-well plate and treated with CaO2@Lip (20 μg 
mL− 1 CaO2), CFZ@Lip (10 nM CFZ), or CFZ-CaO2@Lip (10 nM CFZ, 20 
μg mL− 1 CaO2) for 24 h. The intracellular GFP-ubiquitin puncta were 
observed under the fluorescence microscope.

2.12. Western blotting assay

After the treatment, the cells were collected, washed twice with PBS 
and lysed with RIPA buffer at 4 ◦C for 1 h, during which time the cells 
were vortexed every 15 min. After centrifugation at 4 ◦C (12000 rpm, 15 
min), the total proteins were obtained. Bradford protein assay was used 
to determine the protein concentration, and 30 μg of the protein samples 
were then separated and transferred to a PVDF membrane. Afterwards, 
the PVDF membrane was blocked with 5 % nonfat milk for 1 h, followed 
by incubation with primary antibodies on a shaker at 4 ◦C at a slow 
speed overnight. Then the PVDF membrane was subsequently incubated 
with corresponding secondary antibodies for 1 h at room temperature 
and visualized using enhanced chemiluminescence (ECL) reagents.

2.13. JC-1, Fluo-4 AM, and DCFH-DA staining

Five thousand U-87 MG cells were seeded into in a 96-well plate and 
incubated overnight. The cells were then treated with CaO2@Lip (20 μg 
mL− 1 CaO2), CFZ@Lip (10 nM CFZ), or CFZ-CaO2@Lip (10 nM CFZ, 20 
μg mL− 1 CaO2). After 8-h incubation, the cells were washed with PBS 
twice and stained with fresh FBS-free medium containing DCFH-DA (10 
μM) for 20 min to stain intracellular reactive oxygen species (ROS). For 
calcium and mitochondrial membrane potential detection, after 24-h 
incubation, the cells were stained with JC-1 (4 μM) or Fluo-4 AM (0.5 
μM) for 20 min, respectively. Afterwards, the cells were stained with 
Hoechst 33342 (100 ng mL− 1) for 15 min. The cells were washed twice 
with PBS and observed by a fluorescence microscope.

2.14. Cell viability assay

Three thousand U-87 MG cells per well were seeded into a 96-well 
plate, and after incubation for 12 h, the cells were treated with 
different concentrations of CaO2@Lip in the presence or absence of tool 
inhibitor (2 mM NAC or 4 μM BAPTA-AM) for 48 h. The medium was 
changed with a fresh medium containing MTT (0.5 mg mL− 1). After 3-h 
incubation, the medium was discarded and DMSO (150 μL) was added to 
dissolve the purple formazan crystals. After shaking for 10 min, the 
absorbance at 540 nm of the solution was detected by the microplate 

reader.

2.15. Synergistic cytotoxicity of CFZ-CaO2@Lip

Three thousand U-87 MG cells per well were seeded into a 96-well 
plate and treated with CFZ@Lip (0− 40 nM CFZ), CaO2@Lip (20 μg 
mL− 1 CaO2), or CFZ-CaO2@Lip (0− 40 nM CFZ, 20 μg mL− 1 CaO2) in the 
presence or absence of NAC (2 mM) for 48 h. The cell viability was 
detected by the MTT assay.

Effect of combination treatment of CFZ and CaCl2 on cell viability.
Three thousand U-87 MG cells per well were seeded into a 96-well 

plate and treated with CFZ (0− 40 nM) in the presence or absence of 
CaCl2. The concentration of CaCl2 was 277 μM, which was equivalent to 
the concentration of calcium ion in CaO2@Lip (20 μg mL− 1 CaO2). The 
cell viability was detected by the MTT assay.

2.16. Cell apoptosis assay

Seventy thousand U-87 MG cells per well were seeded into a 6-well 
plate. After overnight incubation, the cells were treated with CaO2@
Lip (20 μg mL− 1 CaO2), CFZ@Lip (20 nM CFZ), or CFZ-CaO2@Lip (20 
nM CFZ, 20 μg mL− 1 CaO2). After 24-h incubation, both the medium and 
cells were collected and stained with FITC Annexin V apoptosis detec
tion kit, and flow cytometry analysis was performed on a BD FACSAria 
III system.

2.17. Intracellular GSH content assay

Seventy thousand U-87 MG cells per well were seeded into a 6-well 
plate. After overnight incubation, the cells were treated with CaO2@
Lip (20 μg mL− 1 CaO2), CFZ@Lip (20 nM CFZ), or CFZ-CaO2@Lip (20 
nM CFZ, 20 μg mL− 1 CaO2). After 24-h incubation, the cells were lysed 
with RIPA buffer at 4 ◦C for 30 min to obtain total proteins, and the 
protein concentration was detected by Bradford protein assay. The 
intracellular GSH content was detected by a GSH assay kit according to 
the manufacturer’s instruction.

2.18. Caspase-3 activity assay

After the treatments, the cells were washed twice with PBS and lysed 
with a lysis HEPES buffer (HEPES (50 mM), NP-40 (0.5 %), ATP (1 mM), 
KCl (1.5 mM), sucrose (250 mM), NaCl (10 mM), EDTA (1 mM), 
dithiothreitol (1 mM), pH 7.4) at 4 ◦C for 1 h, and the cells were vortexed 
every 15 min. After centrifugation (12000 rpm, 15 min) at 4 ◦C, the total 
proteins were obtained. 15 μg of total protein were added to the above 
HEPES buffer (without NP-40, 100 μL) containing the caspase-3 sub
strate Ac-DEVD-AMC (10 μg mL− 1). After 30-min incubation at 37 ◦C 
protected from light, the fluorescence intensity with excitation at 355 
nm and emission at 460 nm was measured by the microplate reader.

2.19. Animals

BALB/c nude mice (female, 6− 8 weeks of age) were used in the 
animal experiments in this work. All animal experiments were con
ducted in compliance with Institutional Guide for Care and Use of 
Laboratory Animals from the animal ethics committee (Macau Univer
sity of Science and Technology).

2.20. In vivo biocompatibility study

The BALB/c nude mice were intravenously injected with the 
CaO2@Lip (20 mg kg− 1 CaO2) and sacrificed after 14 days. The major 
organs of the mice, including heart, liver, spleen, lung and kidney, were 
harvested and fixed with 4 % paraformaldehyde (PFA), embedded in 
paraffin, sectioned, and stained with hematoxylin and eosin (H&E). The 
images were observed by a Leica DM2500 fluorescence microscope 
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(Germany). The plasma of the mice was collected to detect the activities 
of liver aminotransferases (AST and ALT) and the levels of kidney 
function indicators (BUN and CRE).

2.21. Tumor xenograft

The BALB/c nude mice were subcutaneously implanted with 1 × 107 

U-87 MG cells suspended in PBS (100 μL) into the backside flank to 
establish the tumor model. The tumor sizes were measured using a 
caliper. The tumor volumes were calculated based on the equation 
(tumor length) × (tumor width)2/2.

2.22. In vivo biodistribution of CaO2@Lip

The CaO2@Lip was loaded with the fluorescent dye DiR. The U-87 
MG-tumor bearing mice were injected with the DiR-loaded CaO2@Lip 
(20 mg kg− 1 CaO2, 200 μg kg− 1 DiR) via the tail vein. After 6 or 12 h, the 
mice were sacrificed and ex vivo imaging of the major organs and tumors 
were carried out on an IVIS imaging system (AniView100, BLT, China).

2.23. In vivo antitumor study

When the tumor volumes of the U-87 MG-tumor bearing mice 
reached approximately 100 mm3, the day was defined as day 0. The mice 
were randomly divided into four groups (n = 5), and intravenously 
injected with (1) saline (control group), (2) CaO2@Lip (20 mg kg− 1 

CaO2), (3) CFZ@Lip (2 mg kg− 1 CFZ), or (4) CFZ-CaO2@Lip (20 mg kg− 1 

CaO2, 2 mg kg− 1 CFZ). The injection was performed on day 0, 2, 4, 8. 
The tumor sizes were measured with a caliper every other day for 14 
days. All mice were sacrificed on day 14, and the tumor tissues were 
harvested, fixed, embedded, sectioned, and stained with H&E. Proteins 
of the tumors were collected for the western blotting assay and GSH 
content detection.

The tumor tissues were also fixed with PFA overnight, and then 
dehydrated with gradient sucrose solution. Frozen sections (5 μm) were 
obtained using a Leica CM3050S cryostat (Germany). For the detection 
of the expression of Ki67 and ubiquitinated proteins, the tumor slices 
were permeabilized with 0.1 % Triton X-100, blocked with 10 % goat 
serum, and incubated with anti-Ki67 and anti-ubiquitin primary anti
body in a shaker at 4 ◦C overnight. The tumor slices were then incubated 
with Alexa Fluor 488 conjugated goat anti-rabbit secondary antibody for 
1 h and stained with Hoechst 33342 (10 μg mL− 1) for 30 min at room 
temperature. For DCFH-DA staining, the tumor slices were incubated 
with DCFH-DA (10 μM) for 30 min and Hoechst 33342 for 30 min. For 
the TUNEL analysis, the tumor slices were permeabilized and incubated 
with TUNEL test solution for 1 h and Hoechst 33342 for 30 min. The 
fluorescence images of the samples were captured by a Zeiss Axio 
Observer Z1 fluorescence microscope (Germany).

2.24. Statistical analysis

All experiments were carried out at least three times and the results 
were presented as mean ± standard errors of the mean (S.E.M.). Sta
tistical analysis was performed by using GraphPad Prism 8 (GraphPad 
Software Inc. USA). The statistical differences were evaluated using one- 
way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A 
P < 0.05 was considered as statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of CaO2@Lip

CaO2 NPs were first synthesized at room temperature. In brief, the 
reaction was carried out by mixing calcium chloride (CaCl2), poly
vinylpyrrolidone 8000 (PVP 8000), ammonia solution (NH3⋅H2O) and 
H2O2 in an ethanol system and stirring for 2 h. The CaO2 NPs were 

obtained after centrifugation and dispersed in ethanol. The CaO2 NPs 
obtained exhibit a relatively uniform size as determined from the 
transmission electron microscopy (TEM) imaging (Fig. 2a). The 
composition of the CaO2 NPs was determined by energy-dispersive X-ray 
spectroscopy (EDX). Fig. 2b shows that Ca and O elements are distrib
uted in the NPs, indicating that the NPs are CaO2. As the dynamic light 
scattering result shown in Fig. 2c, the hydrodynamic size of CaO2 is 54.6 
± 2.1 nm.

CaO2@Lip was prepared by a film dispersion method. SPC, choles
terol, DSPE-PEG2000 dissolved in chloroform and CaO2 NPs dissolved in 
ethanol were dried to form a lipid film using a rotary evaporator. Sub
sequently, water was added to hydrate the membrane, resulting in the 
formation of CaO2@Lip. The TEM image of CaO2@Lip was displayed in 
Fig. 2d, and the hydrodynamic size was determined to be 141.2 ± 8.9 
nm (Fig. 2e).

In the acidic TME and lysosomes, CaO2 reacts with H+ to generate 
Ca2+ ions and H2O2 [32]. The concentration of Ca2+ was measured by an 
o-cresolphthalein complexone (oCPC) method (Fig. S1). For the deter
mination of the GSH consumption capacity of CaO2@Lip due to the 
released H2O2, a GSH assay was performed based on the oxidation of 
GSH by 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB, with an absorption 
peak at 325 nm) to form the yellow derivative 5-thio-2-nitrobenzoic acid 
(TNB, with an absorption peak at 412 nm). The initial GSH concentra
tion can be measured according to UV–vis absorption spectrum. As 
shown in Fig. 2f, the absorbance at 412 nm is proportional to the GSH 
concentration added to the reaction solution, indicating that GSH 
quantification is reasonable. Correspondingly, under the same GSH 
content, the CaO2@Lip amount is inversely related to the TNB produced, 
suggesting the GSH depletion ability of CaO2@Lip by self-supplying 
H2O2 (Fig. 2g). This result indicates that CaO2@Lip can affect cellular 
redox balance by consuming intracellular GSH.

3.2. CFZ loading and release

As an irreversible second-generation proteasome inhibitor, CFZ es
tablishes a covalent link through its epoxy ketone interaction with the N- 
terminal threonine of the proteasome active site, and mainly inhibits 
chymotrypsin-like (β5) activity [33]. However, CFZ exhibits a low sol
ubility in aqueous solutions, necessitating the use of drug delivery sys
tems to address this issue. Nanoparticle delivery system is considered as 
a preferred option due to their high loading capacity and ability to target 
tumors [34].

As self-assembled bilayer spheres made of amphiphilic molecules, 
liposomes are ideal drug carriers for both hydrophobic and hydrophilic 
drugs [35]. Liposomes were thus utilized to co-load CaO2 and CFZ to 
obtain CFZ-CaO2@Lip. The CFZ concentration was determined using 
LC-MS analysis (Fig. S2). The loading capacity and encapsulation effi
ciency of CFZ in CFZ-CaO2@Lip were determined to be 12.4 wt% and 
(77.4 ± 5.3)%, respectively (Fig. 3a). Besides, the hydrodynamic size of 
CFZ-CaO2@Lip is approximately 150 nm, which is slightly increased 
compared with CaO2@Lip (Fig. 3b). NPs, including liposomes, generally 
enter cells via endocytosis and are then largely transported into acidic 
endosomes and lysosomes [36,37]. Phosphate buffered saline (PBS) and 
citrate buffer (lysosome/endosome mimicking buffer, pH 4.5) were used 
to study the CFZ release behavior [38,39]. As shown in Fig. 3c, CFZ 
release of CFZ-CaO2@Lip is pH-dependent. After incubation using a 
dialysis bag for 48 h, the release amount of CFZ in citrate buffer is (80.9 
± 4.5)%, while that in PBS is only (46.6 ± 5.0)%.

3.3. Synergistic cellular disorder induced by CFZ-CaO2@Lip in U-87 MG 
cells

The UPS eliminates damaged, misfolded, or unnecessary proteins 
from cells to control cellular functions. This process involves two stages: 
ubiquitination of target proteins and their degradation by the protea
some [40]. Ubiquitin is a 76-amino-acid protein that initially binds to 
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the target protein, guaranteeing accurate recognition by the proteasome 
for degradation [40]. Polyubiquitination is a process facilitated by a 
series of enzymes (E1, E2, and E3) that sequentially deliver ubiquitin 
molecules to target proteins [41]. The proteasome complex recognizes 
ubiquitinated proteins, deubiquitinates, unfolds, and cleaves them into 
peptide products, and the ubiquitin chains are recycled [41]. Herein the 
effect of CFZ-CaO2@Lip on UPS was evaluated.

Human glioblastoma U-87 MG cells were used in this study. The 
fluorescent probe coumarin 6 (C6) was used to label CaO2@Lip to study 
their uptake profile in the U-87 MG cells. Both fluorescence imaging and 
flow cytometry analysis demonstrate that CaO2@Lip can be taken up by 
the cells in a dose-dependent manner (Fig. S3). U-87 MG cells stably 
expressing green fluorescent protein-tagged ubiquitin (GFP-ubiquitin) 
were used to study the intracellular levels of ubiquitinated proteins after 
the treatments. The effect of CFZ-CaO2@Lip on UPS was compared with 
the monotherapy with CFZ @Lip or CaO2@Lip. As expected, CFZ@Lip 
(10 nM CFZ) alone induces accumulation of GFP-ubiquitin puncta 

(Fig. 4a) and enhances the expression of ubiquitinated proteins (Fig. 4b). 
Even if CaO2@Lip (20 μg mL− 1 CaO2) has little effect on UPS, treatment 
with CFZ-CaO2@Lip results in dramatic accumulation of GFP-ubiquitin 
puncta (Fig. 4a) and ubiquitinated proteins (Fig. 4b), as compared with 
the monotherapy.

Mitochondria, being the "powerhouse" of cells, are crucial for sup
plying significant energy to tumor cells [42]. Importantly, mitochondria 
are also involved in various fundamental cell functions such as calcium 
homeostasis, ROS regulation, ATP production, and apoptosis [43]. The 
potential-dependent fluorescent probe JC-1 was utilized for detecting 
mitochondrial membrane potential (MMP). JC-1 forms aggregates in the 
normal mitochondrial matrix and emits intense red fluorescence, 
whereas it is unable to form aggregates and emits green fluorescence 
when the mitochondrial membrane potential is lowered. As shown in 
Fig. 4c, compared with the control group, the red fluorescence signal in 
the group of CaO2@Lip (20 μg mL− 1 CaO2) or CFZ@Lip (10 nM CFZ) is 
weaker, while the green fluorescence intensity is stronger. Compared 

Fig. 2. Characterization of CaO2@Lip. (a) TEM image of CaO2 NPs. (b) EDX spectrum profile of CaO2 NPs. (c) Hydrodynamic size of CaO2 NPs. (d) TEM image of 
CaO2@Lip. (e) Hydrodynamic size of CaO2@Lip. (f) UV–vis absorbance spectra of DTNB solutions after reaction of various concentrations of GSH. (g) UV–vis 
absorbance spectra of DTNB solutions after reaction of GSH (250 μM) in the presence of various concentrations of CaO2@Lip.
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Fig. 3. Loading and release of CFZ from CFZ-CaO2@Lip. (a) LC-MS chromatograms of CFZ for the initial solution and the filtrate after drug loading. (b) Hydro
dynamic size of CFZ-CaO2@Lip. (c) CFZ release profile of the CFZ-CaO2@Lip in PBS or citrate buffer (20 mM, pH 4.5) at 37 ◦C. The data shown represent the mean ±
S.E.M., n = 3, ***P < 0.001.

Fig. 4. Synergistic cellular disorder induced by CFZ-CaO2@Lip in U-87 MG cells. (a) Imaging of GFP-ubiquitin puncta and (b) western blotting analysis of the 
expression of ubiquitinated proteins in the U-87 MG cells. (c) JC-1, (d) Ca2+, and (e) ROS staining of the cells. After the treatment, the cells were stained with JC-1 (4 
μM, green and red), Fluo-4 (0.5 μM, green), and DCFH-DA (10 μM, green) to study the cellular MMP, Ca2+ content, and ROS level, respectively. Cell nuclei were 
stained with Hoechst 33342 (100 ng mL− 1, blue). The cells were treated with CFZ@Lip (10 nM CFZ), CaO2@Lip (20 μg mL− 1 CaO2), or CFZ-CaO2@Lip (10 nM CFZ, 
20 μg mL− 1 CaO2) for 24 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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either mono-treatment, CFZ-CaO2@Lip further reduces the red fluores
cence and enhance the green fluorescence intensity, indicating that the 
combination treatment with CFZ-CaO2@Lip induces a lowest mito
chondrial membrane potential (Fig. 4c). This phenomenon may be due 
to excessive Ca2+ released from CaO2 NPs and induced from CFZ, 
resulting in mitochondrial signaling disorders, which is beneficial to 
anticancer therapy [44]. Moreover, proteasome plays a vital role in 
shaping mitochondria, the inhibition of UPS triggers not only the 
accumulation of ubiquitinated proteins, but also mitochondrial 
dysfunction [45].

A cell-permeable green-fluorescent Ca2+ indicator Fluo-4 AM was 
utilized for detecting intracellular Ca2+. CaO2@Lip induces a higher 
level of intracellular Ca2+ in a dose-dependent manner (Fig. S4). Sig
nificant higher intracellular Ca2+ level was observed after the cells were 
treated with CFZ@Lip (10 nM CFZ) (Fig. 4d), and this phenomenon is 
attributed to the efflux of Ca2+ from the ER into the cytoplasm under ER 
stress caused by CFZ, thereby leading to the increased concentration of 
Ca2+ [46]. Importantly, CaO2@Lip (20 μg mL− 1 CaO2) cooperates with 
CFZ@Lip (10 nM CFZ) to further elevate intracellular Ca2+ content 
(Fig. 4d). As expected, the combination of CaO2@Lip and CFZ@Lip 
synergistically enhance the ROS level (Fig. 4e).

It has been reported that several proteasome inhibitors like borte
zomib, MG-132 and have been shown to elevate intracellular levels of 
ROS [47–49]. A fluorescence probe 2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA) was also used to detect intracellular ROS. 
CaO2@Lip also enhances the intracellular ROS level in a dose-dependent 
(Fig. S5). Compared with control group, CaO2@Lip (20 μg mL− 1 CaO2) 
or CFZ@Lip (10 nM CFZ) mildly elevates the ROS level, however, the 
combination treatment with CFZ-CaO2@Lip (10 nM CFZ, 20 μg mL− 1 

CaO2) synergistically induces a dramatic intracellular ROS level 
(Fig. 4e).

3.4. Synergistic cytotoxicity induced by CFZ-CaO2@Lip in U-87 MG cells

Even though CFZ has been approved for many years, its efficacy in 
solid tumors is unsatisfactory. In view of the fact that the combination of 
CaO2 and CFZ can lead to homeostasis disorder of cells, the cytotoxic 
effect of CFZ-CaO2@Lip was then studied in the U-87 MG cells.

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Fig. 5a, 
CaO2@Lip inhibits the cell viability dose-dependently. In order to 
identify the cytotoxic effect of CaO2@Lip was caused by excess released 
Ca2+ or ROS, the cells were treated with CaO2@Lip in the presence or 
absence of a Ca2+ chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′- 
tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM) or an anti
oxidant N-acetylneuraminic acid (NAC). The result indicates that 
BAPTA-AM does not affect the cytotoxicity of low concentrations of 
CaO2@Lip (20− 40 μg mL− 1 CaO2), whereas NAC greatly reverses the 
cell viability (Fig. 5b and c), suggesting that the cytotoxicity effect of 
CaO2@Lip at the low concentration is primarily attributed to the 
released ROS, rather than Ca2+. However, at the high CaO2 concentra
tion of 80 μg mL− 1, both Ca2+ and ROS contribute to the cytotoxicity of 
CaO2@Lip (Fig. 5b and c). Zhang et al. also reported that CaO2 induced 
cytotoxicity at the high CaO2 concentration of 60 μg mL− 1 was attrib
uted to calcium overload [26]. Therefore, whether CaO2 induces 
oxidative stress or calcium overload is dependent on its dosage. As the 
close interrelationship between calcium and ROS, the induced increases 
of calcium overload and ROS are believed to create a self-amplifying 
loop in the cells [13,50]. Because CaO2@Lip at the low CaO2 concen
tration of 20 μg mL− 1 can increase both calcium and ROS (Fig. 4d and e), 
the induced mild increase of calcium may contribute to the ROS 
elevation.

CaO2@Lip (20 μg mL− 1 CaO2) which induces the cell viability to be 
(71.2 ± 1.3)% was chosen for the combination therapy of CaO2 and CFZ. 
CaO2@Lip (20 μg mL− 1 CaO2) synergistically enhances the cytotoxicity 
of CFZ at varying concentrations. The viability of the cells treated with 

CFZ@Lip (20 nM CFZ) is (68.5 ± 2.8)%, while CFZ-CaO2@Lip dramat
ically reduces the cytotoxicity to (37.4 ± 1.3)% (Fig. 5d). In several 
previous reports, calcium overload can enhance the cytotoxic effect of 
chemotherapeutic agents [31,51]. Therefore, further studies were per
formed to distinguish the roles of Ca2+ and ROS involved in the syner
gistic effect. We found that CaCl2 (277 μM) containing the same amount 
of Ca2+ as CaO2@Lip (20 μg mL− 1 CaO2) does not affect the viability of 
the cells treated with CFZ@Lip (Fig. S6), further indicating that the 
synergistic cytotoxicity of CFZ@Lip is attributed to ROS generated by 
CaO2@Lip. As expected, NAC reverses the toxicity of CFZ-CaO2@Lip to a 
similar level as CFZ@Lip (Fig. 5e). Moreover, lowest intracellular GSH 
content was detected after the cells were treated with CFZ-CaO2@Lip 
(Fig. 5f).

A flow cytometry assay was conducted using AnnexinV-FITC and PI 
staining to evaluate cell apoptosis. The apoptosis rates in CaO2@Lip (20 
μg mL− 1 CaO2) and CFZ@Lip (20 nM CFZ) groups are (21.5 ± 1.7)% and 
(30.3 ± 1.5)%, respectively. Importantly, treatment of CFZ-CaO2@Lip 
enhances the apoptosis rate to (61.9 ± 0.7)% (Fig. 5g, Fig. S7), which 
was consistent with the MTT result. Caspase-3 is a crucial cysteine 
protease that plays a key role in the apoptosis process. It functions by 
cleaving various apoptosis-related proteins, such as poly (ADP-ribose) 
polymerase (PARP), which is a DNA repair enzyme. During apoptosis, 
caspase-3 cleaves PARP, leading to its inactivation and facilitating 
apoptosis progression [52]. A selective fluorescent substrate 
Ac-DEVD-AMC was used to determine the caspase-3 activity. As 
compared with control group, the caspase-3 activity for the cells treated 
with CaO2@Lip (20 μg mL− 1 CaO2) and CFZ@Lip (20 nM CFZ) are 
(131.3 ± 12.4)% and (138.9 ± 4.4)%, respectively. The CFZ-CaO2@Lip 
enhances the caspase-3 activity to (204.8 ± 12.6)% (Fig. 5h). As shown 
in Fig. 5i, treatment with CFZ-CaO2@Lip induces maximal expression of 
cleaved PARP protein. These results indicate that the combination 
treatment by CFZ-CaO2@Lip synergistically induces cell apoptosis.

3.5. Synergistic tumor growth inhibition by CFZ-CaO2@Lip in vivo

For in vivo studies, the biocompatibility of CaO2@Lip in mice was 
determined first. The BALB/c nude mice were injected with saline or 
CaO2@Lip (20 mg kg− 1 CaO2) via the tail vein and sacrificed after 14 
days. Blood samples were collected for detecting biochemical markers, 
including the activities of liver aminotransferases (aspartate amino
transferase (AST), alanine aminotransferase (ALT)) and the levels of 
kidney function indicators (blood urea nitrogen (BUN) and creatinine 
(CRE)). As shown in Fig. 6a, CaO2@Lip does not affect the function of 
the liver or kidney. The major organs of the mice were collected for 
histochemical analysis by hematoxylin and eosin (H&E) staining. The 
result shows there is no harm to the organs after the treatment with 
CaO2@Lip (Fig. 6b).

The biodistribution of the NPs plays a vital role in their in vivo 
therapeutic efficacy. The in vivo distribution of the CaO2@Lip was 
studied in the mice bearing the tumors. U-87 MG-tumor bearing BALB/c 
nude mice were constructed by injecting U-87 MG cells subcutaneously 
into the backside flank. CaO2@Lip was loaded a fluorescent dye DiR 
(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide), and 
DiR-loaded CaO2@Lip (20 mg kg− 1 CaO2, 200 μg kg− 1 DiR) was intra
venously injected into the U-87 MG-tumor-bearing mice, and the main 
organs and tumors were harvested after 6 or 12 h. As shown in Fig. 7a, 
though the majority of CaO2@Lip is retained in the liver and spleen, a 
high amount of CaO2@Lip accumulates in the tumor due to the tumor 
passive targeting ability of CaO2@Lip. A higher accumulation of 
CaO2@Lip in the tumor was observed at 12 h compared to 6 h after 
injection.

In view of the ideal biocompatibility and passive tumor-targeting 
capability of CaO2@Lip in vivo, along with the substantial synergistic 
inhibitory impact of CaO2@Lip and CFZ@Lip on U-87 MG cell prolif
eration, in vivo antitumor effect of CFZ-CaO2@Lip was subsequently 
investigated. When the tumor volume reached around 100 mm3 (day 0), 
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the mice were injected intravenously saline, CaO2@Lip (20 mg kg− 1 

CaO2), CFZ@Lip (2 mg kg− 1 CFZ), or CFZ-CaO2@Lip (20 mg kg− 1 CaO2, 
2 mg kg− 1 CFZ) on day 0, 2, 4, and 8. The body weight and tumor sizes of 
the mice were measured every two days until day 14. As shown in 
Fig. S8, there was no obvious change in the weight of mice. Compared 
with the control group, treatment with CaO2@Lip or CFZ@Lip inhibits 
tumor growth to varying degrees, while treatment with CFZ-CaO2@Lip 
shows the strongest tumor suppression (Fig. 7b and c). Correspondingly, 
the tumor weight data (Fig. 7d) also supports this result. Consistent with 
the in vitro results, CFZ-CaO2@Lip induces the highest accumulation of 
ubiquitinated proteins from western blot analysis (Fig. 7e) and immu
nofluorescence staining of tumors (Fig. 7f).

H&E staining of tumor sections indicates that treatment with 
CaO2@Lip or CFZ@Lip only results in minimal damage effects, whereas 
CFZ-CaO2@Lip induces substantial tumor destruction, showing signs of 
nuclear pyknosis, karyolysis, and karyorrhexis (Fig. 7f). The CFZ- 
CaO2@Lip group exhibits the highest ROS induction based on the DCFH- 
DA staining result (Fig. 7f), which correlates with the detection of GSH 
content in the tumors (Fig. S9). Ki67 and TUNEL staining were per
formed to evaluate the cell proliferation and apoptosis levels in the 
tumor, respectively. As expected, the minimal expression of Ki67 and 

maximal TUNEL-positive cells were observed in the tumors from the 
CFZ-CaO2@Lip group (Fig. 7f), providing further evidence of the 
enhanced efficacy of CFZ by CaO2.

The combination therapy with two or more anticancer drugs shows 
great potential in improving the therapeutic effect and broadening their 
indications [53,54]. Based on the crosstalk between proteasome in
hibitors and oxidative stress, incorporation of CaO2 was first proved to 
sensitize the anticancer efficacy of proteasome inhibitors.

4. Conclusions

In summary, liposomes were used to encapsulate CaO2 NPs and 
proteasome inhibitor CFZ for combination therapy based on the cross
talk between proteasome inhibitors and oxidative stress. Under the 
acidic condition, CaO2 can decompose and release both Ca2+ ions and 
H2O2. Low-dose CaO2 synergistically enhances the anticancer effect of 
CFZ, which is attributed to the generation of ROS. The combination 
therapy synergistically induces the intracellular accumulation of ubiq
uitinated proteins and endoplasmic reticulum stress, subsequently 
leading to cell apoptosis. Taking advantage of passive tumor targeting 
ability of liposomes, the codelivery system delivers both CaO2 and CFZ 

Fig. 5. Synergistic cytotoxicity induced by CFZ-CaO2@Lip. (a) Viability of the cells after incubation with CaO2@Lip (5− 80 μg mL− 1 CaO2) for 48 h. (b) Viability of 
the cells after incubation with CaO2@Lip (20− 80 μg mL− 1 CaO2) in the presence or absence of BAPTA-AM (4 μM) for 48 h. (c) Viability of the cells after incubation 
with CaO2@Lip (20− 80 μg mL− 1 CaO2) in the presence or absence of NAC (2 mM) for 48 h. (d) Enhanced cytotoxicity of CFZ by CaO2. The cells were treated with 
CFZ@Lip (5− 40 nM CFZ), CaO2@Lip (20 μg mL− 1 CaO2), or CFZ-CaO2@Lip (5− 40 nM CFZ, 20 μg mL− 1 CaO2) for 48 h. (e) Viability of the cells after incubation with 
CFZ@Lip (20 nM CFZ), CaO2@Lip (20 μg mL− 1 CaO2), or CFZ-CaO2@Lip (20 nM CFZ, 20 μg mL− 1 CaO2) in the presence or absence of NAC (2 mM) for 48 h. The cell 
viability was determined by MTT assay. (f) Reduced intracellular GSH content after the treatment with CFZ-CaO2@Lip.The cells were treated with CFZ@Lip (20 nM 
CFZ), CaO2@Lip (20 μg mL− 1 CaO2), or CFZ-CaO2@Lip (20 nM CFZ, 20 μg mL− 1 CaO2) for 24 h. (g) Flow cytometry analysis of apoptosis after various treatments for 
24 h. (h) Caspase-3 activity of the cells after various treatments for 24 h. (i) Western blotting analysis of PARP cleavage of the cells after the treatments for 24 h.

Fig. 6. In vivo biocompatibility study. (a) Blood biochemistry analysis of AST, ALT, BUN and CRE. (b) H&E staining of heart, liver, spleen, lung, and kidney of the 
mice. The mice were intravenously injected with saline or CaO2@Lip (20 mg kg− 1 CaO2), and sacrificed after 14 days. The data shown represent the mean ± S.E.M., 
n = 3.
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Fig. 7. In vivo anticancer effect of CFZ-CaO2@Lip. (a) In vivo distribution of CaO2@Lip. The DiR-loaded CaO2@Lip (20 mg kg− 1 CaO2, 200 μg kg− 1 DiR) was 
intravenously injected into U-87 MG-tumor bearing mice, and ex vivo fluorescence images of major organs and tumors were captured after 6 or 12 h. (b) Tumor 
volumes of the mice at various time points. The mice were intravenously injected with saline, CaO2@Lip (20 mg kg− 1 CaO2), CFZ@Lip (2 mg kg− 1 CFZ), or CFZ- 
CaO2@Lip (20 mg kg− 1 CaO2, 2 mg kg− 1 CFZ). (c) Photographs and (d) weights of tumors in different groups at the end points of the treatments. (e) Western blotting 
analysis of the expression of ubiquitinated proteins in the tumors. (f) H&E staining, immunofluorescence staining of ubiquitin (green), DCFH-DA (green), Ki67 
(green) and TUNEL assay (red) of the tumor slices. The nuclei were stained with Hoechst 33342 (blue). The data shown represent the mean ± S.E.M., n = 5, *P <
0.05, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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to the tumor and exerts a superior antitumor effect in U-87 MG tumor- 
bearing mice compared with monotherapy. Taken together, CaO2 
shows great potential in sensitizing the proteasome inhibitors for solid 
tumor therapy.
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