
O R I G I N A L  R E S E A R C H

pH-Responsive Charge-Reversal Smart 
Nanoparticles for Co-Delivery of Mitoxantrone 
and Copper Ions to Enhance Breast Cancer 
Chemo-Chemodynamic Combination Therapy
Tao Tan1,*, Weiyi Chang1,2,*, Tian Long Wang1, Wei Chen1, Xiaobing Chen1, Chunmiao Yang1, 
Dongsheng Yang1

1College of Life Science, Zhuhai College of Science and Technology, Zhuhai, 519041, People’s Republic of China; 2College of Life Science, Jilin 
University, Changchun, 130012, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Dongsheng Yang, College of Life Science, Zhuhai College of Science and Technology, Zhuhai, 519041, People’s Republic of China, 
Email yds@zcst.edu.cn 

Purpose: The poor delivery and limited penetration of nanoparticles into breast cancer tumors remain essential challenges for 
effective anticancer therapy. This study aimed to design a promising nanoplatform with efficient tumor targeting and penetration 
capability for effective breast cancer therapy.
Methods: A pH-sensitive mitoxantrone (MTO) and copper ion-loaded nanosystem functionalized with cyclic CRGDfK and r9 peptide 
(TPRN-CM) was rationally designed for chemo-chemodynamic combination therapy. TPRN-CM would be quiescent in blood 
circulation with the CRGDfK peptide on the surface of the nanoparticle to improve its targeting to the tumor. Then, the structure of 
TPRN-CM changes in the acidic tumor microenvironment, and the r9 peptide can be exposed to make a surface charge reversal to 
promote deep penetration in the tumor and facilitate their internalization by cancer cells, which was characterized using transmission 
electron microscopy, dynamic light scattering, flame atomic absorption, etc. The drug release behavior, anti-tumor effects in vivo and 
in vitro, and the biosafety of the nanoplatform were evaluated.
Results: TPRN-CM exhibited remarkable capability to load MTO and Cu2+ with good stability in serum. It can achieve pH- 
responsive charge reversal, MTO, and Cu2+ release, and can further generate toxic hydroxyl radicals in the presence of glutathione 
(GSH) and H2O2. In vitro experiments demonstrated that this nanoplatform significantly inhibited proliferation, migration, invasion 
activities and 3D-tumorsphere growth. In vivo experiments suggested that rationally designed TPRN-CM can be effectively delivered 
to breast cancer tumors with deep tumor penetration, thereby resulting in a notable reduction in tumor growth and suppression of lung 
metastasis without causing any apparent side effects.
Conclusion: The constructed TPRN-CM nanoplatform integrated tumor targeting, tumor penetration, drug-responsive release, and 
chemo-chemodynamic combination therapy, thereby providing an intelligent drug delivery strategy to improve the efficacy of breast 
cancer treatment.
Keywords: pH-responsive, charge-reversal, chemo-chemodynamic combination therapy, penetration, breast cancer

Introduction
Chemotherapy is widely used to treat breast cancer in clinical practice, but the chemoresistance and adverse effects of 
poor selectivity on cancer tissue severely limit their clinical application.1 Developed nanomedicines can realize tumor 
specific delivery through active or passive targeting, but their therapeutic effects are not satisfactory.2 At present, multiple 
treatments with synergistic anti-tumor effects have good development prospects.3–6 Chemodynamic therapy (CDT) based 
on Fenton chemistry has gradually become a new type of cancer treatment, utilizing the Fenton-like reaction to convert 
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hydrogen peroxide (H2O2) in tumors into highly toxic hydroxyl radicals (•OH, one of the reactive oxygen species (ROS)) 
for specifically killing tumor cells.7 Compared with other ROS therapies, the CDT has advantages such as higher 
catalytic performance in generating ROS, less dependence on external stimuli, and deep tissue therapeutic ability. 
Interestingly, the generated ROS can improve the therapeutic effects of chemotherapeutic drugs,8,9 suggesting that the 
synergistic combination of CDT and chemotherapy could treat tumor progression and metastasis.10–13

Nanosystems can serve as powerful delivery platforms for simultaneously loading chemotherapy and CDT 
agents,3,14,15 and can effectively target tumors by taking advantage of the enhanced permeability and retention 
effects.16 However, most of these nanosystems are mainly detected in the external regions of tumor tissues rather than 
penetrating the deep inner sides, resulting in inadequate therapeutic efficacy.17–19 Typically, the delivery efficiency of 
nanosystems depends on the biological barrier and how they interact with barriers before reaching the target site. The 
solid tumor of breast cancer posses the main barrier called the tumor microenvironment (TME), mainly including 
extracellular matrix (ECM), the disorganized tumor vascular network, stromal cells (SCs, tumor-associated macrophage 
(TAM), cancer-associated fibroblasts (CAFs)), and so on.20 The biological barrier formed by the abundant CAFs and 
excessive ECM on the periphery of tumor tissues results in poor distribution and penetration of drugs and 
nanoparticles.21 For chemotherapy and CDT, the poor tumor penetration of the nanodrugs can lead to heterogeneous 
distribution of drug in tumor, thereby resulting in failure to completely eradicate the tumor.22,23 Many materials including 
cationic polymer and lipid, or peptides, etc are under exploration for ameliorating tumor penetration of the agents.18 

Therein, cell penetrating peptides (CPP) have appeared as an exciting candidate to decorate the nanoparticles, which have 
been proved to enhance intracellular delivery and tumor penetration of the agents.24,25 However, due to the positive 
surface charge, these CPP modified nanosystem are sensitive to nonspecific phagocytosis of the reticuloendothelial 
system and easily adsorb the plasma proteins once injected into the blood, masking their long circulation in blood and 
targeting capacity to tumor sites, thereby critically influencing the in vivo biological fate and therapeutic effects.26 The 
nanosystem decorated with poly (ethylene glycol) (PEG) and negative or neutral surface charge is considered to achieve 
long-term circulation in the blood and targeting capacity to tumor sites, however pouring their tumor penetration.27 To 
address these limitations, nanosystem rational designed with efficient tumor targeting and penetrating capability is 
necessary to achieve the synergistic effects of chemo-chemodynamic combination therapy.

Recent reports have revealed that Nine D-arginine (r9), a superlative CPP, can effectively endow the nanosystem with 
penetrating capability to the tumor site.28,29 Meanwhile, RGD peptide modification may specifically recognize highly 
expressed αvβ3/5 integrins in tumor vessels or cancer cells to enhance tumor targeting.30,31 In our previous results, we 
demonstrated the crucial role of the r9 peptide in strengthening the tumor penetration of the nanosystem and a cyclic 
CRGDfK peptide in enhancing the tumor targeting of nanoparticles.32,33 Rationally, a re-constructed nanosystem 
decorated with a cyclic CRGDfK and r9 peptide can be an encouraging nanoplatform with tumor-targeting and deep 
tumor-penetration for effective chemo-chemodynamic combination therapy. In addition, pH-sensitive polymers are more 
attractive for targeted drug delivery owing to the different pH values of normal and tumor tissues. Most tumor tissues are 
extracellularly acidic, with a pH value lower than 7.4.34 Upon delivering from normal tissue to extracellular tumor tissue 
(pH6.5), pH-responsive polymers undergo structural transition, followed by encapsulated drug release or the surface 
structure of the nanosystem changing.35–37

With this in mind, we describe a pH-sensitive mitoxantrone (MTO) and copper ion-loaded nanosystem functionalized 
with cyclic CRGDfK and r9 peptide (denoted as TPRN-CM) for chemo-chemodynamic combination therapy for 
metastatic breast cancer (Scheme 1). MTO and copper ions is respectively selected as the agents for chemotherapy 
and CDT of breast cancer.The cyclic CRGDfK peptide is linked with amphiphilic block copolymers composted of poly 
(β-amino ester) (PAE) and hydrophilic PEG (PAE-PEG5K) which is designed to exhibit a sharp structure transition at 
extracellular acidic tumor environments (pH6.5). The r9 peptide was linked to distearoyl phosphoethanolamine (DSPE)- 
PEG2k to form an amphiphilic peptide derivative (DSPE-PEG2K-r9). As shown in Scheme 1, TPRN-CM would be 
quiescent in the blood circulation with the CRGDfK peptide on the surface of the nanoparticle to improve its targeting 
capacity to the tumor site. Then, PAE with tertiary amine that has a week basic character is protonated to transform into 
a hydrophilic polymer. As a result, the r9 peptide can be exposed to reverse the TPRN-CM surface charge in the acidic 
tumor microenvironment to promote deep penetration into tumor tissue and facilitate their internalization by cancer cells. 
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In this study, the rationality of this design for programmed targeting of breast cancer cells was validated by in vitro and 
in vivo evaluation. The nanosystem was decorated with PEG and a neutral surface charge to achieve long-term 
circulation in the blood and targeting capacity to tumor sites, followed by exposure of the positively charged CPP at 
the tumor site to penetrate the tumor tissue. Such structural changes in the nanosystem between normal and tumor tissues 
will facilitate the synergistic effects of chemo-chemodynamic combination therapy in breast cancer.

Material and Methods
Materials
Mitoxantrone (MTO), CuCl2·H2O, methylene blue (MB), 5.5’-Dithiobis- (2-nitrobenzoic acid) (DTNB), and 
L-glutathione (GSH) were obtained from Shanghai Macklin Biochemical Co. Ltd. DCFH-DA was purchased from 
Shanghai Beyotime Biotechnology Co. Ltd. Hydrogenated soybean phosphatidylcholine (HSPC), cholesterol, and DSPE- 
PEG2K were supplied by Shanghai Advanced Vehicle Technology Pharmaceutical Ltd. The pH-sensitive amphiphilic 
block polymers PAE-PEG5K-RGD, PAE-PEG5K, and DSPE-PEG2K-r9 were purchased from Xi’an Ruixi Biological 
Technology Co. Ltd. RPMI 1640 medium, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 
and calf bovine serum (CBS) were purchased from GIBCO, CA, USA).

Cell Lines and Animals
Murine metastatic 4T1 breast cancer cells and mouse NIH3T3 embryonic fibroblast cell were obtained from the Shanghai 
Cell Bank, Chinese Academy of Sciences (CAS). The 4T1 and NIH3T3 cells were respectively cultured in the RPMI 
1640 medium supplemented with 10% FBS and, DMEM supplemented with 10% CBS, 100 U/mL of penicillin, and 
100 µg/mL of streptomycin at 37 °C and 5% CO2 in a humidified incubator. Meanwhile NIH3T3 cells were pre-activated 
with 10 ng/mL transforming growth factor-β (TGF-β) to differentiate into cancer-associated fibroblasts (CAFs).38

Female Kunming mice (18~22g) were provided by Guangdong Medical Laboratory Animal Center (GMLAS, 
Guangdong, China). All animal experiments were performed in accordance with experimental guidelines approved by 
the Institutional Animal Care and Use Committee (IACUC) of GMLAS, China.

Scheme 1 Schematic illustration of pH-responsive charge-reversal TPRN-CM in acidic tumor microenvironment and the corresponding the mechanism of breast cancer 
chemo-chemodynamic combination therapy.
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Preparation and Characterization of MTO and Cu2+ Coloaded Nanoparticles 
(TPRN-CM)
The TPRN-CM nanoparticles was composed of MTO, Cu2+, DSPE-PEG2k-r9, PAE-PEG5k-RGD, HSPC, and cholesterol 
(weight ratio: 1:0.08:1.5:2:10:2). First, DSPE-PEG2k-r9, PAE-PEG5k-RGD, HSPC, and cholesterol were dissolved in 
a solution of chloroform/methanol (v/v=1:1) in a round flask and evaporated to dryness under reduced pressure to form 
a thin film. The film was then dispersed in PBS (pH7.4) containing 0.1 M CuCl2·H2O and sonicated with a probe in 
a water bath for 5 min, followed by dialysis for 5 h to prepare a liposomal formulation (TPRN-C). Finally, the TPRN-C 
was incubated with MTO at 60 °C for 20 min to obtain the MTO and Cu2+-co-loaded nanoparticles (TPRN-CM). In 
contrast, counterpart formulations of PRN-CM containing PAE-PEG5k instead of PAE-PEG5k-RGD and TPN-CM 
containing DSPE-PEG2k instead of DSPE-PEG2k-r9 were prepared using the same procedure.

To determine the pH-responsiveness of TPRN-CM, the particle size distribution and ξ potential of TPRN-CM in PBS 
(pH 7.4) and PBS (pH 6.5) were measured using dynamic light scattering (DLS; Nanoplus-3, Micromeritics). The 
morphology of TPRN-CM in PBS (pH 7.4) and PBS (pH 6.5) was determined using transmission electron microscopy 
(TEM, Tecnai G2 F20 S-Twin, FEI) after negative staining with uranyl acetate.

The encapsulation efficiency (EE) of MTO and Cu2+ in the nanosystem was determined. Unentrapped MTO and Cu2+ 

were separated from these nanoformulations by gel filtration using a Sephadex G-75. The MTO content was determined 
using UV-vis absorption spectrum analysis (Epoch, Biotek, USA) at a detection wavelength of 610 nm. The amount of 
Cu2+ entrapped in the TPRN-CM was analyzed using the flame atomic absorption spectrum method (AA-7000, 
Shimadzu, Japan) equipped with a hollow copper cathode lamp. The encapsulation efficiency (EE)was determined as 
the ratio of the amount of encapsulated drug to the total amount in the formulation. The measurements were performed in 
triplicate.

To evaluate the pH-responsive drug release profiles, TPRN-CM was incubated with PBS at pH 7.4 and pH 6.5, 
respectively, and then incubated at 37 °C for 12 h. The accumulated amounts of MTO and Cu2+ released at certain time 
intervals were analyzed using the aforementioned method. To evaluate the stability over time, the nanoformulations 
(TPRN-C, TPRN-M, TPRN-CM, TPN-CM, and PRN-CM) were incubated with PBS (pH 7.4) and FBS for 24 h. The EE 
of MTO and Cu2+ in the nanosystem at certain time intervals of incubation was successively determined by UV-vis 
absorption spectrum and flame atomic absorption spectrum analysis.

The GSH Consumption and ROS Generation of the TPRN-CM
GSH consumption and ROS generation in TPRN-CM were monitored. GSH solution (5 mM, 0.1 mL) was added to 
the TPRN-CM solution in PBS (pH 6.5) with serial concentrations of Cu2+ (0, 2.5, 5, 10, and 20 μg/mL, 0.85 mL) 
and maintained at room temperature with stirring for 30 min. Then, the DTNB solution (3.0 mg/mL, 0.05 mL) was 
added, and the mixtures were incubated for another 30 min. The remaining amount of GSH was determined by 
measuring absorbance at 412 nm. Moreover, the GSH solution (5 mM, 0.1 mL) was added to TPRN-CM nanopar-
ticle solution at 10 μg /mL of Cu2+ (0.85 mL), maintained at 25 °C under stirring for given intervals (0, 15, 30, 60, 
120 min).Then, DTNB solution (3.0 mg/mL, 0.05 mL) was added, and the remaining amount of GSH was obtained 
by measuring the absorbance at 412 nm. The background solution consisted of a mixed solution of TPRN-CM and 
DTNB.

In addition, the production of •OH radicals was investigated using methylene blue (MB) as a reliable indicator of 
MB degradation after reacting with the •OH radical and showing an absorbance change at 665 nm. Hence, TPRN-CM 
was mixed with different GSH concentrations (0, 0.5, 2.5, 5, and 10 mm) at pH 6.5, and 10 mg/mL MB and 10 mm 
H2O2 were added to this solution. After 30 min of reaction in the dark, the absorbance spectra of the reaction solution 
from 500 nm to 800 nm at 10 nm intervals were measured by UV-vis absorption spectrum analysis at room 
temperature. TPRN-CM was then mixed with 5 mm GSH at different pH values (pH 6.5 and pH 7.4) and 10 mg/ 
mL MB and 10 mm H2O2 were added. After 30 min of reaction in the dark, the reaction solution was analyzed using 
the above method.
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Cellular Uptake
The uptake of the nanosystems, including TPRN-CM, TPN-CM, and PRN-CM at pH 7.4 or pH 6.5 in 4T1 cells was 
visualized under an inverted fluorescence microscope (IX73, Olympus, Japan). Sterile round glass coverslips were placed 
in a 24-well plate before the cells were seeded at 1×104 cells/well. After 24 h, the nanosystem was added to each well at 
1 µg/mL MTO and incubated for 4 h. The cells were then stained with Hoechst 33342 (Blue, Beyotime) for visualization 
under an inverted fluorescence microscope. Cellular uptake of the nanosystem was quantified by flow cytometry 
(CytoFlex, Beckman, USA). Cells were seeded into 12-well culture plates at 2×105 cells per well, cultured overnight, 
and then incubated with TPRN-CM, TPN-CM, and PRN-CM at 1 µg/mL of MTO at pH 7.4 or pH 6.5. 4T1 cells treated 
with saline were used as negative controls. After 4 h, the cells were harvested and the mean fluorescence intensity of each 
sample was determined by flow cytometry. All experiments were performed in triplicates.

Tumor Penetration of TPRN-CM in vitro
In vitro tumor penetration of TPRN-CM was determined using transwell-mediated assays. In order To simulate the microenvir-
onment of tumor tissue in vitro, the top chamber of inserts (24-well, pore size, 8 µm, Costar) was coated with 60 µL of Matrigel 
(Beyotime, China) diluted in serum-free medium and then placed in a 37 °C incubator for 30 min. Activated NIH3T3 and 4T1 
cells were seeded into the upper and lower chambers, respectively. After 24 h of incubation, the nanosystem (TPRN-CM (pH 7.4, 
pH 6.5), PRN-CM, and TPN-CM) was added to the upper chambers of the inserts at 1 µg/mL MTO. After 4h, 4T1 cells in the 
lower chamber were harvested, and the mean fluorescence intensity in each sample was determined by flow cytometry. All 
experiments were performed in triplicates. Drug-free 1.1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD)-loaded 
TPRN (TPRN-D) was used to confirm the reliability of the Transwell chamber model.

Chemodynamic Activities of TPRN-CM in 4T1 Cancer Cells
To determine the chemodynamic activity of TPRN-CM in 4T1 cancer cells, 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA, 10μM) was used as a ROS probe to detect intracellular ROS in 4T1 cells. Cells were seeded into 12-well 
plates at a density of 8×104 cells per well and incubated for 12 h. Then. The cells were stained with DCFH-DA (1.7 μL, 
10 μM in serum-free medium) at 37 °C. After 30 min of co-culture, the medium was replaced with fresh complete 
medium containing PBS, Cu2+, TPRN-C (pH 6.5 and pH 7.4), PRN-C (pH 7.4), and TPN-C (pH 7.4) at 0.08 µg/mL 
a Cu2+ concentration of 4h. The cells were then washed with serum-free 1640 and digested into single cells for flow 
cytometry. All experiments were performed in triplicates.

Cytotoxicity
The cytotoxicity of TPRN-CM was measured in 4T1 cancer cells. Briefly, cells were seeded into 96 well plates at 
a density of 3×103 cells per well and cultured overnight. MTO, TPRN-C, TPRN-M, TPRN-CM (pH 7.4, 6.5), PRN-CM, 
and TPN-CM were added to each well at serial concentrations of MTO (0.1, 0.625, 1.25, 2.5, 5, and 10 µg/mL) or 
equivalent concentrations. After 48 h of incubation, cell viability in each group was detected using thiazolyl blue 
tetrazolium bromide (MTT, Sigma) assays. All samples were analyzed in triplicate.

Inhibitory Effects on Cell Migration and Invasion Activities
The inhibitory effect of TPRN-CM on cell migration and invasion was determined using transwell assays. For the cell 
migration assay, 4T1 cells in 200 µL serum-free medium were seeded into the top chamber of inserts (24-well, pore size, 8 µm, 
Costar) at 2×105 cells per well. For the cell invasion assay, 60 µL of Matrigel (Beyotime, China) diluted in serum-free medium 
was added to the inserts and incubated for 30 min before 200 µL of serum-free medium was added to the inserts at 2×105 cells 
per well. Next, 600 µL of culture medium containing 10% FBS was added to the well of 24-plate. Nanosystems (MTO, TPRN- 
C, TPRN-M, TPRN-CM (pH 7.4, pH 6.5), PRN-CM, and TPN-CM) were added to the upper chambers of the inserts at 100 
ng/mL or equivalent concentrations of MTO. Saline-treated cells were used as negative controls. After 24 h, the cells that 
migrated or invaded across the membrane were stained with crystal violet and imaged under a microscope (IX73, Olympus, 
Japan) to evaluate their inhibitory effects on cell migration and invasion. The crystal violet signals for each treatment were 
analyzed using the ImageJ software (National Institutes of Health, Bethesda, USA).
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Vitro Growth Inhibition of Tumor Spheroids
Three-dimensional (3D) tumor spheroids were used to further evaluate the growth inhibition of the nanosystem in vitro. 
Briefly, 100 μL of suspensions of 4T1 cells was cultured in a 1% (wt/vol) agarose gel-coated 96-well plate at 1×103 cells 
per well.39 After 3 days, MTO, TPRN-C, TPRN-M, TPRN-CM (pH 7.4, pH 6.5), PRN-CM, and TPN-CM were added to 
the plates at 1 μg/mL of MTO or equivalent concentration. Untreated tumor spheroids were used as negative controls. 
The day of administration was considered day 0, and spheroid growth was monitored for 6 days using a microscope 
(IX73, Olympus, Japan).The tumor spheroids volume on day 0 and 6 was quantified by the formula V=L×W2/2 (L, the 
longest dimension; W, the shortest dimension). The tumor spheroids volume at Day 6 compared to Day 0 treatment 
represented for the inhibitory effects on the spheroids growth of each treatment.

Tumor Penetration of TPRN-CM
The penetration of TPRN-CM into the tumor mass was also measured. The Tumor tissues from TPRN-CM- and TPN- 
CM-treated groups were collected at 8 h after injection, embedded in the optimal cutting temperature compound, frozen 
at 20 °C for sectioning at 10 µm. The tumor sections were fixed with 4% paraformaldehyde and stained with 
40.6-diamidino-2-phenylindole (DAPI, blue, Beyotime) and actin-tracker green (green, Beyotime) for visualization 
under a confocal laser scanning microscope (CLSM, TCS-SP8 STED, Leica, Germany). Finally, fluorescent signals 
from the entire tumor mass were collected to provide a complete view. The fluorescence signals of MTO in each 
treatment were analyzed using ImageJ software (National Institutes of Health, Bethesda, USA).

In vivo Therapeutic Effects of TPRN-CM-Mediated Chemo-Chemodynamic Therapy
First, a tumor model was established by subcutaneous injection of 4T1 cells at 1×106 cells per mouse. When the tumor 
volume reached approximately 150 mm3, mice were randomly divided into seven groups (n=6) and treated with PBS, 
MTO, TPRN-C, TPRN-M, TPRN-CM, PRN-CM, or TPN-CM at 5 mg/kg of MTO or 0.4 mg/kg of Cu2+ via tail 
injection, respectively. The treatments were repeated for a total of four times. Body weight and tumor volume were 
monitored at certain time intervals. The tumor volume was quantified by the formula V=L×W2/2 (L,the longest 
dimension; W, the shortest dimension). The tumor growth index (TGI) of each treatment was calculated as the tumor 
volume at certain time points compared to the initial time of drug treatment, and was used to evaluate the inhibitory 
effects on tumor growth.40 On day 21 after the first treatment, tumor size was measured to calculate the TGI values for 
each treatment. The major organs, including the heart, liver, spleen, lung, kidney, and tumor tissues, from each group 
were carefully collected. Tumor tissue was photographed and weighed to determine its inhibitory effect on tumor growth. 
The number of visually detected metastatic nodules in the lungs of each group was recorded. Finally, the collected major 
organ tissues were fixed in 4% formalin solution, embedded in paraffin, and sectioned at 5 µm for histological studies 
using hematoxylin and eosin (H&E) staining. In addition, the tumor sections were analyzed using the terminal 
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay kit (green, Roche, USA) to investigate the 
apoptosis of cancer cells in a tumor.

Statistical Analysis
Data are expressed as means ±standard deviation (SD). Statistical analysis between two groups was performed using 
a two-tailed Student’s t-test. Differences were considered significant when the P value was less than 0.05.

Results and Discussion
Characterization of TPRN-CM
In this study, TPRN-CM nanoparticles consisted of MTO, copper ions, DSPE-PEG2k-r9, PAE-PEG5k-RGD, HSPC, and 
cholesterol. In this nanosystem, HSPC and cholesterol were used as the major constituents to construct a liposome system. The 
cyclic CRGDfK peptide in PAE-PEG5k-RGD may specifically recognize highly expressed αvβ3/5 integrins in tumor vessels or 
cancer cells to endow the system with tumor-targeting ability.30 The r9 peptide in DSPE-PEG2k-r9 could penetrate the cell 
membrane to endow the nanoparticles with tumor penetration.28 The PAE-PEG5k-RGD in the TPRN-CM could cover the r9 
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peptide in blood circulation and be protonated to change the structure of the nanoparticle to expose the r9 in the acidic tumor 
microenvironment. MTO is a cytotoxic agent that can efficiently inhibit the synthesis of DNA strands to inhibit cell 
proliferation for anticancer therapy.41 Copper ions (Cu2+) can be reduced to Cu+ under a high concentration of 
L-glutathione (GSH) in tumor site to further efficiently trigger the Fenton-like reaction to convert H2O2 into highly toxic • OH- 
mediated CDT,42,43 and chelate with MTO to prevent premature leakage in the carrier. In this study, both MTO and copper ions 
were loaded into TPRN-CM nanoparticles to realize their effective delivery to solid tumors for chemo-chemodynamic 
combination therapy. Meanwhile, a counterpart liposome formulation without MTO, copper ions, DSPE-PEG2k-r9, or PAE- 
PEG5k-RGD was prepared as a control and named TPRN-C, TPRN-M, TPN-CM, or PRN-CM, respectively.

The morphologies of TPRN-CM in phosphate buffered solution(PBS) (pH 7.4) or PBS (pH 6.5) were visualized using 
TEM, which showed nanometer-sized spherical particles. Dynamic light scattering (DLS) analysis revealed that the 
hydrodynamic diameter was 127.6±9.3 nm (polydispersity index, PDI, 0.20±0.05) for TPRN-CM in PBS (pH 7.4), and 
195.4±14.1 nm (PDI, 0.13±0.06) in PBS (pH 6.5) (Figure 1A and B). The ξ potential values were as follows:

-24.0±1.6 mV for TPRN-CM in PBS (pH 7.4) and 10.3±3.7 mV in PBS (pH 6.5)(Figure 1C). In addition, the mean 
diameter and ξ potential values of TPRN-C, TPRN-M, TPN-CM, and PRN-CM were also analyzed at pH 7.4 or pH 6.5 
(Table S1). Because of the pH-sensitive property of the PAE polymer, the nanoparticles with DSPE-PEG2k-r9 would 

Figure 1 Characterization, ROS production and GSH consumption Of TPRN-CM. (A and B) Hydrodynamic size, TEM images (scale bar=200 nm) and (C) Zeta potential of 
TPRN-CM in pH 7.4 or 6.5. (D) Copper ions and (E) MTO release profiles of TPRN-CM at different pH with increasing time (n=3). (F) MB degradation by ·OH after 
treatment of TPRN-CM, H2O2, MB with different concentration of GSH in pH 6.5, and (G) MB degradation with 5 mM GSH in pH 6.5 or pH 7.4. (H) Concentration- 
dependent and (I) Time-dependent GSH consumption by TPRN-CM (n=3), respectively.
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swell in PBS (pH 6.5) to expose the r9 peptide, further causing charge reversal, which could enhance the tumor 
penetration of the drugs.44,45

Next, we measured the EE of MTO and copper ions in TPRN-CM, TPRN-M, TPRN-C, TPN-CM, and PRN-CM 
(Table S1). The EE of the nanosystem was also tested within 24 h when they were incubated with PBS (pH 7.4) or whole 
fetal bovine serum (FBS) (Figure S1 and S2). The measurement results indicated that the EE of MTO and copper ions in 
both co-loaded nanosystems barely changed after incubation with PBS (pH 7.4) or FBS, suggesting good stability over 
time in mimicked physiological environments. However, the EE of MTO in TPRN-M and copper ions in TPRN-C were 
significantly reduced. The good stability of TPRN-CM,TPN-CM, and PRN-CM could be due to the interactions between 
MTO and copper ions in the nanosystem. The good stability of the system and high EE of the drug in both the MTO and 
copper ion-co-loaded nanosystems could provide an essential prerequisite for combinational chemo-chemodynamic 
therapy and suggest fewer side effects or additive effects compared to TPRN-M.

The in vitro release profiles of MTO and Cu ions from TPRN-CM were investigated in PBS at different pH values, 
and the results indicated that they were released in a pH-responsive manner (Figure 1D and 1E). PAE (poly(β-amino 
ester)) has a week basic character because of its tertiary amine and can be protonated at a low pH, resulting transform the 
PAE-PEG5K-RGD from an amphiphilic molecule to a hydrophilic. Finally, the TPRN-CM would swell to release drug in 
acidic pH. The accumulated release of MTO and copper ions in PBS at pH 6.5. rapidly increased to approximately 60% 
within 4 h, which was much higher than that at pH 7.4. The in vitro release profiles indicated that TPRN-CM would be 
stable in the blood circulation and responsively release MTO and copper ions in a weakly acidic tumor microenvironment 
(pH 6.5), which could be beneficial for producing therapeutic effects.

The GSH Consumption and ROS Generation Ability of TPRN-CM
Several studies have demonstrated that the copper ions (Cu2+) can be reduced to Cu+ under a high concentration of 
L-glutathione (GSH), which results in the consumption of GSH via transformation into oxidized GSH.43 The Cu+ can 
further efficiently catalyze H2O2 into •OH radical via Fenton-like reactions to mediate CDT.43,46 The high expression of 
GSH and H2O2 in the tumor microenvironment provides powerful conditions for CDT of Cu2+. Ellman’s test was 
performed to evaluate GSH consumption.47 Our findings revealed that TPRN-CM could effectively consume GSH 
because of the satisfactory redox cycling of Cu ions (Figure 1H and 1I). The generation of toxic free radicals affects the 
anti-tumor effects of TPRN-CM. The production of •OH radicals was investigated using methylene blue (MB) as 
a reliable indicator of MB degradation after reacting with the •OH radical and showing the absorbance change at 665 
nm.48 TPRN-CM, H2O2, and MB were added to PBS (pH 6.5) with different concentrations of GSH to simulate the 
response. According to the absorbance curve shown in Figure 1F, TPRN-CM can trigger the gradual degradation of MB 
with an increase in GSH concentration from 0 to 10 mm, demonstrating the occurrence of a cascade reaction of TPRN- 
CM with GSH and H2O2 to generate •OH. TPRN-CM was added to PBS (pH 6.5) or PBS (pH 7.4) containing H2O2, MB, 
or GSH (5 mM). As shown in Figure 1G, the nanosystem in PBS (pH 6.5) stimulated the degradation of MB more 
effectively than that in PBS (pH 7.4), suggesting that an acidic environment was beneficial for the CDT of TPRN-CM. 
These findings confirm that TPRN-CM can generate •OH radicals for chemodynamic therapy via the Fenton catalytic 
process in the TME.

In vitro Cellular Uptake of TPRN-CM
Cellular uptake of TPRN-CM, TPN-CM, and PRN-CM in PBS (pH 7.4) or PBS (pH 6.5) was determined in 4T1 cancer 
cells using an inverted fluorescence microscope and flow cytometry analysis, wherein MTO was used as a fluorescence 
dye for the measurements. The captured images showed that all nanosystems could be extensively internalized into the 
4T1 cancer cells (Figure 2A). The flow cytometer results showed that the cellular uptake of TPRN-CM was significantly 
higher than that of PRN-CM in 4T1 cancer cells in PBS (pH 7.4) (Figure 2B), there is no difference between TPRN-CM 
and TPN-CM. Compared with PRN-CM, the cyclic CRGDfK peptide in the TPRN-CM and TPN-CM systems promotes 
its binding to αvβ3/5 integrins on cancer cells, thereby enhancing their internalization by cancer cells. According to the 
flow cytometry results shown in Figure 2C, in the TPRN-CM and PRN-CM groups, cellular uptake in PBS (pH 6.5) was 
significantly higher than that in PBS (pH 7.4) in 4T1 cancer cells, owing to the r9 peptide of TPRN-CM and PRN-CM 
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being exposed to PBS (pH 6.5) to promote their internalization by cancer cells. The cyclic CRGDfK peptide can make 
TPRN-CM more easily recognized by tumor cells, while the r9 peptide can help TPRN-CM penetrate the cell membrane, 
ultimately leading to preferential uptake of TPRN-CM in 4T1 cancer cells in the TME.

In vitro Specific Tumor Penetration of TPRN-CM
To verify the penetrating capacity of the nanosystem, a Transwell chamber model was used to assess its ability to 
overcome biological barriers. In this model, activated NIH3T3 cells and Matrigel were used to simulate SCs and ECM, 
respectively, in the tumor tissue. As shown in Figure 3A, different cells were seeded in different chambers of the insets to 
form a biological barrier, and nanosystems (TPRN-D (pH 7.4, 6.5), TPRN-CM (pH 7.4, 6.5), PRN-CM, and TPN-CM) 
were added to the top chamber. The fluorescence intensity of DiD or MTO in the bottom chamber of 4T1 cells was 
analyzed by flow cytometry (Figure 3B and C). In the treatment groups, TPN-CM and TPRN-CM specifically recognized 
4T1 and damaged CAFs at pH 7.4. The PRN-CM nanosystem could damage CAFs at pH 7.4. The TPRN-CM 
nanosystem can recognize 4T1, damage CAFs, and penetrate membranes at a pH of 6.5.

Before evaluating the penetration function of the nanosystem, we prepared drug-free TPRN-D to evaluate whether the 
Transwell model could simulate different barriers. As shown in Figure 3B, the 4T1, 4T1+CAFs, 4T1+Matrigel, and 4T1 
+Matrigel + CAFs groups showed no barriers, stromal cell capture, ECM trapping, stromal cell capture, and ECM 

Figure 2 Cellular uptake of TPRN-CM in 4T1 cells. (A) Typical images of cellular uptake of nanoparticles under the inverted fluorescence microscope, scale bar=25 µm. (B) 
The internalization of the various nanoparticles in 4T1 cells in pH 7.4, and (C) the internalization in pH 6.5 and pH 7.4. Data are mean±SD (n=3). ⁕⁕P<0.01.
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trapping, respectively. The drug-free TPRN-D in the 4T1 group showed 100% delivery efficiency. Our results showed 
that the presence of stromal cells (CAFs), ECM (Matrigel), combined stromal cells (CAFs) and ECM (Matrigel) 
decreased the delivery efficiency from 100% to 19.5%, 35.4%, and 5.8%, respectively. Therefore, the constructed 
Transwell model was suitable for determining the penetration ability of the nanosystem.

Based on the effectiveness of the transwell model, we evaluated whether these treatments could improve the poor 
delivery efficiency caused by the aforementioned barriers. As shown in Figure 3C, the TPRN-CM nanosystem in pH 6.5 
significantly improved the the delivery efficiency comparing with TPRN-CM, PRN-CM and TPN-CM in pH 7.4, 
suggesting that TPRN-CM in pH 6.5 with the r9 peptide exposing possessed better penetrating function over the other 
groups. The considerable penetration function of TPRN-CM in vitro in PBS (pH 6.5) demonstrated its great potential for 
effective tumor penetration in vivo.

The ROS Generation Ability of TPRN-CM
Then, the 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA) that could be oxidized into DCF (green fluorescence) 
by ROS was used as a intracellular ROS probe to detect the TPRN-C-mediated ROS generation in 4T1 cancer cells.49 

Due to fluorescence interference of MTO, the TPRN-C was applied to replace TPRN-CM to test the nanosystem- 
mediated ROS generation. As shown in Figure 3D, cells cultured with TPRN-C displayed significantly higher fluores-
cence than the other groups in PBS (pH 7.4). Notably, TPRN-C in PBS (pH 6.5) exhibited a significantly brighter 
fluorescence than TPRN-C in PBS (pH 7.4). Combining the cellular uptake results, we suggest that the cyclic CRGDfK 
peptide and r9 peptide of TPRN-C promote the preferential uptake of TPRN-C, further leading to increased ROS 
generation in 4T1 cancer cells.

The Therapeutic Effects of TPRN-CM in vitro
The cytotoxicity of TPRN-CM, TPRN-M, TPRN-C, and free MTO was investigated in 4T1 cells (Figure 3E). A blank 
nanosystem of TPRN-CM (denoted as TPRN) was used as a control. As shown in Figure 2C, TPRN-CM, TPRN-M, and 
free MTO significantly inhibited the viability of 4T1 cells in a concentration-dependent manner in PBS (pH 7.4), whereas 

Figure 3 Penetration, ROS production, cytotoxicity of the nanocomplex in 4T1 cells in vitro. (A) The transwell chamber model. (B and C) The mean fluorescence intensity 
of nanocomplex after different treatments in 4T1 cells by flow cytometry, n=3. (D) Production of ROS in 4T1 cells treated with the various nanoparticles by flow cytometry, 
DCFH-DA was used as probe to monitor the ROS production. (E) Cytotoxicity of TPRN, TPRN-C, TPRN-M,TPRN-CM in 4T1 cells. (F) Cytotoxicity of TPRN-CM, TPN- 
CM, PRN-CM,TPRN-CM (pH 6.5) in 4T1 cells. Data are mean±SD (n=3). ⁕P<0.05, ⁕⁕P<0.01.
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TPRN exhibited negligible inhibition. As shown in Figure S3A, the half maximal inhibitory concentration (IC50) of 
TPRN-CM, TPRN-M, and free MTO was respectively 1.51±0.15 µg/mL, 3.52±0.07 µg/mL and 2.62±0.48 µg/mL. 
Significant differences were detected between TPRN-CM and TPRN-M, indicating that Cu2+ enhances the inhibitory 
effect of MTO. The cytotoxicity of TPRN-CM, PRN-CM, and TPN-CM in PBS (pH 7.4) and TPRN-CM in PBS (pH 6.5) 
was investigated in 4T1 cells. As shown in Figure 3F, all groups showed similar inhibition of 4T1 cell viability. 
Comparing the IC50 of the groups, there was a significant difference between TPRN-CM in PBS (pH 6.5) and other 
groups (Figure S3B). The inhibitory effects of TPRN-CM in PBS (pH 6.5) can be largely attributed to the membrane 
penetration activities of the r9 peptide and the specific recognition ability of the cyclic CRGDfK peptide. The 
considerable inhibition of 4T1 cells by TPRN-CM in PBS (pH 6.5) demonstrated great potential for effective anticancer 
therapy.

Transwell-mediated assays were performed to evaluate the inhibitory effects of TPRN-CM on migration and invasion 
of metastatic 4T1 cells (Figure 4). Cell migration and invasion are two key steps in cancer metastasis.50 In Figure 3E, 
each treatment group at 100 ng/mL of MTO or equivalent concentrations showed high cell viability and did not impact 
the assays. TPRN-CM, PRN-CM, TPN-CM, TPRN-M, and MTO considerably inhibited the migration and invasion 
activities of 4T1 cells, whereas TPRN-C had no inhibitory effects (Figure 4A and C). Compared to the negative control, 
TPRN-CM treatment in PBS (pH 6.5) resulted in 93.4% inhibition of cell migration and 93.0% suppression of cell 
invasion, which was significantly higher than the other groups in PBS (pH 7.4) (Figure 4B–D).The excellent inhibitory 
activity of TPRN-CM in PBS (pH 6.5) is largely attributed to the specific recognition ability of the cyclic CRGDfK 
peptide, particularly the membrane penetration activity of the r9 peptide masked in pH 7.4.TPRN-CM considerably 
inhibited the migration and invasion of 4T1 cells in PBS (pH 6.5), demonstrating enormous potential for anti-tumor 
metastasis.

Growth Inhibition Within 3D Tumorsphere in vitro
Although the exciting results showed that TPRN-CM could effectively inhibit the viability of cancer cells in the 2D cell 
culture experiments mentioned above, conventional 2D cell culture could not completely mimic the unique conditions of 
tumor tissues. Therefore, we introduced 3D tumor spheroids to further examine the efficacy of the designed nanoparticles 
in vitro. The growth inhibitory effect of TPRN-CM on 3D spheroids is shown in Figure 5. Compared with the saline con-
trol group, the MTO-loaded nanodrugs displayed an inhibitory effect on spheroid growth. However, both the MTO and 
Cu2+-co-loaded nanosystems exhibited smaller growth areas from the third day after administration, suggesting additive 
effects compared to the monotherapy. In addition, the tumor spheroids volume at Day 6 compared to the Day 0 treatment 
was calculated to represent the inhibitory effects on the spheroids growth of each treatment. Compared with day 0, 
on day 6 after administration, the tumor sphere growth of TPRN-CM at pH 6.5 was significantly reduced to 38.8%, while 
the tumor sphere growth of TPRN-CCM, TPN-CM, PRN-CM, TPRN-M, and MTO at pH 7.4 was 59.5%, 59.4%, 48.3%, 
63.9%, and 64.5%, respectively. It can be seen that TPRN-CM treated in PBS (pH 6.5) has a greater inhibitory effect on 
tumor spheroid growth than other treatments in PBS (pH 7.4). This could be attributed to the rapid release of MTO and 
Cu2+, and the membrane penetration activity of the r9 peptide in PBS (pH 6.5). Accordingly, the encouraging results of 
2D cell culture and 3D spheroid experiments proved the efficacy of TPRN-CM in vitro, laying a solid foundation for 
in vivo experiments.

In vivo Specific Tumor Penetration of TPRN-CM
In contrast, tumor sections were stained with actin-tracker green (Beyotime, Jiangsu, China) and DAPI. In the captured 
images (Figure 6A), both TPRN-CM and TPN-CM were unevenly distributed throughout the entire tumor mass. The red 
fluorescence signals of TPRN-CM and TPN-CM were readily detected regardless of the edge or deep areas of the tumor 
tissue. TPRN-CM and TPN-CM aggregated in the tumor boundary region, mainly due to the relatively abundant 
distribution of tumor blood vessels and SCs at the solid tumor edge, which limited their delivery to the deep areas of 
the tumor.20,51 Notably, the image analysis data showed that the red signals of TPRN-CM in the tumor mass could be 
observed more widely with stronger intensity than TPN-CM (Figure 6B). These results indicated that TPRN-CM and 
TPN-CM could permeate through the tumor mass, and TPRN-CM displayed a wider penetration with stronger intensity 
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Figure 4 Inhibition of TPRN-CM on migration and invasion of 4T1 cells in vitro. (A) The typical images of migrated and (C) invaded cells across the transwell, scale 
bar=100 µm. (B)The percentage of migrated and (D) invaded cells compared to the negative control. Data are mean±SD (n=3). ⁕P<0.05, ⁕⁕P<0.01.
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Figure 5 Representative images of 3D tumor spheroids after treatment with different nanoparticles, scale bar=100 µm.

Figure 6 The penetration of TPRN-CM in tumor mass. (A) The intratumoral penetration of TPN-CM and TPRN-CM throughout the tumor mass measured by CLSM 
examination. Tumor sections were stained with DAPI and Actin-Tracker green for visualization, scale bar = 1 mm. (B) The diffusion of BL-D and BL-RD in tumor mass from 
exterior to interior regions quantified by Image J software.
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than TPN-CM due to the exposure of the r9 peptide in the weakly acidic tumor microenvironment. As a result, the 
considerable penetration of TPRN-CM into tumor tissues demonstrates great potential for effective anticancer therapy.

In vivo Anti-Tumor Therapy of TPRN-CM
The therapeutic effect of TPRN-CM-mediated combination therapy on tumor growth was evaluated in a 4T1-induced 
tumor model (Figure 7). When tumor volume reached approximately 150 mm3, mice were respectively injected with 
saline, free MTO, TPRN-C, TPRN-M, TPRN-CM, TPN-CM, PRN-CM at 5 mg/kg of MTO and 0.4 mg/kg of Cu2+ for 
a total of 4 times (Figure 7A). Tumor growth and body weight were monitored during the treatment (Figure 7B and 
Supporting Information Figure S4A). The body weights of tumors bearing TPRN-C, TPRN-CM, and TPN-CM rarely 
changed during the treatment. However, the body weights of mice treated with free MTO and TPRN-M were 
significantly reduced, and the mice died on the ninth day after administration (Figure S4A). The loaded MTO in 
TPRN-M leaked into the circulatory system before reaching the tumor site, leading to increased damage to healthy 
organs and resulting in serious toxic side effects. Meanwhile, the mice treated with PRN-CM that excluded the cyclic 
CRGDfK peptides lost weight on the tenth day after administration owing to the poor tumor targeting of the PRN-CM. 
As shown in Figure 7B, similar to the saline control group, the tumor volume in the TPRN-C-treated groups gradually 
increased with time, with no differences among them. However, when mice were treated with TPRN-CM,TPN-CM, or 
PRN-CM, tumor growth was greatly inhibited. Compared to the saline group, the tumor volume was obviously reduced 
to 30.0±9.6% for TPRN-CM, 66.6±11.3% for the TPN-CM and 51.9±8.5% for the PRN-CM, respectively. Meanwhile, 
the tumor growth index (TGI) calculated as the tumor volume at end time points compared to the initial time of drug 
treatment were used to evaluate the inhibitory effects on tumor growth.44 The TGI was only 2.9±0.13 in the TPRN-CM 
group, suggesting the remarkable inhibition of TPRN-CM mediated chemo-chemodynamic therapy on tumor growth 
(Figure 7C). In addition, significant inhibition of tumor growth by TPRN-CM was confirmed by measuring the tumor 
weight of each group. At the end of the treatment period, tumor tissues were collected and weighed to evaluate their 
inhibitory effects on tumor growth (Figure 7D). Compared with the saline group, TPRN-CM treatment reduced tumor 
growth by 66.2%, which was significantly higher than that of TPN-CM (35.1%) and PRN-CM (50.4%). In contrast, 
TPRN-C also had a weak inhibitory effect on tumor growth (9.0%), which may be attributed to the involvement of Cu2+ 

in the nanosystem. Moreover, the therapeutic effect of TPRN-CM in tumors was evaluated using H&E staining and 
TUNEL assays, which are denoted as green fluorescence signals. As shown in Figure 7F, the highest level of apoptosis 
was observed in TPRN-CM-treated tumor tissue. Therefore, TPRN-CM exhibited a significant inhibitory effect on tumor 
growth, which was more effective than that of the other groups. In addition, the inhibitory effect of TPRN-CM on lung 
metastasis was evaluated. The lungs are major organs involved in the spread of cancer cells. At the end of the treatment 
period, the visually detected metastatic nodules in the lungs of each group were carefully recorded. As shown in 
Figure 7E, TPRN-CM treatment resulted in a 93.6% suppression of lung metastasis, which was significantly higher than 
that of TPN-CM and PRN-CM. Histological studies of lung tissues were conducted using H&E staining (Figure 7G). The 
metastatic lesions appeared as clusters of cells with deep nuclear staining.39 The TPRN-CM treatment group showed 
almost no metastatic lesions, but significant metastatic lesions were observed in the other groups.

To further assess the toxicity of the nanoparticles to the major organs, the heart, liver, spleen, and kidney in each 
treatment group were evaluated by H&E staining (Figure 8). Compared with the saline injection control group, no 
obvious histological alterations were observed in the TPRN-C, TPN-CM, and TPRN-CM treatment groups, illustrating 
the good biocompatibility of these treatments. However, pyknosis in the liver and obvious alterations in the spleen were 
observed after PRN-CM treatment, indicating the toxic side effects of PRN-CM.

The in vivo therapeutic evaluations showed that the MTO and Cu2+ loaded nanosystem had good safety, with significant 
inhibition of primary tumor growth and notable prevention of lung metastasis compared with the MTO single-loaded 
nanosystem. Compared with TPN-CM and PRN-CM, TPRN-CM treatment showed a significant improvement in therapeutic 
effects, which could be largely due to the programmed targeting and penetration of primary tumors. The cyclic CRGDfK 
peptide in TPRN-CM specifically recognizes highly expressed αvβ3/5 integrins in tumor vessels or cancer cells to endow the 
system with tumor-targeting ability, thereby ensuring accumulation in the tumor tissue. Moreover, the exposed r9 peptide of 
TPRN-CM in the tumor regions could significantly improve its specific accumulation in the primary tumor, promote its deep 
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Figure 7 The in vivo therapeutic efficacy of TPRN-CM on tumor relapse and metastasis in the breast cancer model. (A) Administration scheme used in this study. (B) The 
tumor growth profiles, (C) tumor growth index, (D) the relative tumor weight, (E) the average number of lung metastatic nodules from each group in 4T1-induced tumor 
model. (F) The TUNEL and H&E assay of tumor from various formulations treated groups. The apoptosis was denoted as green fluorescence signals in the TUNEL assay, 
scale bar = 200 µm. (G) H&E examination of lung tissues from each group in the 4T1-induced metastatic model. Black arrows, metastatic lesion in lungs, scale bar=200 µm. 
The data are means±SD, *P < 0.05, **P< 0.01.
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penetration into the tumor mass, and enhance its internalization into cancer cells. Furthermore, internalized MTO and Cu2+ 

can exert chemo-chemodynamic pharmacological effects. Therefore, the rationally designed TPRN-CM system with 
programmed targeting capability demonstrated great potential for breast cancer therapy.

Conclusion
In summary, we rationally designed a cyclic CRGDfK and r9 peptide-modified nanosystem of TPRN-CM with 
tumor targeting and deep tumor penetration in vivo for breast cancer therapy. The TPRN-CM system can load 
chemotherapeutic agents such as MTO and chemodynamic therapeutic agents such as Cu2+ for combined chemo- 
chemodynamic therapy of breast cancer. In a 4T1-induced tumor model, TPRN-CM displayed specific tumor 
accumulation, flexible permeation, and diffusion in the tumor mass, thereby producing a notable inhibition of 
tumor growth and lung metastasis. Therefore, rationally designed TPRN-CM provides a promising nanoplatform 
with efficient tumor targeting and penetration capability for effective anti-tumor therapy.

Ethics Approval
All animal experiments were performed in accordance with the GB/T 35892-2018 experimental animal welfare ethics 
review guide approved by the People’s Republic of China and were reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) of the Guangdong Medical Laboratory Animal Center (protocol no. 
B202311-19).

Acknowledgments
This work was supported by the Key Field Projects of the Guangdong Provincial Department of Education 
(No. 2022ZDZX2064), the Zhuhai Basic and Applied Basic Research Project (No. 2220004003125), and Guangdong 
Province Key Construction Discipline Research Capacity Enhancement Project (No. 2022ZDJS138). The animal 
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