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Background: Radiation stimulates the secretion of tumor stroma and induces resistance, recurrence, and metastasis of stromal- 
vascular tumors during radiotherapy. The proliferation and activation of tumor-associated fibroblasts (TAFs) are important reasons for 
the production of tumor stroma. Telmisartan (Tel) can inhibit the proliferation and activation of TAFs (resting TAFs), which may 
promote radiosensitization. However, Tel has a poor water solubility.
Methods: In this study, self-assembled telmisartan nanoparticles (Tel NPs) were prepared by aqueous solvent diffusion method to 
solve the insoluble problem of Tel and achieve high drug loading of Tel. Then, erythrocyte membrane (ECM) obtained by hypotonic 
lysis was coated on the surface of Tel NPs (ECM/Tel) for the achievement of in vivo long circulation and tumor targeting. 
Immunofluorescence staining, western blot and other biological techniques were used to investigate the effect of ECM/Tel on TAFs 
activation inhibition (resting effect) and mechanisms involved. The multicellular spheroids (MCSs) model and mouse breast cancer 
cells (4T1) were constructed to investigate the effect of ECM/Tel on reducing stroma secretion, alleviating hypoxia, and the 
corresponding promoting radiosensitization effect in vitro. A mouse orthotopic 4T1 breast cancer model was constructed to investigate 
the radiosensitizing effect of ECM/Tel on inhibiting breast cancer growth and lung metastasis of breast cancer.
Results: ECM/Tel showed good physiological stability and tumor-targeting ability. ECM/Tel could rest TAFs and reduce stroma 
secretion, alleviate hypoxia, and enhance penetration in tumor microenvironment. In addition, ECM/Tel arrested the cell cycle of 4T1 
cells to the radiosensitive G2/M phase. In mouse orthotopic 4T1 breast cancer model, ECM/Tel played a superior role in radio-
sensitization and significantly inhibited lung metastasis of breast cancer.
Conclusion: ECM/Tel showed synergistical radiosensitization effect on both the tumor microenvironment and tumor cells, which is 
a promising radiosensitizer in the radiotherapy of stroma-vascular tumors.
Keywords: telmisartan, tumor-associated fibroblasts, tumor hypoxia, G2/M arrest, radiosensitization

Introduction
So far, radiotherapy is still widely recognized as one of the most effective cytotoxic therapies to combat localized tumors. It 
was estimated that over half of the cancer patients had received curative radiotherapy during their course of illness1,2 and the 
combination of radiation therapy with other modalities, such as chemotherapy, immunotherapy, etc., has been widely explored 
at both experimental and clinical practices.3,4 However, the unavoidable damage to the adjacent normal tissue upon treatment 
has long been considered as the “Achilles’ Heel” of radiation therapy. In particular, to find the delicate balance between cure 
and harm, under some circumstances, radiation dose de-escalation has been applied to give compromise to the increasing side 
effects.5,6 Therefore, the concept of “radiosensitization” has been proposed in recent years to strike the right balance between 
tumor eradication and minimizing the possible side effects.7,8

The cytotoxicity effect of radiotherapy relies on producing reactive oxygen species (ROSs), during which O2 is essential 
for ROS generation and DNA damage fixation.9 However, many tumor tissues, especially stroma-vascular tumors, usually 
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suffer from low oxygen levels, where O2 content is even less than 1–2% (v/v) of normal tissues.10 Under hypoxia, tumor cells 
usually require 2.5 to 3 times higher irradiation dose to achieve the same level of damage compared to that under normal O2 

conditions.11 Most current research focused on increasing the local oxygen content of the tumor through exogenous oxygen- 
carrying or catalytic oxygen production agents or combined with the introduction of high atomic number materials to absorb 
more radiation energy and enhance the local radiation energy in cells for radiosensitization.12–14 Sang et al13 increased the 
oxygen content in the tumor by carrying hemoglobin in the carrier to enhance the efficacy of radiotherapy. Pei et al14 prepared 
a nano-oxygen generator based on metal-organic framework and Au-Pt composite material, which can effectively catalyze the 
decomposition of H2O2 at the tumor site to generate O2 and cooperate with the radiation energy enhancement effect of high 
atomic number Au and Pt to promote radiosensitization. These studies have alleviated the hypoxia in the tumor microenvir-
onment and promoted radiosensitization to a certain extent. However, most studies mainly focused on the static effect of 
radiation on killing isolated cancer cells but ignored the possible dynamic effects of local and systemic factors on the radiation 
response. A large number of studies have shown that in stromal-vascular tumors such as breast cancer, pancreatic cancer, and 
prostate cancer, the secretion of tumor stroma was intensified after radiotherapy.15–17 It showed IGF1/2, CXCL12, and β- 
hydroxybutyrate produced in tumor stroma can induce tumor cell autophagy after radiotherapy and promote the recovery of 
tumor cells from radiation-induced damage, which is an essential reason for tumor recurrence and metastasis after 
radiotherapy.18 Studies have found that in a variety of stromal-vascular tumors, the high content of tumor stroma seriously 
hinders the prognosis of stromal-vascular tumors after radiotherapy.19,20 These studies together suggest that the dynamic 
changes of tumor stroma caused by radiotherapy affect the efficacy of radiosensitization, which deserves significant attention.

Tumor-associated fibroblasts (TAFs), the most abundant stromal cells in the stroma-vascular tumor microenvironment, are 
capable of secreting stromal components to provide nutritional support and a protective environment for the proliferation of 
tumor cells, leading to decreased intratumoral permeability and hypoxia.21,22 Studies have found that TAFs have strong 
radiation resistance during the radiation process.23,24 The clinically applied radiation dose cannot cause death in TAFs. 
Instead, it will cause continuous DNA damage of TAFs and affect the secretion of TAFs.25–27 Moreover, it has been reported in 
the literature that radiation-mediated TGF-β signaling induces the activation of normal fibroblasts into TAFs and promotes the 
proliferation of TAFs, leading to aggravated hypoxia and exacerbated fibrosis in the tumor microenvironment, which hinders 
immune cell infiltration.23–25

The renin–angiotensin system (RAS) is a circulatory or hormonal system that regulates blood pressure, electrolytes, and fluid 
homeostasis.28 Local RAS is expressed in many tissues and regulates cellular functions, including growth and metabolism.29,30 

Angiotensin II (Ang II) is a critical bioactive RAS peptide. In local tissues, local Ang II acts in an autocrine or paracrine manner 
by binding to Ang II type 1 receptor (AT1R) or Ang II type 2 receptor (AT2R), involved in organ homeostasis and the 
pathogenesis of chronic diseases, and studies found that most of these functions are mediated by AT1R.31 Ang II/AT1R signaling 
at the tumor site significantly affects tumor growth and invasion through TAFs. Tomohiro et al32 found that the Ang II/AT1R 
signal affected the proliferation and migration of tumor cells by acting on fibroblasts in the tumor area while having no significant 
effect on tumor cell proliferation and migration. The Ang II/AT1R signal at the tumor site plays a vital role in the proliferation and 
activation of TAFs. It has been reported in the literature that AT1R is overexpressed in a variety of stromal-rich tumors, such as 
breast cancer and pancreatic ductal adenocarcinoma.33,34 AT1R is overexpressed more than 100-fold in primary and metastatic 
breast cancer.35,36 During radiotherapy, radiation can stimulate the production of a large amount of Ang II in the body.37,38 The 
large amount of Ang II produced can bind to the overexpressed AT1R in TAFs and can up-regulate the pro-fibrotic protein 
connective tissue growth factor (connective tissue growth factor, CTGF), thereby stimulating the deposition of extracellular 
matrix proteins and promoting tumor stroma formation.39,40 Therefore, precisely blocking Ang II/AT1R signaling is the key to 
inhibiting the proliferation and activation of TAFs (resting TAFs) induced by radiation.

Telmisartan (Tel) is a widely adopted AT1R antagonist. Due to its unique “triangular lock” molecular structure, compared 
with candesartan, losartan, irbesartan, and other sartan drugs, Tel has a higher affinity with AT1R and can efficiently and 
specifically block the function of AT1R.41,42 In addition to, its application in the treatment of hypertension, the researchers 
found that Tel also plays a role in tumor treatment. Previous works presented by Zhu et al have revealed that pre-administration 
of Tel can sufficiently decrease TAFs-derived stromal components, followed by reduced solid stress and alleviated hypoxia in 
the tumor matrix, which makes it an excellent choice to remodel the tumor microenvironment.43,44 Notably, recent studies also 
suggest that Tel can inhibit the proliferation of different tumor cells by inducing cell cycle arrest to the G2/M phase.45,46 For 
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radiotherapy, studies have shown that the G2/M phase is the most radiosensitive phase for tumor cells.47 G2/M cell cycle arrest 
of tumor cells can increase the radiosensitivity of tumor cells and promote radiosensitization. Therefore, Tel might be 
a suitable candidate to simultaneously target both tumor cells and TAFs for comprehensive and precise radiosensitization.

As a proof of concept, here in our study, we first prepare the self-assembled Tel nanoparticles (NPs) with high drug 
loading content by aqueous solvent diffusion method and then stabilized it using biomimetic erythrocyte membrane 
(ECM) coating for the fabrication of ECM/Tel. Studies have shown that ECM coating can improve the drug delivery 
system (DDS) stability and endow the DDS with surface antigens consistent with red blood cells, which can promote its 
escape from macrophage recognition and clearance.48,49 ECM-coated DDS has the characteristics of long circulation 
in vivo and passive targeting effect in tumor tissue. Benefit from these merits, ECM/Tel, enables targeted delivery of 
a high dose of Tel to the tumor tissue to give the following effects: (1) Reverse the phenotype of TAFs for TAFs resting, 
reduce tumor stroma secretion, and alleviate tumor hypoxia in TME; (2) Arrest the cell cycle of tumor cells to the 
radiosensitive G2/M phase for enhancing the radiosensitivity of tumor cells. As a potential radiosensitizing platform, 
ECM/Tel can synergistically realize radiosensitization by regulating both tumor microenvironment and tumor cells. The 
study can provide new strategies for the theoretical research of radiosensitization and promote the clinical application of 
new radiosensitization agents.

Materials and Methods
Coomassie blue fast staining solution, cell cycle, apoptosis analysis kit, DAPI staining solution, RIPA lysis buffer, crystal violet 
staining solution, cyclin D1 rabbit monoclonal antibody, and cyclin A2 rabbit monoclonal antibody were supplied by the 
Beyotime (Shanghai, China). Telmisartan (Tel) was obtained from Sigma-Aldrich Inc. (St Louis, MO). Thiazolyl blue tetrazolium 
bromide (MTT) and Fluorescein isothiocyanate (FITC) were provided from Shanghai Macklin Biochemical Technology Co., Ltd. 
Indocyanine green (ICG) was supplied by Tokyo Chemical Industry (Tokyo, Japan). Primary antibody for α-SMA was purchased 
from Proteintech Group, Inc. Primary antibodies for HIF-1α, TGF-β1, and TGFβR1 were obtained from Santa Cruz 
Biotechnology (U.S.A.). Smad2/3 antibody sampler kit was supplied by Cell Signaling Technology Inc. (U.S.A.). Other 
chemicals used were of chromatographic grade or analytical grade.

Fabrication and Characterization of ECM/Tel
Tel (10 mg) was weighed and added to 2 mL of DMSO; then the liquid was stirred in a water bath to obtain the Tel solution 
(5 mg/mL). One milliliter of the Tel solution was injected into 9 mL of phosphate buffer solution (PBS, pH 6.8) at a constant 
speed under mechanical stirring (200 rpm, 40 °C) for 5 min to prepare self-assembled Tel nanoparticles. Blood from female 
BALB/c mice (the mice used were the same as those used in the subsequent animal experiments) was centrifuged (800 g, 5 
min) to obtain mouse erythrocyte precipitates, and the precipitates were washed three times with PBS (pH 7.4). Then, 0.25X 
PBS (10 times the pellet volume) was added to the mouse erythrocyte precipitates for hypotonic lysis in an ice bath for 1 
h. After the lysis procedure, the sample was centrifuged (10,000 g, 10 min), washed with PBS three times to remove 
hemoglobin, and then the pink pellet was collected. The pink pellet was redispersed in PBS and sonicated in an ice-water bath 
for 30 min to obtain the erythrocyte membrane (ECM). Then, ECM was extruded through a liposome extruder (Avanti® polar 
lipids, Inc., U.S.A) with a membrane pore size of 0.45 μm, and the membrane protein content of the obtained ECM was 
quantified by the BCA protein assay kit.50 After protein quantification, the self-assembled Tel nanoparticles and ECM were 
mixed, among which the mass ratio of Tel and membrane protein content of ECM was 0.5:1, 1:1, and 2:1, respectively. Then, 
the mixture was successively extruded through liposome extruders with the membrane pore sizes of 0.45 μm and 0.22 μm, 
respectively, with each extrusion repeated 20 times to obtain ECM-coated Tel nanoformulation (ECM/Tel). The particle size 
and morphology of self-assembled Tel nanoparticles, ECM, and ECM/Tel were investigated by the Zetasizer Nano (Malvern, 
UK) and transmission electron microscope (TEM, H-7800, Hitachi), respectively.

Physiological Stability of ECM/Tel
The ECM/Tel prepared by the different mass ratio of Tel and membrane protein content of ECM (0.5:1, 1:1, 2:1) was 
incubated with PBS solution in a constant temperature shaker at 37 °C for 7 days, and the particle sizes of ECM/Tel on 
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various days (Day 0, Day 1, Day 3, Day 7) were measured by the Zetasizer Nano. In addition, the zeta potentials of 
various ECM/Tel were measured by the zetasizer.

Coomassie Staining
SDS-PAGE was conducted to analyze the distribution of proteins on ECM and ECM/Tel. ECM and ECM/Tel were lysed 
using RIPA lysate, and the proteins were quantified. Then, ECM and ECM/Tel lysates were individually added to the 
SDS loading buffer and heated at 100 °C for 5 min. Then, ECM and ECM/Tel samples containing 10 μg of protein were 
added into each well and run on a 10% SDS-PAGE gel at 120 V for 2 h. Coomassie staining was performed according to 
the instructions provided by the manufacturer for visualization.

Cell Culture
Mouse embryonic fibroblast (NIH/3T3) and 4T1 cells were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology 
Co., Ltd. NIH/3T3 and 4T1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) supplemented 
with 10% fetal bovine serum in a 37 °C incubator. The trypsin-EDTA solution was used to trypsinize the cells. 4T1 cells were 
cultured in the culture flask for 4 days, and the supernatant was collected and mixed with an equal volume of fresh culture 
medium to obtain the mixed culture medium. Then, mouse embryonic fibroblast (NIH/3T3) cells were co-incubated with the 
mixed culture medium for one week to obtain activated NIH/3T3 (A-NIH/3T3) as a TAFs cell model

Cytotoxicity of ECM/Tel on NIH/3T3 and A-NIH/3T3 Cells
NIH/3T3 or A-NIH/3T3 cells were inoculated into 96-well plates at a density of 6×103 cells/well and cultured in the 
incubator for 12 h. After 12 h, the cells were added with various concentrations of free Tel or ECM/Tel (2, 4, 6, 8, 10 μg/ 
mL) and continued to culture for 48 h. After culture, 20 μL of MTT solution (5 mg/mL) was added to each well and 
incubated for 4 h. Then, the liquids in each well were carefully discarded, and 200 μL of DMSO was added to each well 
to dissolve formaz crystals. After that, the 96-well plates were shaken in a shaker for 30 min. The absorbance at 
a wavelength of 570 nm was measured by a spectrophotometer (BioTer, Epoch, U.K.), and the untreated group was used 
as the blank control.

Cellular Uptake of ECM/Tel
Before the experiment, the 12 mm circular slides were sterilized and put into 24-well culture plates. A-NIH/3T3 cells were 
inoculated into the 24-well plates containing circular slides at 2×104 cells/well density. After incubation for 24 h, the plate 
culture medium was discarded and replaced with a serum-free culture medium. Then, coumarin 6 (C6)-labeled ECM/Tel (the 
preparation of C6-labeled ECM/Tel was described in the supporting information 1.1) was added to the cells (finally Tel 
concentration = 5 μg/mL). After incubation for 2, 6, 12, and 24 h, the cells were rinsed with PBS and added with DAPI solution 
for nuclear staining. Then, the cells were rinsed with PBS and added with 4% paraformaldehyde for 20 min. After the fixation, 
the circular glass slides were removed from the 24-well plates, placed on the glass slides, dripped with glycerol, covered with 
the slides, and observed by fluorescence microscopy (iX71, Olympus).

Tumor Targeting Ability of ECM/Tel
Female BALB/c mice (6–8 weeks) were supplied by the Changzhou Cavens Laboratory Animal Co. Ltd. All the animal 
procedures complied with the guidelines of the Laboratory Animal Ethics Committee of Nanjing Medical University and 
were approved by the Nanjing Medical University ethics committee.

A suspension of ≈1×106 4T1 cells was orthotopically injected into the mammary fat pad of the BALB/c mice to construct 
the mouse orthotopic 4T1 breast tumor model. When the tumor volume reached ≈150 mm3, the six mice were divided into 
two groups of two mice each. The mice in the first group were i.v. injected with ICG solution (200 µL). The mice in 
the second group were i.v. injected with ICG-loaded ECM/Tel (ICG-ECM/Tel, 200 µL; the preparation of ICG-ECM/Tel was 
described in the supporting information). After injection, the mice were observed at predetermined times (6, 24, and 48 h) by 
the in vivo Imaging System (IVIS Lumina Series III, PerkinElmer, U.S.A). In addition, the hearts, livers, spleens, lungs, 

https://doi.org/10.2147/IJN.S441418                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 1490

Chen et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


kidneys, and tumors in each group were dissected and analyzed. The tumor volume (V) was calculated according to the 
formula: V (mm3) = a×b2/2, where a is the long diameter and b is the short diameter of the tumor.

Resting Effect of ECM/Tel on TAFs
A-NIH/3T3 or NIH/3T3 cells were inoculated in a 24-well plate at a density of 5×104 cells/well and cultured for 12 h, 
then processed according to Table 1 (Tel = 2 μg/mL, cultured for 48 h). The cells were irradiated by X-rays using the 
linear accelerator Infinity (Elekta Corporation, Sweden). The dose rate was 600 MU/min, and the energy was 6 MV. After 
treatment, the cells were fixed with 4% paraformaldehyde, then incubated with the primary antibody of α-smooth muscle 
actin (α-SMA, 1:100 dilution) at 4 °C overnight. At the end of incubation, the cells were rinsed with PBS, and then Cy3- 
goat anti-rabbit IgG was added for the immunofluorescent staining ofα-SMA. The expression of α-SMA was observed by 
the laser scanning confocal microscope to investigate the phenotype reversal of NIH/3T3 and A-NIH/3T3. In addition, 
the expression of TGF-β1, TGFR1, Smad2, Smad3, p-Smad2, and Smad4 in each group was detected by Western blot, 
respectively. In brief, the cells were lysed by the RIPA solution and mixed with the SDS loading buffer, then heated at 
100 °C for 5 min. The samples were added to each well, run on a 10% SDS-PAGE gel, and then transferred to a PVDF 
membrane. The membrane was blocked by the 5% skim milk at 4 °C for 1 h and then incubated with the corresponding 
primary antibodies at 4 °C overnight. After incubation, the membrane was rinsed and added with the secondary 
antibodies for 2 h. The bands were subsequently developed using developer solutions according to the manufacturer’s 
instructions. GAPDH was used as a protein loading control.

Construction and Penetration of Multicellular Spheroids
The 2% agarose liquid was sterilized and added to each well of 96-well plates for plating. After the agarose forms the gel 
at room temperature, 200 μL of culture medium was added to each well, and then A-NIH/3T3 and 4T1 cells were 
trypsinized to form a cell suspension of 2×105 cells/mL, respectively. Then, two suspensions were mixed together, and 10 
μL of the mixture was slowly dropped into each well to grow into three-dimensional multicellular spheroids (MCSs).43 

When the MCSs grew to the 7th day, free Tel or ECM/Tel (Tel concentration: 2 μg/mL) was added and incubated for 48 
h. DiI solution (5 μg/mL) was added and incubated for 1 h. The Z-stack scanning of the multicellular spheroids from top 
to bottom was performed under a laser scanning confocal microscope (Carl Zeiss LSM 510) to observe the permeability 
condition of the MCSs after different treatments.

Remodeling of Tumor Microenvironment by ECM/Tel in vivo
The mouse orthotopic 4T1 breast cancer model was constructed. When the tumor volume grew to ≈150 mm3, Group I was 
administered with saline (200 μL/mouse), Group II was administered with free Tel (Tel = 5 mg/kg), and Group III was 
administered with ECM/Tel (Tel = 5 mg/kg). All formulations were administered intravenously every two days for three times. 
Forty-eight hours after the last administration, a part of the tumors of the mice were dissected, embedded in the embedding agent, 
frozen overnight, and sectioned with a cryostat (section thickness = 10 μm). The sections were fixed with 4% paraformaldehyde at 
room temperature, rinsed, and blocked with 5% skim milk for 1 h. After blocking, the Collagen I primary antibody (1:100) was 
added and incubated at room temperature for 4 h. After the incubation, the sections were rinsed, and the fluorescent secondary 
antibody (1:200) was added to incubate at room temperature for 1 h. Then, DAPI solution was added for nuclear staining. The 

Table 1 Different Treatments for NIH/3T3 and 
a-NIH/3T3 Cells

Groups Cell lines Treatment

1 NIH/3T3 No treatment

2 NIH/3T3 8 Gy of Radiation

3 A-NIH/3T3 No treatment
4 A-NIH/3T3 Tel

5 A-NIH/3T3 ECM/Tel
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sections were observed under a fluorescence microscope to investigate the expression of Collagen I. The rest of the dissected 
tumors were fixed and embedded in paraffin to prepare sections. The sections were subjected to HIF-1α immunohistochemical 
and Masson staining and were observed under a fluorescence microscope. Forty-eight hours after the last administration, the 
remaining surviving mice were intratumorally injected with 20 μL of FITC (FITC = 10 μg/mL); the tumors were dissected after 6 
h and prepared into slices and analyzed by the fluorescence microscope for the distribution and penetration of FITC in tumor 
tissues.

Flow Cytometry of the Cell Cycle
4T1 cells were inoculated into 6-well plates at a density of 5×104 cells/well and cultured in an incubator. When the cell 
confluency reached 70%–80%, Tel or ECM/Tel (Tel = 2 μg/mL) was added to the culture for 48 h. After the culture, the 
cells were rinsed with PBS and then collected by trypsinization and centrifugation. After that, pre-cooled 70% ethanol 
was slowly added to the cells for fixation. The samples were stored overnight at 4 °C, centrifuged to obtain cell pellets, 
and rinsed with PBS. Then, 50 μL of PI (1 mg/mL) was added to the cells for staining. After staining, the samples were 
added with PBS and analyzed using the flow cytometer (BD FACSCanto II, U.S.A).

Immunofluorescence Staining of Cell Cycle Proteins
4T1 cells were inoculated into 24-well plates at a density of 3×104 cells/well. After incubation for 24 h, cells were treated 
with Tel or ECM/Tel (Tel = 2 μg/mL) for 48 h. After 48 h, the cells were rinsed three times with PBS, fixed by 4% 
paraformaldehyde solution for 15 min, permeated by triton X-100, and blocked by 2% BSA for 1 h. Then, cyclin D1/ 
cyclin A2 rabbit monoclonal antibody (at 1:100 dilution) was added to the cells overnight at 4 °C. After rinsing with PBS 
three times, the cells were added with the fluorescent secondary antibody and incubated at room temperature for 2 h, and 
then DIPA was added for nuclear staining. The samples were observed by fluorescence microscope.

Western Blot Assay of Cell Cycle Proteins
4T1 cells were inoculated into 6-well plates at a density of 5×104 cells/well and cultured in an incubator. When the cell 
confluency reached 70%–80%, Tel or ECM/Tel (Tel = 2 μg/mL) was added to the culture for 48 h. After the culture, the cells were 
rinsed with PBS and then collected by trypsinization and centrifugation, and the cyclin D1 and cyclin A2 expressions of cells 
were detected by western blot. In brief, the cells were lysed by the RIPA solution and mixed with the SDS loading buffer, then 
heated at 100 °C for 5 min. The samples were added to each well, run on a 10% SDS-PAGE gel, and then transferred to a PVDF 
membrane. The membrane was blocked by the 5% skim milk at 4 °C for 1 h, then incubated with the primary antibodies of cyclin 
D1 and cyclin A2 at 4 °C overnight. After incubation, the membrane was rinsed and added with the secondary antibodies for 2 
h. The bands were subsequently developed using developer solutions according to the manufacturer’s instructions. GAPDH was 
used as a protein loading control.

Cytotoxicity of ECM/Tel on 4T1 Cells
4T1 cells were inoculated into 96-well plates at a density of 6×103 cells/well and cultured in the incubator for 12 h. After 
12 h, the cells were added with various concentrations of free Tel or ECM/Tel (1, 5, 10, 25, 50, 100 μg/mL) and 
continued to culture for 48 h. After culture, 20 μL of MTT solution (5 mg/mL) was added to each well and incubated for 
4 h. Then, the liquids in each well were carefully discarded, and 200 μL of DMSO was added to each well to dissolve 
formaz crystals. After that, the 96-well plates were shaken in a shaker for 30 min. The absorbance at a wavelength of 570 
nm was measured by a spectrophotometer, and the untreated group was used as the blank control.

Colony Formation Assay
4T1 were cultured in four cell culture bottles to reach the same cell density of about 50%. Two of the bottles were 
pretreated with Tel or ECM/Tel (final Tel concentration = 2 μg/mL) for 48 h; the remaining two were used as controls. 
After the pretreatment, one control group, Tel group, and ECM/Tel group received a single dose of 8 Gy X-ray by the 
linear accelerator Infinity (Elekta Corporation, Sweden). After 48 h, the cells in each bottle were trypsinized and 
inoculated on the 6-well plates with a density of 800 cells/well. The medium was changed every 3 days, and the culture 
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was continued to the 14th day. After 14 days, 4% paraformaldehyde was added to each well for fixation for 20 min. After 
fixation, 1 mL of crystal violet dye was added to each well and stained for 20 min. The cells were rinsed three times with 
PBS, dried, and photographed for each well.

Radiation Sensitization of ECM/Tel in MCSs
The MCSs were constructed using the method in 2.8. When MCSs grew to the 7th day, free Tel or ECM/Tel (Tel concentration: 
2 μg/mL) was added for 48 h. After pretreatment (marked as Day 0), 8 Gy of X-ray was conducted for a single time to the 
MCSs to observe and record the subsequent growth of MCSs on Day 0, Day 1, and Day 3 using an optical microscope 
(CKX53, Olympus).

Radiation Sensitization of ECM/Tel in Mice
4T1 cells in good growth condition were inoculated in 150 mm cell culture dishes. After the cell density reached over 90%, the 
cells were trypsinized and collected by centrifugation. The cells were washed three times with pre-cooled PBS at 4 °C. After 
counting, the cells were diluted with serum-free culture medium to about 1×106 cells/mL. The mouse orthotopic 4T1 breast 
cancer model was prepared by orthotopically injecting the cell suspension into the right mammary fat pad of BALB/c mice. 
Mice were randomly divided into 6 groups (I. saline, II. Tel, III: ECM/Tel, IV. saline+8 Gy, V. Tel+8 Gy, VI. ECM/Tel+8 Gy), 
and seven mice were in each group. After 14 days, when the tumor volume grows to ≈150 mm3, Group I and IV were 
administered with saline (200 μL/mouse), Group II and V were administered with free Tel (Tel = 5 mg/kg), Group III and VI 
were administered with ECM/Tel (Tel = 5 mg/kg), all formulations were administered intravenously every two days for 3 
times, and the first injection was marked as Day 1. On Day 7, the tumor areas of mice were irradiated with a single dose of 8 Gy 
X-ray. During the experiment, the tumor volume and weight of mice in all groups were recorded every two days for 21 days. 
On Day 21, the mice were sacrificed, the tumor tissues and visceral organs (heart, liver, spleen, lung, and kidney) were 
dissected. The tumors in each group were photographed and weighed. Part of the dissected tumor was taken, and part of it was 
embedded in an embedding agent, frozen overnight, and sectioned with a cryostat (section thickness: 10 μm). The sections 
were fixed with 4% paraformaldehyde at room temperature, rinsed, and blocked with 5% skim milk for 1 h. After blocking, the 
slices were incubated with hypoxia factor HIF-1α primary antibody (1:100 dilution) at 4 °C overnight. Then, fluorescent 
secondary antibody (1:200 dilution) was added and incubated at room temperature for 2 h. After incubation, the slices were 
rinsed, and DAPI staining reagent was added to stain the nuclei. After the nuclear staining was completed, glycerol was added 
dropwise to mount the slides, and the samples were observed under the fluorescence microscope to investigate the expression 
of HIF-1α in tumors. Parts of the dissected tumor were added with the lysate and lysed with a tissue homogenizer. Western blot 
was used to detect the expression of TGF-β1, TGF R1, Smad2, Smad3, and Smad4 in the tumors of each group. The remaining 
tumors were fixed, embedded in paraffin, and prepared into slices, and Ki67 and Masson staining were performed on the tumor 
slices to investigate the death of tumor cells and the changes in the tumor matrix.

Parts of the dissected lung were taken, fixed, and stained with Bouin solution, and the tumor metastases on the lungs 
were photographed and counted. The remaining dissected lungs and other organs were fixed, embedded in paraffin, and 
sliced. The organ tissue sections were conducted with hematoxylin–eosin (H&E) staining to observe the pathological 
changes in the organs.

Statistical Analysis
All data are presented as the mean value±standard deviation from at least three independent measurements. Semi- 
quantitative data were obtained by image J software analysis. Differences between groups were analyzed with ANOVA 
(one-way) followed by Tukey–Kramer tests, and mean differences with P <0.05 were considered statistically significant. 
The corresponding markers in the figures are defined as *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.

Results and Discussion
Tel belongs to the class II drug of the biopharmaceutical classification system. Due to its poor water solubility, Tel has 
low bioavailability and poor tumor targeting. Therefore, it is urgent to develop a corresponding DDS to increase Tel’s 
solubility and tumor targeting ability. Drawing on previous research experience,51,52 based on the amphipathic structure 
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of Tel with both hydrophilic and hydrophobic groups, we fabricated self-assemble Tel NPs by aqueous solvent diffusion 
method (Figure 1A), which significantly increased the solubility of Tel. In order to enhance the stability, long-term 
circulation in vivo and tumor targeting of Tel NPs, we performed ECM coating on the surface of Tel NPs. Studies have 
shown that ECM coating can not only improve the stability of the drug delivery system but also endow the DDS with 
surface antigens consistent with red blood cells, which can promote its escape from macrophage recognition and 
clearance and achieve long-term circulation and enrichment in tumor tissues by passive targeting effects.48,49 After 
ECM was prepared by hypotonic lysis, self-assembled Tel NPs were mixed with ECM for the fabrication of various 
ECM/Tel with different Tel to membrane protein ratios (0.5:1, 1:1, and 2:1). The size change of various ECM/Tel in PBS 
was determined for 7 days to investigate the stability of various ECM/Tel (Figure 1B). The particle size of ECM/Tel at 
the mass ratio of 1:1 was relatively stable within 7 days (from ≈164 nm on Day 0 to ≈180 nm on Day 7). The particle size 
of ECM/Tel at the mass ratio of 0.5:1 increased from 130 nm on Day 0 to 219 nm on Day 7. The particle size of ECM/Tel 
at the mass ratio of 2:1 increased to 256 nm after the first day of incubation and continuously increased to 303 nm on Day 

Figure 1 Fabrication and characterization of ECM/Tel. (A) Fabrication steps of ECM/Tel. (B) Particle size variation of different formulations of ECM/Tel, with the mass ratio 
of Tel and membrane protein content of ECM was 0.5:1, 1:1, and 2:1, respectively. (C) Coomassie blue staining results of ECM/Tel. (D and F) TEM and particle size results of 
self-assembled Tel NPs (left), ECM (middle), and ECM/Tel (right). Red arrows indicate the membrane-mimic structure. Scale bar = 100 μm.
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7. The above stability results indicate that the ECM/Tel with a mass ratio of 1:1 has the best stability, as an improper 
amount of ECM coating was detrimental to stability. It was suggested that overcoating ECM will lead to aggregation of 
adjacent ECM/Tel and an increase in particle size. Considering the physiological stability of ECM/Tel, we chose the 
ECM/Tel at the mass ratio of 1:1 as the optimal formulation for subsequent experiments.

To verify the successful coating of ECM in ECM/Tel, we performed coomassie blue staining, surface zeta potential 
determination, and TEM observation. Coomassie blue staining results (Figure 1C) revealed the preservation of whole- 
protein (from 25 kDa to 180 kDa) of ECM in ECM/Tel, which confirmed the successful modification of ECM in ECM/ 
Tel. In addition, the surface zeta potential determination results (Table S1) showed that when the proportion of ECM in 
ECM/Tel decreased, the zeta potential of ECM/Tel increased accordingly, proving the successful modification of ECM in 
ECM/Tel. The TEM observations are shown in Figure 1D–F. Self-assembled Tel NPs had a spherical shape with 
a particle size of 110±6 nm. The particle size of ECM prepared by the hypotonic lysis method was 182±12 nm. ECM/ 
Tel had a particle size of 160±8 nm. Compared with Tel NPs, a membrane-mimic structure was observed around the 
spherical morphology of the inner Tel “core” for ECM/Tel (as indicated by the red arrow), indicating the successful ECM 
decoration.

NIH/3T3 was used as the normal fibroblast model, and activated NIH/3T3 (A-NIH/3T3) was used as the TAFs cell 
model in in vitro cell experiments. The cytotoxicity of ECM/Tel on NIH/3T3 and A-NIH/3T3 cells was determined by 
MTT assay. As shown in Figure 2A, when Tel concentration increased to 10 μg/mL in both NIH/3T3 and A-NIH/3T3 
cells, the cell survival rate could still reach about 80% after being treated with Tel or ECM/Tel, indicating that ECM/Tel 
had low cytotoxicity in both cell lines. In order to observe the cell entry ability of ECM/Tel, ECM/Tel was labeled with 
C6 to observe the uptake of ECM/Tel by A-NIH/3T3 cells within 24 h (Figure 2B). The results showed that with the 
increase of time, the fluorescence intensity in the cells increased and reached saturation at about 6 h, and gradually 
attenuated in the following time points, indicating that ECM/Tel could be readily internalized by A-NIH/3T3 cells. The 
low toxicity and strong intracellular ability of ECM/Tel are mainly attributed to the self-assembly capacity of Tel into Tel 
NPs and the surface modification of ECM. After Tel self-assembled into Tel NPs, the solubility of the original insoluble 
Tel was greatly increased. After the formation of nanoparticles, the original mode of uptake of free Tel was invalid, and 
endocytosis or macropinocytosis played an important role. This cellular uptake of non-specific recognition has been 
demonstrated in many nanoparticle uptake studies.53,54 ECM surface modification also greatly enhanced the biocompat-
ibility of ECM/Tel.48,49

In order to evaluate the tumor-targeting ability of ECM/Tel, a mouse orthotopic 4T1 breast cancer model was 
constructed to study the distribution of ICG-labeled ECM/Tel in tumor-bearing mice. The results (Figure 2C) showed that 
when compared with the free ICG group, ECM/Tel exhibited more evident distribution in the tumor tissue at all tested 
time points, which was still observable at 48 h post-administration, indicating the excellent tumor targeting ability of 
ECM/Tel. The ex vivo imaging of fluorescence distribution in major organs/tumor tissue and semi-quantitative results of 
tumor fluorescence (Figure 2D and E) also revealed that ICG mainly accumulated more in the liver and less in the tumor, 
while ICG-ECM/Tel had a significant accumulation in the tumor site. These results collectively confirmed that ECM/Tel 
had good tumor targeting ability, which was attributed to the ECM encapsulation on the ECM/Tel surface. Studies have 
shown that ECM coating can not only improve the stability of the DDS but also endow the DDS with surface antigens 
consistent with red blood cells, which can promote its escape from macrophage recognition and clearance, achieving long 
circulation in vivo and passive targeting effect in tumor tissue.48,49

α-SMA has been proved to be a specific marker presented on TAFs.55 The expression of α-SMA was evaluated to confirm 
the successful phenotypic transformation of TAFs. Flow cytometry was performed to detect the expression of α-SMA in NIH/ 
3T3, A-NIH/3T3, Tel-treated A-NIH/3T3, and ECM/Tel-treated A-NIH/3T3 (Figure S1, the corresponding experimental 
procedures were in supporting information). The results showed that the expression of α-SMA in A-NIH/3T3 was higher than 
in NIH/3T3, indicating the successful construction of TAFs model A-NIH/3T3. After being treated with Tel or ECM/Tel, the 
expression of α-SMA in A-NIH/3T3 decreased. The immunofluorescence results (Figure 3A and B) showed that A-NIH/3T3 
had significantly higher α-SMA expression than NIH/3T3, which was 7.7-fold that of the NIH/3T3, indicating the successful 
construction of TAFs model A-NIH/3T3. After 8 Gy of irradiation, the expression of α-SMA in NIH/3T3 was also up- 
regulated to 5.2-fold compared with that before irradiation, suggesting that irradiation can trigger the transformation of normal 
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fibroblast cells into TAFs. After Tel treatment, the expression of α-SMA in A-NIH/3T3 cells decreased to 0.41-fold from that 
before treatment, which was consistent with previous reports to support the resting effect of Tel on TAFs.43,44 It was noted that 
ECM/Tel treatment could more effectively decrease the expression of α-SMA in A-NIH/3T3 cells to 0.28-fold of that before 
treatment, which proved that ECM/Tel had a more substantial resting effect on TAFs than Tel. This showed that Tel with poor 

Figure 2 Cytotoxicity, cellular uptake and in vivo distribution of ECM/Tel. (A) Cytotoxicity of ECM/Tel against NIH/3T3 and A-NIH/3T3 cells. (B) Time-dependent cellular 
uptake of ECM/Tel in A-NIH/3T3. Scale bar: 50 μm. (C) In vivo distribution of ECM/Tel in mouse orthotopic 4T1 breast cancer model. Red circle: tumor area. (D) 
Fluorescence distribution of organs and tumors after dissection. (E) Semi-quantitative analysis of tumor fluorescence. ***P < 0.001.
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Figure 3 Resting effect of ECM/Tel and permeability changes of MCSs. (A) α-SMA immunofluorescence staining of NIH/3T3 with different treatments (with or without 8 Gy 
irradiation) and A-NIH/3T3 with different treatments (Tel or ECM/Tel for 48 h, Tel = 2 μg/mL). Blue: DAPI, red: α-SMA. Scale bar: 20 μm. (B) Semi-quantitative analysis of α-SMA 
staining. (C) Western blot assay of α-SMA and related proteins in the TGF-β/Smads pathway in a. NIH/3T3, b. NIH/3T3+8 Gy, c. A-NIH/3T3, d. A-NIH/3T3+Tel, e. A-NIH/3T3 
+ECM/Tel groups. (D) Changes in the permeability of cell spheroids after treatment with Tel and ECM/Tel (Tel = 2 μg/mL, 48 h). Red: DiI, scale bar: 50 μm. *P < 0.05, **P < 0.01.
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solubility and bioavailability could play a certain resting effect in A-NIH/3T3, but the strong cell-entry ability of ECM/Tel 
promoted more Tel accumulation and exerted a superior resting effect. The Western blot assay of α-SMA (Figure 3C) also 
showed similar results, confirming that 8 Gy of irradiation-activated NIH/3T3 into A-NIH/3T3, Tel, and ECM/Tel could rest 
A-NIH/3T3, and ECM /Tel had a better resting effect on TAFs.

It was reported that Tel reduced tumor stroma secretion of TAFs through TGF-β signaling.56,57 Studies have revealed 
that the activation process of fibroblasts in the kidney, myocardium, liver, tumor, and other tissues was closely related to 
Smad2, 3, 4, 7, and other signaling molecules in the Smads pathway.58–61 TGFR1 causes phosphorylation and activation 
of Smad2 and Smad3. Smad4 binds to activated Smad2/3, and the formed complex translocates to the nucleus for 
transcription of specific genes, activating fibroblasts in the tissue. In order to elucidate the molecular mechanism of ECM/ 
Tel resting TAFs, we evaluated the expression of related proteins in the TGF-β/Smads pathway during the ECM/Tel 
resting TAFs process. Western blot analysis of proteins involved in the TGF-β/Smads pathway showed that the 
expressions of TGFR1, Smad2/3, p-Smad2, and Smad4 were all significantly upregulated in A-NIH/3T3 and 8 Gy- 
irradiated NIH/3T3 cells, suggesting that the upregulated α-SMA expression was positively correlated to the activation of 
TGF-β/Smads pathway. As expected, after being treated with Tel or ECM/Tel, the expression of α-SMA was decreased, 
along with the downregulation of a series of proteins in the TGF-β/Smads pathway. Consistent with the results in 
Figure 3A, compared with Tel, ECM/Tel showed lower expression of both α-SMA and TGF-β/Smads pathway-related 
proteins. These results demonstrated that at the cellular level, ECM/Tel can effectively reverse the phenotype of TAFs to 
the resting state via the TGF-β/Smads pathway.

Previous studies have shown that resting TAFs can compromise tumors’ structure to promote intratumoral drug 
delivery and penetration.43,44 To explore the changes in tumor permeability after TAFs resting, we constructed the MCSs 
by co-growth of 4T1 and A-NIH/3T3 cells. After pretreatment with different formulations, MCSs were incubated with 
red fluorescent dye DiI, and the distribution of DiI was investigated using the z-scanning function of laser scanning 
confocal microscope to reflect the permeability of different layers in MCSs. As shown in Figure 3D, compared with the 
control group, the red fluorescence from the outermost layer of 0 μm to the center layer of 120 μm increased significantly 
in the Tel group, indicating that the permeability of MCSs was significantly enhanced after Tel pretreatment. After ECM/ 
Tel pretreatment, the red fluorescence intensity at the near-center layer of 120 μm was slightly stronger than in the Tel 
group. Theoretically, the uptake of ECM/Tel by MCSs was stronger than Tel; the difference in fluorescence intensity 
between Tel and ECM/Tel should be more outstanding. However, the results showed that the red fluorescence intensity in 
the ECM/Tel group was slightly greater than that at the Tel group at the same layer. This might be because DiI was 
a small molecule with strong permeability, which narrowed the difference between Tel and ECM/Tel groups, resulting in 
the results showing that compared with the Tel group, ECM/Tel only slightly enhanced the fluorescence distribution of 
DiI in MCSs.

Based on the exciting results from Figure 3, a mouse orthotopic 4T1 breast cancer model was established and 
intravenously administered with three injections of Tel or ECM/Tel, followed by an assessment of the changes in the 
tumor microenvironment. As shown in Figure 4A and D, the HIF-1α expression upon different treatments was evaluated 
to reflect the hypoxic condition of tumor tissue. The results showed that compared with the control group, the positive 
ratio of HIF-1α in tumor tissue decreased from 46% to 30% after Tel administration. After ECM/Tel administration, the 
positive ratio of HIF-1α further decreased to 14%, confirming the significantly alleviated hypoxia in tumor tissue. To 
continue exploring changes in the tumor microenvironment, the expression of collagen fibers and collagen I in tumor 
tissues was assessed. As shown in Figure 4B–F, upon Tel treatment, the positive ratio of collagen fiber decreased from 
30% (control) to 22%, and the positive collagen I ratio was 0.71 times that of the control group. ECM/Tel treatment 
further decreased the positive ratio of collagen fiber to 13% and the positive collagen I ratio to 0.34 times that of the 
control group. In addition, mice with three Tel or ECM/Tel injections were given another FITC tail vein injection. The 
results (Figure S2) showed that the intratumoral FITC fluorescence distribution in the ECM/Tel group was significantly 
stronger than in the Tel group, indicating that ECM/Tel significantly enhanced the tumor tissue permeability after three 
administrations. These in vivo results showed that ECM/Tel could significantly reduce the secretion of tumor stroma, 
alleviate tumor hypoxia, and enhance intratumoral permeability, thus remodeling the tumor microenvironment. 
Compared with the in vitro experiments results in Figure 3, it could be concluded that the gap between the effects of 
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ECM/Tel and free Tel in vivo experiments was further widened, which might be attributed to the long-term circulation 
in vivo and tumor target effect of ECM/Tel.

Increasing the radiation sensitivity of tumor cells is of great importance for radiotherapy. Studies have shown that the G2/ 
M phase is the most radiosensitive phase in the cell cycle.47 It was reported that paclitaxel and phosphatidylinositol-3 kinase 
(PI3K) inhibitor HS-173, etc., could arrest the cell cycle of tumor cells to the G2/M phase and increase the apoptosis of 
radiation-resistant tumor cells.62,63 Studies in the literature have revealed that Tel could arrest the cell cycle of renal cell 
carcinoma cells to the G2/M phase.45 To further explore whether ECM/Tel could arrest the cell cycle of 4T1 cells to G2/M to 
promote radiosensitization, the cell cycle of 4T1 cells treated with Tel or ECM/Tel was determined by flow cytometry. The 
results (Figure 5A and B) showed that after being treated with Tel, the S phase of 4T1 cells decreased from 36.6% to 27.3%, 
and the G2/M phase increased from 8.7% to 15.7%. After the treatment of ECM/Tel, the S phase of 4T1 cells decreased from 
36.6% to 24.8%, and the G2/M phase increased from 8.7% to 19.0%, indicating that Tel and ECM/Tel could arrest the cell 
cycle to G2/M phase, and ECM/Tel had stronger G2/M arresting effect on 4T1 cells than Tel. This might also be because that 

Figure 4 Changes in the tumor microenvironment of mice treated with ECM/Tel. (A) Immunohistochemical staining for HIF-1α. (B) Masson staining. Scale bar: 100 μm. (C) 
Collagen I immunofluorescent staining. Scale bar: 50 μm. (D) Semi-quantitative analysis of HIF-1α. (E) Semi-quantitative determination of Masson’s staining. (F) Semi- 
quantitative assay of Collagen immunofluorescence staining. NS: no significant difference, *P < 0.05, **P < 0.01.
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Figure 5 Effect of ECM/Tel on 4T1 cell cycle. (A) The cell cycle of 4T1 treated with Tel or ECM/Tel was measured by flow cytometry. (B) Cell cycle quantification results of 
4T1 after Tel or ECM/Tel treatment (C) Immunofluorescence staining of cyclin D1. (D) Immunofluorescence staining of cyclin A2. (E) Western blot determination of 
cyclinA2, cyclinB1 and cyclinD1. (F) Semi-quantitative analysis of immunofluorescence staining for cyclin D1. (G) Semi-quantitative analysis of immunofluorescence staining 
for cyclin A2. Scale bar: 50 μm. **P < 0.01, ***P < 0.001.
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ECM/Tel had stronger cell entry ability than Tel in 4T1 cells. Network systems including cyclin-dependent kinases (CDKs) 
and cyclin-dependent kinase inhibitors (CDKIs) play an important role for the cell cycle. Cyclin D1 is the regulatory protein 
for G1 to S phases, and cyclin A2 is the regulatory protein for S to G2 phases. To explore the effect of ECM/Tel on cyclin 
expression, cyclin D1 and cyclin A2 in 4T1 cells were immunofluorescence stained (Figure 5C and D) and semi-quantitatively 
analyzed (Figure 5F and G). The results showed that after the treatment of Tel, the positive cyclin D1 and cyclin A2 staining 
increased to 2.18 and 1.80-fold, respectively, compared with that of the control group. ECM/Tel treatment increased the 
positive cyclin D1 and cyclin A2 ratio to 3.28 and 3.94-fold, respectively. The protein expressions of cyclin D1 and cyclin A2 
were also measured by Western blot (Figure 5E), which showed similar results. The expression of cyclin D1 and cyclin A2 
were up-regulated after the treatment of ECM/Tel, indicating that ECM/Tel could arrest the 4T1 cell cycle to the radiosensitive 
G2/M phase.

In order to explore the change in radiosensitivity of 4T1 cells after the cell cycle was arrested to the G2/M phase by 
ECM/Tel, corresponding experiments were performed. The cytotoxic effect of ECM/Tel on 4T1 cells in the absence of 
radiation was first determined. The MTT results (Figure S3) showed that when Tel was less than 10 μg/mL, the cell 
viability could reach more than 80%, indicating that ECM/Tel had no significant effect on 4T1 proliferation in the 
absence of irradiation. To explore the proliferation of irradiated 4T1 after the G2/M phase arrest by ECM/Tel, the colony 
formation experiment was carried out. As shown in Figure 6A and C, compared with the unirradiated control group, the 
number of 4T1 cell clones after 8 Gy of irradiation was significantly reduced from 212 to 134, while the number of 
clones dropped to 75 in Tel+8 Gy group and 54 in the ECM/Tel+8 Gy group, respectively, indicating that ECM/Tel 
significantly enhanced the radiosensitivity of 4T1 cells, attenuated the proliferation ability of irradiated 4T1 cells. 
Similarly, it might be that ECM/Tel had a stronger G2/M phase arrest effect on 4T1 cells than Tel; the corresponding 
change of radiosensitivity in tumor cells was greater. Combined with the results in Figure 5, it was shown that ECM/Tel 
could increase the radiosensitivity of 4T1 cells by arresting the cell cycle of 4T1 cells to the radiosensitive G2/M phase.

To evaluate the synergetic radiosensitizing effect of ECM/Tel by remodeling tumor microenvironment and enhancing 
radiosensitivity of tumor cells, MCSs were used as the model. After being treated with Tel or ECM/Tel (Tel concentration = 
2 μg/mL) for 48 h, MCSs were irradiated with a single dose of 8 Gy. During this process, as shown in Figure 6B and D, the 
size of the MCSs in the control group gradually increased with time, from ≈320 μm on Day 0 to ≈402 μm on Day 3. There 
was almost no change in the size of the 8 Gy group, indicating that irradiation was helpful to control the growth of MCSs. 
The size of the Tel+8 Gy group was slightly reduced from ≈320 μm to ≈303 μm, indicating that Tel has a specific 
radiosensitizing effect on MCSs. The size of the ECM/Tel+8 Gy group decreased from ≈320 μm to ≈278 μm, which 
indicates that ECM/Tel exerts a more effective radiosensitization effect than Tel in MCSs. Combined with the above results, 
this is attributed to the fact that the cell entry ability of ECM/Tel was significantly stronger than that of free Tel, which could 
more effectively rest TAFs for reducing tumor stroma secretion, alleviating hypoxia, and enhancing intratumoral penetra-
tion. Moreover, ECM/Tel could more effectively arrest the cell cycle of tumor cells to the radiosensitive G2/M phase. The 
synergistic effect of ECM/Tel on tumor microenvironment and tumor cells contributed to promoting radiosensitization.

The schematic diagram of in vivo experiment was shown in Figure 7A. In brief, mice with appropriate tumor size received 
tail vein injections on Day 1, 3, and 5, respectively, and 8 Gy of irradiation on Day 7. The tumor volume and body weight of all 
subjects were recorded until Day 21. The tumors of each group after dissection on Day 21 was shown in Figure 7B, and the 
tumor weight was shown in Figure 7C. It was shown that the average weight of tumors was 2.528 g in the saline group, 2.264 
g in the Tel group, and 1.766 g in the ECM/Tel group, respectively. This was consistent with the results in Figure 7B, indicating 
that ECM/Tel could directly help to reduce tumor volume. This might be because ECM/Tel could significantly rest TAFs after 
targeting the tumor site, reduce the secretion of tumor stroma, alleviate tumor hypoxia, and inhibit tumor growth. The average 
tumor weight in the ECM/Tel+8 Gy group was only 0.674 g, significantly smaller than in other irradiated groups (1.144 g in 
the saline+8 Gy group and 1.101 g in the Tel+8 Gy group). These results demonstrated the powerful radiosensitization effect 
of ECM/Tel, which is not only related to the TAFs resting, tumor stroma secretion reduction, and tumor hypoxia alleviation in 
the tumor microenvironment but also due to the fact that ECM/Tel can enhance the radiosensitivity of tumor cells by arresting 
the cell cycle to G2/M phase. In the irradiated or non-irradiated groups under the same conditions, the effect of Tel was close to 
that of the saline group under the corresponding conditions and significantly weaker than that of the ECM/Tel group under the 
corresponding conditions, which may be due to the poor solubility and the absence of tumor targeting of Tel, leading to low 
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Figure 6 Colony formation assay of 4T1 treated with ECM/Tel and radiation-sensitizing effect of ECM/Tel in MCSs. (A) Photographs of colony formation in each group. (B) 
Morphological changes of MCSs in 3 days. (C) Number of colonies in each group. (D) Diameters of MCSs over 3 days in each group. Scale bar: 0.1 mm. NS: no significant 
difference, *P < 0.05, **P < 0.01, ***P < 0.001.
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bioavailability. The changes in tumor volume are shown in Figure 7D. As time extended, the differences in tumor volume 
among different groups gradually increased. On Day 21, the tumor volume of the saline group reached 1960.2 mm3, and the 
tumor volume of the Tel and ECM/Tel groups decreased to 1809.3 mm3 and 1655.4 mm3, respectively, indicating that the 
regulation effect of Tel on the tumor microenvironment could exert a beneficial effect on tumor inhibition. Further information 
revealed that the tumor volume in the saline+8 Gy group was 1396.4 mm3, the tumor volume in the Tel+8 Gy group was 
1285.6 mm3, and the tumor volume in the ECM/Tel+8 Gy group was 990.7 mm3. These results were in line with the above 
results to conclude the significant radiosensitization effect of ECM/Tel. During this period, the body weight of the mice also 
fluctuated (Figure S4). The body weight of the mice in the saline, Tel, and ECM/Tel groups experienced a process of first 
increasing and then decreasing, while the weight changes of mice in saline+8 Gy, Tel+8 Gy, and ECM/Tel+8 Gy groups were 
relatively stable. This was in line with the results of H&E staining on major organs (Figure S6, heart, liver, spleen, kidney), 
suggesting that ECM/Tel is a highly biocompatible system for in vivo applications. After 21 days, two mice in each group of 
saline, Tel, and ECM/Tel groups died, and the survival rate was 71.4%, while all seven mice in the saline+8 Gy, Tel+8 Gy, and 
ECM/Tel+8 Gy groups survived, and the survival rate was 100% (Figure S5).

Figure 7 Radiosensitizing efficacy of ECM/Tel in BALB/c mice. (A) Schematic of animal administration regimen. (B) Tumor morphology of mice in each group after 
dissection. (C) Tumor weights of mice in each group after dissection. (D) Tumor volume changes of mice in each group. (E) Bouin solution staining of lungs in each group. 
Red arrows indicate the location of the tumor metastasis in the lung. (F) Number of tumor nodules on the lungs in each group. (G) H&E staining of lungs in each group. Scale 
bar = 100 μm. NS: no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001.
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4T1 cells derived from breast cancer of BALB/c mice have the ability of spontaneous lung metastasis as allograft 
tumors. This animal model has a similar disease progression as that of advanced malignant breast cancer in humans and 
is widely used in preclinical studies.64,65 Therefore, the inhibitory effect of ECM/Tel on lung metastasis of 4T1 breast 
cancer has also been explored. The dissected lungs of mice were fixed in Bouin’s solution (Figure 7E), and the number of 
tumor metastases on the lungs was counted (Figure 7F). The number of lung metastatic nodules was 26 in the Tel group 
and 22 in the ECM/Tel group, compared with 28 in the saline group. This indicates that ECM/Tel reduced lung metastatic 
nodules, which is consistent with the in situ tumor inhibition effect of ECM/Tel on breast cancer. It revealed that ECM/ 
Tel inhibited tumor lung metastasis while reducing tumor growth in situ. Irradiation of 8 Gy significantly reduced the 
number of lung metastases, as the number of lung metastatic nodules in the saline+8 Gy group was 15. After being 
treated with Tel, the number of lung metastatic nodules in the Tel+8 Gy group was 14. In contrast, the ECM/Tel+8 Gy 
group had the best inhibitory effect on lung metastasis, with lung metastatic nodule number of only 6. This indicated that 
ECM/TEL significantly inhibited the growth of tumor in situ and the lung metastasis of breast cancer due to the 
synergistic effect of ECM/Tel on tumor microenvironment and tumor cells, while there was no significant difference 
between the Tel group and saline group, which might due to the poor solubility and the absence of tumor targeting of Tel, 
leading to low bioavailability. H&E staining was performed on the lungs of each group, and the lung metastatic nodules 
of each group can be seen in Figure 7G. The results showed that the ECM/Tel+8 Gy group exhibited the best inhibitory 
effect on lung metastasis, consistent with the results of Figure 7E and F.

After the animal experiments, the tumor sections of each group were stained with α-SMA immunofluorescence to 
reflect the resting of TAFs. The results (Figure 8A) showed that compared with the saline group and the Tel group, the 
expression of α-SMA in the ECM/Tel group was significantly decreased, indicating that the ECM/Tel could target tumor 
sites to rest TAFs. The expression of α-SMA in the saline+8 Gy group and Tel+8 Gy group was significantly increased, 
indicating that irradiation promoted the activation of TAFs. Compared with the saline+8 Gy group and the Tel+8 Gy 
group, the expression of α-SMA in the ECM/Tel+8 Gy group was significantly decreased, indicating that compared with 
Tel, ECM/Tel had better tumor-targeting ability and played a more influential role in exerting TAFs resting effect.

Masson staining was performed on the tumor sections after the animal experiment to reflect the level of collagen 
fibers in the tumor tissue. The results (Figure 8B and E) showed no significant difference between the saline and Tel 
group, and the collagen volume in the ECM/Tel group was significantly reduced from 22.3% (saline group) to 5.4%. In 
the saline+8 Gy group and Tel+8 Gy group, the volume of collagen increased to 35.0% and 31.6%, respectively. This 
may be related to the fact that irradiation can trigger the proliferation of TAFs, which promotes collagen secretion. 
However, the poor effect of free Tel might be due to its poor solubility and lack of tumor targeting. In the ECM/Tel+8 Gy 
group, the collagen volume decreased to 7.9%, which indicated that ECM/Tel had a powerful effect on collagen 
reduction. This was attributed to the excellent tumor targeting of ECM/Tel, which can target the tumor site to play 
a more effective role.

Ki67, a nuclear protein associated with tumor cell proliferation,66 was also studied (Figure 8C) to investigate the 
proliferation of tumor cells with semi-quantitative analysis (Figure 8F). The results showed that among the saline, Tel, 
and ECM/Tel groups, the ECM/Tel group had the lowest positive Ki67 content of 10.0%, which was significantly 
different from that of the saline (19.4%) and Tel (16.1%) group, indicating that ECM/Tel exerted more tumor cell death. 
After 8 Gy irradiation, the ratio of positive Ki67 in the saline+8 Gy group and Tel+8 Gy group decreased to 4.7% and 
3.0%, respectively, indicating that irradiation can significantly increase the death of tumor cells. ECM/Tel+8 Gy group 
had the lowest ratio of positive Ki67, which was only 1.1%, indicating that ECM/Tel+8 Gy has the most potent tumor 
inhibition effect. The results of Ki67 were also consistent with the previous results of tumor size.

HIF-1α immunofluorescent staining of the tumor area (Figure 8D) and corresponding semi-quantitative analysis 
(Figure 8G) showed that the ECM/Tel group had less positive HIF-1α staining area than that of the saline group and Tel 
group, which was only 0.31-fold that of the saline group. After 8 Gy irradiation, the positive expression of HIF-1α in the 
saline+8 Gy group was 1.68-fold that in the saline group. There was no significant difference in the expression of HIF-1α 
between Tel+8 Gy and saline+8 Gy group. The positive HIF-1α decreased to 0.37-fold in the ECM/Tel+8 Gy group 
compared with the saline group. These results demonstrated that ECM/Tel significantly alleviates hypoxia in the tumor 
tissue. The expression of TGF-β/Smads pathway-related proteins in the tumor tissue was also determined by Western blot 
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Figure 8 Investigation of tumor properties in all groups. (A) α-SMA immunofluorescence staining. Blue: DAPI, red: α-SMA. (B) Masson staining of each group. (C) Ki67 
staining of each group. (D) HIF-1α immunofluorescence staining of each group. (E) Semi-quantitative results of Masson staining. (F) Semi-quantitative results of Ki67 staining. 
(G) Semi-quantitative results of HIF-1α staining. n = 3. (H) Western blot assay of TGF-β/Smads pathway proteins. a: saline, b: Tel, c: ECM/Tel, d: saline+8 Gy, e: Tel+8 Gy, f: 
ECM/Tel+8 Gy. Scale bar: 100 μm. NS: no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001.
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(Figure 8H). In the saline and Tel groups, there was no significant difference in the expression of TGF-β1, TGFR1, 
Smad2/3, and Smad4, while in the ECM/Tel group, the expression of each protein was significantly decreased. After 8 
Gy of irradiation, the expression of each protein in thesaline+8 Gy and Tel+8 Gy groups increased, indicating that 
irradiation did stimulate the TGF-β/Smads pathway and affect the protein expression in it. Compared with saline+8 Gy 
and Tel+8 Gy groups, the ECM/Tel+8 Gy group significantly decreased the expression of TGF-β/Smads proteins. These 
results were in line with the above data to further confirm that ECM/Tel could rest TAFs via the TGF-β/Smads pathway.

Conclusions
The biomimetic erythrocyte membrane (ECM)-coated self-assembled Tel nano drug delivery system (ECM/Tel) was 
successfully constructed in our study using aqueous solvent diffusion and liposome extrusion methods. ECM/Tel showed 
good physiological stability, preferable cellular uptake and decent tumor-targeting ability. In A-NIH/3T3 cells, MCSs, 
and mouse orthotopic 4T1 breast cancer model, ECM/Tel could reduce the expression of α-SMA in TAFs and rest TAFs 
via the regulation of proteins in TGF-β/Smads pathway. After resting TAFs with ECM/Tel, the secretion of tumor stroma 
was reduced, the hypoxic microenvironment was alleviated, and intratumoral penetration was enhanced. Moreover, 
ECM/Tel could arrest the cell cycle of 4T1 cells to the radiosensitive G2/M phase and enhance the radiosensitivity of 
tumor cells. The mouse orthotopic 4T1 breast cancer model confirmed that ECM/Tel had a superior radiosensitizing 
effect attributed to the effect of ECM/Tel on remodeling the tumor microenvironment and enhancing the radiosensitivity 
of tumor cells, which not only significantly reduced the growth of breast cancer in situ but also inhibited the lung 
metastasis of breast cancer. Our study can not only provide new ideas and new strategies for theoretical research on 
radiosensitization but is also expected to promote the clinical application of new radiosensitizers.
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