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Purpose: Breast cancer is a prevalent malignancy among women worldwide, and malignancy is closely linked to the tumor
microenvironment (TME). Here, we prepared mixed nano-sized formulations composed of pH-sensitive liposomes (Ber/
Ru486@CLPs) and small-sized nano-micelles (Dox@CLGs). These liposomes and nano-micelles were modified by chondroitin
sulfate (CS) to selectively target breast cancer cells.

Methods: Ber/Ru486@CLPs and Dox@CLGs were prepared by thin-film dispersion and ethanol injection, respectively. To mimic
actual TME, the in vitro “condition medium of fibroblasts + MCF-7" cell model and in vivo “4T1/NIH-3T3” co-implantation mice
model were established to evaluate the anti-tumor effect of drugs.

Results: The physicochemical properties showed that Dox@CLGs and Ber/Ru486@CLPs were 28 nm and 100 nm in particle size,
respectively. In vitro experiments showed that the mixed formulations significantly improved drug uptake and inhibited cell
proliferation and migration. The in vivo anti-tumor studies further confirmed the enhanced anti-tumor capabilities of Dox@CLGs +
Ber/Ru486@CLPs, including smaller tumor volumes, weak collagen deposition, and low expression levels of a-SMA and CD31
proteins, leading to a superior anti-tumor effect.

Conclusion: In brief, this combination therapy based on Dox@CLGs and Ber/Ru486@CLPs could effectively inhibit tumor
development, which provides a promising approach for the treatment of breast cancer.
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Introduction

Breast cancer is one of the most prevalent malignant tumors worldwide, ranking as the second leading cause of cancer-
related fatalities among female subjects.'? Elevated rates of cancer progression, metastasis, and chemotherapy resistance
are pivotal factors associated with the diminished survival of breast cancer patients.** Research has proven that the tumor
microenvironment (TME) significantly contributes to these outcomes.” ‘6 TME consists of the extracellular matrix (ECM),
cytokines and various tumor stromal cells, including fibroblasts, immune cells, inflammatory cells and endothelial cells.”
The combined strategy of TME-regulating the pro-apoptotic activities has attracted more and more attention in anti-
tumor therapy.

International Journal of Nanomedicine 2024:19 5125-5138 5125
Received: 22 January 2024 © 2024 Wu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 17 May 2024
Published: 4 June 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6962-2842
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wu et al Dove

Cancer-associated fibroblasts (CAFs), as the most abundant stromal cells in TME, are activated from normal
fibroblasts,® and play an important role in fostering tumor growth.”'® Researchers have shown that CAFs could induce
epithelial-mesenchymal transitions (EMT) of tumor cells by secreting TGF-B,'" ultimately leading to tumor metastasis.'?
In addition, CAFs are directly implicated in immunosuppression and drug resistance. They possess the ability to
reprogram tumor cell metabolism, and protecting them from apoptosis triggered through treatment.'>”'” Due to the
specific distribution and important role of CAFs within tumors, they are increasingly becoming a therapeutic target for
the treatment of breast cancer. Berberine (Ber), an isoquinoline quaternary alkaloid extracted from rhizoma coptidis,
cortex phellodendri and other medicinal plants, has been proven to possess multiple pharmacological characteristics,
including anti-inflammation, antioxidative, anti-diabetic and antitumor activities. Recent research showed that Ber could
inhibit CAFs activation,'®!”

cell metastasis. Hence, the combination of Ber and chemotherapy might be an effective approach to inhibit tumor

collagen deposition, and TGF-p secretion,?® resulting in the effective suppression of cancer

development.

2! and hormones could stimulate cancer cell

Furthermore, the majority of breast cancers are hormone-dependent,
growth by interacting with respective receptors®> including estrogen receptors, progesterone receptors, glucocorticoid
receptors (GR), and androgen receptors.”>>* Recent research showed that GR was found to be highly expressed in breast
cells.”> Glucocorticoid (GC) interacts with GR to mediate anti-apoptotic actions and induce drug resistance of tumor
cells.”® Hence, hormone-targeting therapy might be an approach for the treatment of breast cancer. Recent research has
shown that hormone receptor modulators, such as tamoxifen, anastrozole, exemestane, and letrozole have contributed to
the improvement in overall survival rates among breast cancer patients.”” Mifepristone (Ru486), a GR antagonist and
previously used as an abortifacient, has been found to have anti-tumor activity against breast cancer.”**° Ru486 could
counteract the effects of GC by competitively binding with GR, inhibiting GR dissociation from the heat shock protein
complex and post-DNA binding events.***' Hence, Ru486 was considered as a partner with Ber to enhance the inhibition
of tumor growth.

Given that chemotherapy combined with TME-regulating therapy have exhibited great potential in efficient treatment
of cancers, we design a three-drug combination strategy in which Ber and Ru486 were used to inhibit tumor metastasis
caused by the activation of CAFs and GR, respectively, and doxorubicin (Dox) was chosen to induce apoptosis of tumor
cells. The synergistic chemotherapy based on combining multiple drugs is a prevalent approach, wherein these drugs are
co-administered via the same vehicle.’> Research has validated that combination therapy could heighten the anti-tumor
efficacy, counteract tumor multi-drug resistance, mitigate chemotherapy side effects, and modulate immune function.*?
Nevertheless, the clinical application of chemotherapeutic drugs is limited due to their low solubility, instability in vivo
and high toxicity. Nanotechnology offers promise in enhancing chemotherapy effectiveness. Nanoscale carriers, includ-
ing liposomes, polymer nanoparticles, and nanoparticles, have been developed for drug delivery. Suitable nanocarriers
could improve drug solubility, extend circulation duration, achieve sustained drug release, and enhance the safety and
bioavailability of drugs.***> Due to abundant CD44 receptor expression of breast cancer cells and CAFs surfaces,’*’
chondroitin sulfate (CS) was used as a targeting component to improve drug internalization by CS-CD44 receptor-
mediated endocytosis.*® Considering the acidic environment within the tumor, pH-sensitive liposomes (CLPs) co-
encapsulated with Ber and Ru486 were prepared. Furthermore, the tight arrangement of tumor cells and the presence
of the ECM barrier make it challenging for drug delivery systems. Large-sized nanoparticles (> 60 nm) were difficult to
deeply penetrate into tumors, leading to insufficient drug concentrations in the core of tumor regions.*** To overcome
this, we have prepared small-sized nano-micelles (CLGs) to effectively penetrate the tumor for improved treatment
efficacy. CLP standed for chondroitin sulfate (CS)-modified liposomes(LP), and CLG was CS modified nano-micelles
comprised of Lipid and Glycocholic acid.

In this study, we synthesized DSPE-PEG-CS polymers and prepared nano-sized delivery systems composed of two
types of nanoparticles: CS-modified nano-micelles (Dox@CLGs) and pH-responsive liposomes (Ber/Ru486@CLPs).
Dox@CLGs allowed Dox to effectively exert anti-tumor effects, while Ber/Ru486@CLPs were used to regulate TME
(Scheme 1), which together exerted synergistic anti-tumor effects. To mimic the TME, a “condition medium of
fibroblasts + MCF-7” cell model and a 4T1/NIH-3T3 co-implantation mouse model were established to evaluate anti-
tumor efficacy of the mixed formulations in vitro and in vivo, respectively.
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Scheme | Schematic diagram of the preparation and antitumor mechanism.

Materials and Methods

Reagents and Materials

Ru486 and glycocholic acid were purchased from Shanghai Macklin Biochemical Co., Ltd. Doxorubicin (Dox), DMEM
and RPMI-1640 medium were acquired from Dalian Meilun Biology Technology Co., Ltd. Fetal bovine serum (FBS)
was procured from Excell Biological Technology Co., Ltd. Ber was obtained from Beijing InnoChem Science &
Technology Co., Ltd. a-SMA antibody (cat. AF1032) was acquired from Affinity Biosciences Pty Ltd. All of the
schematic diagrams, including Scheme 1 and the schemes in other figures, had been created with FigDraw.com with
permission.

Cell Lines and Animals

The human breast carcinoma cell lines MCF-7, human fibroblasts cell lines MRC-5, mouse breast cancer cell line 4T1,
and mouse fibroblasts cell lines NIH-3T3 were purchased from the China Center for Type Culture Collection. MCF-7 and
NIH-3T3 cell lines were maintained in DMEM medium plus 10% FBS. The 4T1 cell line was cultivated in RPMI-1640
medium supplemented with 10% FBS. The MRC-5 cell line was sustained in Minimum Essential Medium and also
supplemented with 10% FBS. The cell lines were cultured and maintained in a humidified incubator with 5% CO, at
37°C. The condition medium (CM) of MRC-5 cells was obtained according to our previous method. In the mixed cell
culture model, a ratio of 4T1 cells to NIH-3T3 cells at 5:1 was employed.

Female Balb/c mice (5-7 weeks) were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd. All
animal experiments were approved by the Animal Ethics Committee of Shandong Second Medical University, and the
care and handling procedures strictly complied with “Guide for the Care and Use of Laboratory Animals” of China (D.N.
55, 2001).
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Preparation and Characterization of Dox@CLGs and Ber/Ru486@CLPs

The Ber/Ru486@CLPs were prepared using the ethanol injection method. AIM-Chol was synthesized as previously
described.*' A solution comprising 120 mg of phospholipid (PL), 30 mg of cholesterol, 10 mg of AIM-Chol, and 4 mg of
chondroitin sulfate-modified conjugates (DSPE-PEG-CS) were dissolved in ethanol, followed by the addition of Ber and
Ru486 at varying concentrations (4 mg, 6 mg, and 12 mg each), respectively. Ethanol was subsequently removed through
rotary evaporation at 60°C. The resulting suspension was sonicated in an ultrasonic cell crusher (VCX750) for 15
minutes in an ice water bath and then extruded three times through a 220 nm polycarbonate membrane to yield the Ber/
Ru486@CLPs liposomes.

The prepared route for the nano-micelles Dox@CLGs was outlined as follows. Initially, 110 mg of glycocholic acid was
dissolved in a phosphate buffer saline (PBS) solution with the pH adjusted to approximately 5.5. Subsequently, 90 mg of PL,
5.5 mg of Dox, and 4 mg of DSPE-PEG-CS were dissolved in an ethanol solution. The ethanol solution containing the drugs
was slowly introduced into the glycinylcholic acid solution. Ethanol was eliminated through rotary evaporation at 55°C. The
same procedure was applied for sonication and extrusion through a 220 nm polycarbonate membrane. The preparation of
Dox@LGs and Ber/Ru486@LPs were similar to that of Dox@CLGs and Ber/Ru486@CLPs. In parallel, DiR@LGs and
DiR@CLGs were prepared by substituting Dox with DiR with a similar preparation process.

Dynamic light scattering (DLS) and electrophoretic light scattering techniques were employed to assess size
distribution and zeta potential. Specifically, 100 puL of each nanoparticle was suspended in 1 mL of PBS and analyzed
using a Malvern Zetasizer ZS 90. The morphology of Dox@CLGs and Ber/Ru486@CLPs were examined via transmis-
sion electron microscope (TEM, Hitachi HT7700). Drug loading (DL) and encapsulation efficiency (EE) in nanoparticles
was determined through UV spectrophotometry.

Cellular Uptake

CM/MCE-7 cells were seeded in 24-well plates (1 x 10° cells/well) and cultured overnight. The medium was removed
and Dox, Dox@LGs, and Dox@CLGs (Dox: 10 pg/mL) were then added to each well and incubated for 3 h. The red
fluorescence of Dox was employed to assess the cellular uptake of nano-micelles within the cells. Coumarin 6 (C6),
a hydrophobic fluorescent dye, is commonly used to facilitate the traceability of nano drug delivery systems in vitro.****
In this study, C6 was utilized to monitor the distribution of liposomes. Likewise, an equivalent solution of C6, C6@LPs,
and C6@CLPs (C6: 10 pg/mL) was incubated for 3 h. Subsequently, the cells were washed with PBS and the

fluorescence intensity was measured using confocal laser scanning microscopy (CLSM) and flow cytometry.

Cell Viability Assay

MCEF-7 cells were cultured with the condition medium (CM) of MRC-5 cells to build a “CM/MCEF-7" cell research model
to mimic TME. Cell viability was assessed against CM/MCF-7 cells at a drug concentration from 0.01 to 5 pg/mL using
the MTT assay. Briefly, the cells were seeded at a density of 5x10° cells per well in 96-well plates, with each well
containing 100 pL of complete medium. After cell attachment, they were exposed to various drug solutions for 48
h. MTT solution (5 mg/mL) was added to each well for 4 h incubation at 37°C. Then MTT solution was removed from
the wells, and DMSO (150 pL/well) was added to dissolve the formazan crystals within the cells. Absorbance readings
were obtained at 490 nm using a BioTek EXL800 microplate reader. Cell viability was quantified as the percentage of
absorbance in the drug-treated group relative to the vehicle-treated group.

Wound Healing Assay

CM/MCE-7 cells were cultured in 6-well plates (2 x 10° cells/well) and allowed to adhere to the culture plate. A scratch
was made across the cell monolayer in each well using a 200 pL sterile pipette tip, and the detached cells were
subsequently removed by washing with PBS. The cells were then cultured in different drug formulations (Ber + Ru486,
Ber/Ru486@CLPs, Dox, Dox@CLGs, Dox + Ber + Ru486 and Dox@CLGs + Ber/Ru486@CLP). Images of the CM/
MCF-7 cells were captured at 0 h and 24 h later. Image J software was used to measure the scratch area and the rate of
wound closure was calculated.
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Hemolytic Study of Dox@CLGs and Ber/Ru486@CLPs

Blood was collected from Balb/c mice into heparinized blood collection tubes. Next, 2 mL of the blood was washed by

mixing with PBS, followed by centrifugation at 10,000 g for 10 min. The obtained cells were resuspended in 10 mL of PBS.
Then, 0.2 mL of the cell suspension was mixed with 0.8 mL of different nanoparticle concentrations (0.5, 1, 2, 4, 5 mg/mL).
After incubating overnight, the supernatant was collected by centrifugation, and its absorbance was measured to calculate
the hemolysis ratio. The treatment of Triton X-100 and PBS served as positive and negative controls, respectively.

In vivo Imaging

To investigate the in vivo drug distribution, a suspension of 1x10° 4T1 cells was subcutaneously injected into the right
flanks of the Balb/c mice. Additionally, 1x10° 4T1 cells were injected via the tail vein one week after 4T1 cell
implantation. 0.2 mL of free DiR, DiR@LGs, and DiR@CLGs (4 mg/kg) were administered separately to the tumor-
bearing mice via the tail vein. The IVIS imaging system was employed to assess the in vivo biodistribution at various
time points (0, 2, 8, 12, 24, 36, and 48 h). After 48 h of DiR preparation injection, tumor-bearing mice were anaesthetized
using a mixture of ketamine (60 mg/kg) and xylazine (5 mg/kg). Subsequently, mice were humanely euthanized to

harvest tumors and organs, and their fluorescence intensities were measured.

Antitumor Efficacy in Subcutaneous Tumor Model

To establish TME-like subcutaneous tumor mice models, a suspension of 1x10° 4T1/NIH-3T3 cells were subcutaneously
injected into the right flanks of the Balb/c mice. Once the tumors reached a volume of approximately 80 mm?, the mice were
randomly divided into 7 groups (5 mice per group), including saline, Ber + Ru486, Ber/Ru486(@CLPs, Dox, Dox@CLGs,
Dox + Ber + Ru486 and Dox@CLGs + Ber/Ru486@CLPs (Dox: 3 mg/kg; Ber: 3 mg/kg). Injections were administered
every two days while tumor volume and body weight were measured. After two weeks of treatment, the mice were
anaesthetized using ketamine and xylazine. Subsequently, the animals were humanely euthanized, and their organs and

tumors were collected for subsequent H&E staining, immunohistochemical (IHC) analysis and flow cytometry.

Statistical Analysis

All data were presented as means + standard deviation (SD). Different groups were compared by one-way analysis of
variance (ANOVA) or two-way ANOVA. Graphpad Prism 9.0.0 was used for statistical analysis. All experiments were
performed with at least three replicates. P < 0.05 was considered statistically significant.

Results and Discussion

Characterizations of Dox@CLGs and Ber/Ru486@CLPs

Dox@CLGs and Ber/Ru486@CLPs were prepared to inhibit tumor proliferation. Table 1 showed that the DL of
Dox@CLGs was 4.91%, and Ber/Ru486@CLPs possessed high drug loading for Ber (6.07%) and Ru486 (4.19%). In
Figure 1A and B, both formulations exhibited a similar spherical morphology. Notably, Dox@CLGs had a smaller size
(28.77 nm) in comparison with Ber/Ru486@CLPs (102.37 nm). Considering high density and limited interstitial spaces
of tumor tissues,**** smaller nanoparticles could penetrate tumor tissues effectively, potentially enhancing anti-tumor
effects. The zeta potentials were —22.6 mV and —15.63 mV for Dox@CLGs and Ber/Ru486@CLPs, respectively. These
negative zeta potential values are pivotal to prevent non-specific cellular uptake and improve delivery efficiency.
Furthermore, the particle sizes and polydispersity index (PDI) of Ber/Ru486@CLPs and Dox@CLGs were measured
in DMEM medium for 14 days. The results in Figure 1C and D showed that no significant differences were observed in
the two formulations, suggesting that the two nano-sized carriers had good stability under physiological conditions. The
hemolysis rates of Dox@CLGs and Ber/Ru486@CLPs were found to be only 0.16% and 0.32%, respectively
(Figure 1E), indicating that they did not induce hemolysis at various concentrations and demonstrating good blood
compatibility.
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Table | Characterizations of Dox@CLGs and Different Ber/Ru486@CLPs Formulations

DLS (nm) | PDI Potential (mV) | EE (%) DL (%)
Dox@CLGs 28.77+0.19 | 0.17+0.01 | —22.6+2.02 95.07+2.39 | 4.910.12
CLP: BR (41.0:1) | 98.57+0.86 | 0.17+0.01 | —12.63+1.30 91.72+0.02 | 2.18+0.01 (B)

67.25+0.47 | 1.60£0.01 (R)

CLP: B/R (27.3:1) | 103.73+1.30 | 0.18+0.01 | —13.37£0.64 95.54+2.14 | 3.33+0.07 (B)

64.52+1.91 | 2.25+0.07 (R)

CLP: B/R (13.7:1) | 102.37£1.62 | 0.18+0.01 | —15.63+0.32 93.10+1.10 | 6.07£0.07 (B)

64.18£2.58 | 4.1920.17 (R)

Abbreviations: B, Ber; R, Ru486.

Cellular Uptake

Figure 2A displayed fluorescence images of CM/MCF-7 cells after 3 h of incubation with free Dox, Dox@LGs, and
Dox@CLGs. Notably, more red fluorescent signals were observed in Dox@CLGs than other groups. CD44 is known to
be highly expressed on the surface of tumor cells and CAFs, and it has a high affinity for CS.***" CS-modified carriers
could bind to the CD44 receptors on the surface of MCF-7, leading to massive uptake of drugs. Furthermore, Figure 2B
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respectively. (C) Flow cytometry of Dox@CLGs and (D) Ber/Ru486@CLPs uptake. (E and F) The quantified mean fluorescence intensity in different groups. ***p < 0.001.

showed the cellular uptake of liposomes by CM/MCF-7 cells. The groups treated with free C6 and C6@LPs displayed
weak green fluorescence signals, while stronger green fluorescence was detected in the mixed cells in the C6@CLPs
group, indicating that CS-modified liposomes promoted drug uptake. Similar results were observed with flow cytometry
(Figure 2C and D) and their quantitative results (Figure 2E and F). These results suggested that both CLGs and CLPs
could target MCF-7 via CS-CD44-mediated endocytosis, resulting in enhanced drug internalization.

In vitro Cytotoxicity and Cell Migration Analysis

The cytotoxicity of different formulations against CM/MCF-7 cells was measured by MTT assay Figure 3A). As shown
in Figure 3B, an obvious concentration-dependent inhibitory effect was observed in all drug-treated groups. After 48 h of
co-incubation, the IC50 value of free Dox was 0.659 ug/mL and 0.472 pg/mL for Dox@CLGs, indicating stronger anti-
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Figure 3 In vitro experiments of Dox@CLGs and Ber/Ru486@CLPs.
Notes: (A) The pattern diagram of CM/MCF-7 cells. (B) Cell viability of CM/MCF-7 cells after different formulations treatment at 48 h. (C and D) Wound healing assay for
CM/MCEF-7. ¥*p < 0.001, *p < 0.05.

proliferation effect. Interestingly, compared with Dox@CLGs and Ber/Ru486@CLPs, the cell survival rate in
Dox@CLGs + Ber/Ru486@CLPs was lower. This result might be due to the fact that Ber/Ru486@CLPs could improve
the sensitivity of Dox,*® leading to stronger anti-proliferation effects. These results suggested that the combination of
Dox@CLGs and Ber/Ru486@CLPs had potent cytotoxicity against cancer cells and was expected to block CAF-induced
tumor growth.

Cell migration was assessed by the wound healing assay. The scratch areas were shown in Figure 3C and D. The
migration rate was 45.5% and 43.3% in Ber + Ru486 and Ber/Ru486@CLPs. There is an obviously deceased in the
presence of Dox, suggesting that Ber + Ru486 alone could not effectively inhibit tumor migration. Interestingly, the cells
treated with Dox@CLGs + Ber/Ru486@CLPs showed a lower migratory rate than Dox + Ber + Ru486 and Dox@CLGs.
This result might be due to two reasons: (1) nano-sized vehicles improved drug-reduced anti-migration effect; (2) the
presence of Ber and Ru486 improved the sensitivity of Dox against CM/MCF-7 cells.

In vivo Biodistribution

The biodistribution of Dox@CLGs was investigated in 4T1 tumor-bearing mice using DiR-labeled nanoparticles. As
shown in Figure 4A, the fluorescence rapidly disappeared in the free DiR group. However, in the nano-micelles groups,
the fluorescent signals were maintained for a longer time in mice, suggesting that CLGs improved the long-circulating
time of drugs. After 48 h, the DiIR@CLGs group showed higher fluorescence intensity than DiR@LGs, indicating that
CS modification promoted drug accumulation in tumor regions. The fluorescence imaging of main organs and tumor was
presented in Figure 4B. The results showed that there were only weak DiR signals in free DiR at the tumor tissue, while
DiR@CLGs showed stronger fluorescence (Figure 4B and C). This possible explanation was that DiR@CLGs could
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accumulate in the tumor site through EPR- and CS-CD44 receptor-mediated delivery,*® leading to high drug distribution
in tumor regions. Considering that lack of tumor-targeting properties was the main cause of systemic effects of traditional
drug formulations, CLGs might be a potential carrier for drug delivery.

Anti-Tumor Efficacy in Subcutaneous Tumor Model

TME plays an important role in breast cancer development.’®>' The in vivo antitumor efficacy of different drug
formulations was assessed in the 4T1/NIH-3T3 subcutaneous tumor model (Figure 5A). Compared with the saline
group, no significant weight loss was observed in three nano-sized formulations during the treatment period (Figure 5B),
indicating that CLGs and CLPs were safe drug delivery systems. As shown in Figure 5C, Dox@CLGs showed smaller
tumor volumes than the free Dox group, suggesting that CLGs could promote Dox-induced anti-tumor effects. Moreover,
Dox@CLGs + Ber/Ru486@CLPs exhibited an average tumor volume less than half of the Dox@CLGs or Ber/
Ru486@CLPs group, indicating its robust synergistic anti-tumor efficacy. This result was also confirmed by the tumor
morphology and inhibition rates in Figure 5D and E, in which Dox@CLGs + Ber/Ru486@CLPs exhibited smaller tumor
sizes and higher inhibitory rates than other groups. Histological and immunohistochemical analyses were used to further
evaluate the antitumor activity. H&E staining showed that obvious cell damage was observed in the Dox@CLGs + Ber/
Ru486(@CLPs group, with large-scale cell apoptosis and unclear cell contours (Figure S5F), indicating that the combina-
tion therapy based on nano-sized carriers showed significant pro-apoptotic effects. In TME, CAFs facilitate ECM
deposition by secreting a large amount of collagen and fibronectin which creates a barrier around tumor cells that
prevents chemotherapy drugs from entering.’>>> To examine extracellular matrix deposition, Masson staining was
performed. As shown in Figure 5G, amounts of blue signal appeared in the control group while there are nearly no
signal in Dox + Ber + Ru486 and Dox@CLGs + Ber/Ru486@CLPs groups, suggesting that the three-drug synergistic
therapy effectively inhibited ECM deposition. Moreover, a-SMA, a marker for CAFs,>*>> was stained brown in
Figure 5H. Compared with Dox@CLGs, Dox@CLGs + Ber/Ru486@CLPs had fewer brown areas, indicating
a stronger anti-CAFs effect. These results suggested that the combination of Dox@CLGs and Ber/Ru486@CLPs exerted
anti-tumor effects through inhibition of CAFs and reduction of ECM deposition. Additionally, the expression of CD31
(an angiogenesis marker ®) was significantly reduced in Dox@CLGs + Ber/Ru486@CLPs group in comparison with the
other groups (Figure 5I), indicating that Dox@CLGs + Ber/Ru486@CLPs could effectively inhibit tumor angiogenesis.
These results showed that Dox@CLGs + Ber/Ru486(@CLPs exhibited superior synergistic anti-tumor effects by pro-
apoptotic and TME-regulating activities.
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Biosafety
To assess biosafety, possible adverse effects of Dox@CLGs and Ber/Ru486@CLPs were examined after 14 days of
treatment. As illustrated in Figure 6A, H&E staining revealed no substantial change in the main organs (heart, liver,
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spleen, lung, and kidney) in nano-sized drug groups This indicated that Dox@CLGs and Ber/Ru486@CLPs exhibited
sufficient biosafety. Additionally, routine blood tests were performed on normal Balb/c mice. The indexes of red blood
cells (RBC), platelets (PLT), and hemoglobin (HGB) (Figure 6B-D) showed no significant difference among the drug-
treated mice. These results confirmed the excellent biocompatibility of Dox@CLGs and Ber/Ru486@CLPs, suggesting
that CLGs and CLPs were promising and safe formulations for antitumor therapy.

Conclusion

In summary, we developed a novel anti-tumor strategy by combining modulation of TME and chemotherapy based on
mixed nano-delivery systems. Notably, Dox@CLGs showed excellent cellular uptake and tumor-targeting delivery
properties. Dox@CLGs + Ber/Ru486@CLPs improved cytotoxicity and anti-migration effect of drugs in vitro. This
nano-formulation has the potential to overcome the limitations of traditional nano-systems, including non-specific
targeting, low permeability, and immune tolerance. They exhibit superior physicochemical characteristics and biological
properties when compared to other carrier systems. Moreover, the in vivo experiments indicated that Dox@CLGs + Ber/
Ru486@CLPs exhibited smaller tumor volume, less ECM deposition and tumor angiogenesis than other groups. The
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combination of Dox@CLGs and Ber/Ru486@CLPs possesses superior anti-tumor effects, which provides a promising
approach for breast cancer treatment. The nano-sized formulations composed of CLP and CLG provide an effective anti-
cancer approach, and the formulation optimization and in-depth analysis of anti-tumor mechanisms are necessary for
clinical application.
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