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a b s t r a c t

The escalating incidence of breast cancer threatens to women’s health, underscoring the urgent need

for the development of new therapies with reduced toxicity and increased efficacy. Combination ther-

apy strategy holds promising potential to improve therapeutic outcomes, however, most chemothera-

peutic drugs agents are hindered by poor water solubility and non-specific toxicity. The combination

of chemotherapy drugs with targeted therapies represents a reliable approach. In this study, we de-

signed a combination regimen utilizing the chemotherapeutic agent doxorubicin (Dox) alongside the

anti-angiogenic drug apatinib (AP) for breast cancer treatment. Methoxy poly(ethylene glycol)-disulfide-

poly(lactic acid) (PEG-SS-PLA) and cyclo(Arg-Gly-Asp-d-Tyr-Cys) conjugated PEG-PLA (cRGD-PEG-PLA)

were prepared to achieve both reductive response and active targeting for co-delivery of drugs. The

self-assembled drug-loaded micelles exhibited an average particle size of 61.50nm. Our findings indicate

that AP significantly enhances Dox uptake in breast cancer cells. Cellular and animal experimental re-

sults consistently demonstrated that the AP+Dox/cRGD-m effectively promotes apoptosis of breast cancer

cells, while markedly inhibiting tumor growth and pulmonary metastasis. Additionally, AP+Dox/cRGD-m

is biodegradable and sustainable, exhibiting a favorable safety profile in vivo. This study suggests that

AP+Dox/cRGD-m may have potential clinical application in the treatment of breast cancer.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Globally, breast cancer emerged as a formidable public health

challenge in 2022, with 2.3 million new cases reported, repre-

senting the most frequently diagnosed malignancy and the fore-

most cause of cancer mortality among women [1–4]. Approxi-

mately 80% of breast cancers are aggressive and highly metastatic

[5]. While chemotherapy serves as an effective treatment option,

its efficacy in metastatic breast cancer is limited due to nonspecific

toxicity and induced resistance [6,7]. Preclinical and clinical stud-

ies have demonstrated that combination drug therapy strategy can

minimize toxicity, overcome resistance, and enhance antitumor ef-

fects by leveraging complementary drug mechanisms [8–11]. Small

molecule chemotherapeutics have shown advantages in combina-
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tion therapy attributed to solid research, broad range of applica-

tions, and relatively low cost [12]. Doxorubicin (Dox) is a broad-

spectrum anthracycline antibiotic that inhibits DNA topoisomerase

II, leading to DNA damage and apoptosis. It demonstrates signifi-

cant efficacy against various malignancies, including breast cancer,

hematologic malignancies, and sarcomas [13–15]. Numerous novel

molecules have been developed that can modulate a variety of

cancer malignancy hallmarks, including tumor invasion, metasta-

sis, metabolism, angiogenesis, or stimulation of immune responses

[16–18]. Anti-angiogenic drugs have gained particular attention, es-

pecially since vascular endothelial growth factor (VEGF) is highly

expressed in early breast cancer and contributes to therapy resis-

tance in advanced stages [19–21]. The VEGF and its receptor path-

way have thus emerged as prominent therapeutic targets [22,23].

Apatinib (AP) is a VEGFR-2 inhibitor with established tolerability

and efficacy, approved for advanced gastric and liver cancers [24].
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Scheme 1. Schematic diagram illustrating the synthesis and the anti-tumor activi-

ties of AP+Dox/cRGD-m. The cRGD-functionalized nanomicelles mediate specific co-

delivery of AP (a VEGFR-2 tyrosine kinase inhibitor) and Dox through integrin αvβ3

binding, followed by glutathione-triggered drug release in the tumor microenviron-

ment. This dual-action strategy simultaneously suppresses angiogenesis via VEGF

signaling blockade and regulates cell fate through apoptosis activation and prolifer-

ation inhibition, ultimately resulting in potent inhibition of breast cancer progres-

sion and metastasis.

Studies indicate that AP combined with cisplatin more effectively

inhibits tumor proliferation, migration, and invasion in MDA-MB-

231 cells than either drug alone [25]. Herein, a combination reg-

imen of AP and Dox was developed to potentiate chemotherapy

(Scheme 1).

Dox is dose-limited due to severe cardiotoxicity [26–29], and

both drugs exhibit hydrophobicity, resulting in non-specific diffu-

sion and rapid clearance in vivo [30,31]. A nanocarrier system was

engineered for the co-delivery of AP and Dox to improve blood

circulation, reduce off-target toxicity and enhance drug accumula-

tion at tumor lesions [32–35]. This nanocarrier integrates the en-

hanced permeability and retention (EPR) effect for passive target-

ing, cyclo(Arg-Gly-Asp-d-Tyr-Cys) (cRGD)-mediated active targeting

[36–39] and redox-sensitive payload release, leveraging the higher

intratumoral glutathione (GSH) levels (2–10mmol/L) compared to

normal tissues (1–2 μmol/L) [40–44]. Collectively, this combination

strategy mitigates drug degradation, reduces toxic side effects, en-

hances tumor specificity, and improves the therapeutic effect.

The synthesis of reduction-responsive block polymers was val-

idated by 1H nuclear magnetic resonance (1H-NMR ) analy-

sis (Figs. S1–S5 in Supporting information). The gel permeation

chromatography (GPC) results of methoxy poly(ethylene glycol)-

disulfide-poly(lactic acid) (PEG-SS-PLA) and maleimide (MAL)-PEG-

PLA were presented (Figs. S6A and B in Supporting information).

AP+Dox/cRGD-m was fabricated via thin film hydration technique.

Dynamic light scattering (DLS) analysis revealed that the assem-

bled AP+Dox/cRGD-m had a small particle size with a uniform dis-

tribution of 61.50nm (Fig. S6C in Supporting information). Due to

the strong reducing environment within the tumor, disulfide bonds

were cleaved at elevated concentrations of GSH (2–10mmol/L), re-

sulting in structural disintegration to release drugs (Fig. 1A). Under

normal conditions, these micelles showed uniform white spherical

particles under transmission electron microscope (TEM) (Fig. 1B).

The particle size of micelles maintained consistent in the absence

of GSH, which exhibited a slight increase at 0.01mmol/L GSH,

while rapidly expanded at 10mmol/L GSH (Fig. 1C). Moreover, the

10mmol/L GSH-treated group exhibited significantly faster release

of AP and Dox, along with a higher cumulative release rate within

24h (Fig. S7 in Supporting information). TEM observation revealed

irregular material sheets and fine nanoparticles, but few uniform

spherical particles at 10mmol/L GSH (Fig. 1D). These engineered

nanoparticles demonstrate superior attributes compared to con-

ventional 293nm diameter non-responsive micelles requiring 48–

96h for drug release [45]. Dox fluorescence levels were quanti-

tatively assessed using flow cytometric techniques. As shown in

Fig. 1E, treatment with AP/m resulted in negligible signal detec-

tion. AP+Dox/m demonstrated significantly enhanced fluorescence

compared to AP/m and Dox/m, and this phenomenon was espe-

cially significant in the lower concentration groups, where the red

fluorescence level of the 0.2 μg/mL Dox combined with 2μg/mL

AP group had steeply increased to 59.43% compared with 30.72%

of the equivalent concentration of the Dox. Similar findings were

noted in MDA-MB-231 cells (Fig. S8 in Supporting information).

Under the laser confocal microscopy (CLSM), 4T1 treated with

free Dox for 2 and 7h showed a lower red fluorescence inten-

sity, whereas the red fluorescence intensity of Dox was increased

in cells treated with AP+Dox/cRGD-m, indicating that AP improved

the cellular internalization of Dox (Fig. 1F).

Dox/m exhibited dose-dependent cytotoxicity in 4T1 cells at

24h (0.0078–2μg/mL), whereas AP/m showed minimal effects

(0.0156–4μg/mL) (Fig. 2A). The AP+Dox/m combination demon-

strated significantly enhanced cytotoxicity compared to monother-

apy, particularly at Dox concentrations ≥1μg/mL, with more

pronounced effects after 48h (Fig. 2B). Comparable results were

observed in MDA-MB-231 cell lines (Figs. S9A and B in Supporting

information). Apoptosis assessment in 4T1 cells revealed no sig-

nificant effect of AP/m on apoptosis at all concentrations after 24

and 48h, while Dox/m induced apoptosis in a concentration- and

time-dependent manners (Fig. 2C, Figs. S10 and S11 in Supporting

information). Notably, the AP+Dox/m group showed substantially

higher apoptosis rates than single-agent groups. Consistent results

were observed in the MDA-MB-231 cell line (Figs. S12 and S13

in Supporting information). Therefore, it is hypothesized that

combination of AP and Dox achieves comparable cytotoxicity at

lower Dox concentrations, thereby leading to reduced toxicity and

improved efficacy. Western blot (WB) analyses were applied to

investigate apoptosis and proliferation mechanisms. The Bcl-2-

associated X protein (Bax)/B-cell lymphoma-2 (Bcl-2) ratio serves

as an indicator for apoptosis, wherein Bax activation and Bcl-2

suppression synergistically trigger cytochrome c release, which

subsequently initiates caspase-9 activation. The activated caspase-

9 then propagates apoptotic cascade, culminating in caspase-3

activation that executes programmed cell death (Fig. 2D). Notably,

the AP+Dox/m group exhibited markedly enhanced upregula-

tion of cleaved-caspase 9 and cleaved-caspase 3 compared to

monotherapies. While Dox/m and AP+Dox/m similarly affected

Bax and Bcl-2, their differential activation of downstream caspases

indicates intensified apoptotic signaling in the combination group

(Fig. 2E). Proliferation-related protein analysis revealed that Dox/m

and AP+Dox/m down-regulated phospho-extracellular regulated

protein kinases (p-Erk). Additionally, AP/m, Dox/m, and AP+Dox/m

significantly reduced phospho-protein kinase B (p-Akt) expression

(Fig. 2F). Dox/m and AP+Dox/m also markedly reduced signal

transducer and activator of transcription 3 (Stat 3) phosphory-

lation, whereas AP/m exhibited minimal effect, possibly because

VEGF acts downstream of Stat 3 signaling pathway. Additionaly,

both AP+Dox/m and Dox/m downregulates cyclin D1 and cyclin E1,

effectively blocking cell cycle process, and AP+Dox/m showed no

significant advantage over Dox/m, which might be due to their al-

ready low expression levels (Fig. 2F). Comparable conclusions were

found in MDA-MB-231 cells (Fig. S14 in Supporting information).

The 4T1 tumor-bearing mice were allocated into six groups

for systemic treatment administration through tail vein (Fig. 3A).

All animal experiments were approved by the Animal Experi-

mental Ethics Committee of State Key Laboratory of Biotherapy

(SKLB), Sichuan University. Both AP/m and Dox/m groups showed

certain antitumor efficacy, however, the AP+Dox/m combination

therapy showed a more pronounced suppression effect compared
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Fig. 1. Characterization and cellular uptake of nanocomposites. (A) Schematic illustration of reduction responsiveness of AP+Dox/cRGD-m. (B) TEM image of AP+Dox/cRGD-

m. Scale bar: 50nm. (C) Size distribution of micelles following treatment with varying concentrations of GSH. (D) TEM image of micelles after 24h treatment with 10mmol/L

GSH. Scale bar: 200nm. (E) Flow cytometry analysis depicting the uptake of Dox in 4T1 cells treated with different combinations of AP/m or Dox/m at 5h and statistical

analysis of flow cytometry data. Data are presented as mean ± standard error of the mean (SEM) (n=3). (F) Confocal laser scanning microscope analysis illustrating cellular

uptake of Dox by 4T1 cells after treatment with free Dox, free AP+Dox, AP+Dox/m, AP+Dox/cRGD-m for 2 and 7h. Scale bar: 10 μm.

to monotherapy (Fig. 3B). The AP+Dox/cRGD-m showed superior

tumor inhibition effect, and the tumor volume in this group was

merely about 100mm3 (Fig. 3C). No significant body weight fluc-

tuations occurred among treatment groups (Fig. 3D). The tumor

weights of AP+Dox/cRGD-m treated group were the lowest among

all treatment group (Fig. 3E). Paraffin-embedded tumor sections

were stained for immunohistochemical and immunofluorescence

analysis to explore the anti-tumor mechanism in vivo. Notably,

The AP+Dox/cRGD-m group demonstrated the most substantial

Ki67 index suppression relative to other experimental groups

(Figs. 3F and I). The most significant reduction in the expression

of CD31, a marker of vascular endothelial cells, was observed in

the AP+Dox/cRGD-m group (Figs. 3G and J). The targeted com-

bination therapy group exhibited significantly elevated terminal

deoxynucleotidyl transferase mediated dUTP nick-end labeling

(TUNEL)-positive cells compared to other groups (Figs. 3H and K).

The results showed that AP+Dox/cRGD-m treatment significantly

enhances the pro-apoptotic, anti-proliferation and anti-angiogenic

effects, thereby effectively inhibiting tumor growth.

Since breast cancer is clinically prone to lung metastasis,

the anti-metastatic effect of AP+Dox/cRGD-m was evaluated in

a 4T1 model. A substantial number of metastatic nodules were

observed in the lungs of mice in the NS and vehicle groups

(Fig. 4A). Although both AP/m and Dox/m effectively suppressed

lung metastasis, the AP+Dox/cRGD-m group demonstrated the

fewest pulmonary nodules (Fig. 4B), with minimal lesions larger

than 3mm (Figs. 4C and D). Body weights did not differ signifi-

cantly among groups (Fig. 4E). Hematoxylin-eosin (H&E) staining

confirmed metastatic nodule distribution in lung sections (Fig. 4F).

The findings indicate that AP+Dox/cRGD-m effectively inhibited

lung metastasis than monotherapy or non-targeted combination,

demonstrating promising anti-tumor and anti-metastatic efficacy
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Fig. 2. Anti-tumor effect of AP/m, Dox/m and AP+Dox/m in 4T1 cell lines. (A, B) 4T1 cell viability was detected by MTT assay after treatment with different concentrations of

AP/m, Dox/m and AP+Dox/m at 24 and 48h. Data are presented as mean ± SEM (n=3). (C) Cell apoptotic study in 4T1 cells. 4T1 cells treated with different concentrations

of AP/m, Dox/m and AP+Dox/m for 48h were stained by Annexin V-APC/7-AAD to analyze cell apoptosis. (D) The pathways of cell apoptosis and proliferation affected by

AP+Dox/m treatment. Figure created with Figdraw. (E) WB of apoptosis-related proteins. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (F) WB of proliferation-related

proteins.

Fig. 3. Anti-tumor effects in the 4T1 subcutaneous model. (A) Treatment schedule for 4T1 subcutaneous tumor-bearing mice. (B) The tumor growth curves of 4T1 tumor-

bearing mice in different treatment groups. (C) Photograph of the excised tumors from different treatments, (i) NS, (ii) Vehicle, (iii) AP/m, (iv) Dox/m, (v) AP+Dox/m, (vi)

AP+Dox/cRGD-m. (D) The body weight curve of 4T1 tumor-bearing mice. (E) Tumor weight of different treatment groups (n=5). (F) Ki67 staining was performed in tumor

tissue sections of different groups to investigate tumor proliferation. (G) CD31 staining was applied to analyze tumor angiogenesis. (H) TUNEL staining was conducted to

evaluate tumor apoptosis. Scale bar: 20 μm. (I–K) The quantitative statistical results of Ki67, CD31 and TUNEL was shown (n=3). Data are presented as mean ± SEM. ∗P<0.05,
∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.
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Fig. 4. Anti-tumor effects in the 4T1 pulmonary metastasis tumor model. (A) Pho-

tograph of mice lungs from different groups, (i) NS, (ii) Vehicle, (iii) AP/m, (iv)

Dox/m, (v) AP+Dox/m, (vi) AP+Dox/cRGD-m. (B) Photograph of pulmonary nod-

ules on the surface of lungs. (C) Number of pulmonary nodules. (D) Number of

pulmonary nodules (>3mm). (E) The body weight of tumor-bearing mice. (F) H&E

staining of whole lungs from different treatment group. Scale bar: 1mm. Data are

presented as mean ± SEM (n=5). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

against breast cancer (Fig. S15 in Supporting information). More-

over, histological examination of H&E stained vital organ sections

revealed no abnormal morphological findings (Fig. S16A in Sup-

porting information). The blood biochemical parameters across all

groups suggested a favorable safety profile (Fig S16B in Supporting

information). These observations suggest a potential mild myocar-

dial inflammatory response, which may be attributable to relatively

low dosage of Dox and the nanoparticle further mitigates cardiac

exposure risk.

In summary, an intelligent nanocarrier with redox-responsive

and active targeting capability was constructed for the co-delivery

of AP and Dox. The micelles exhibited small size, high stability

and reduction-sensitive drug release. AP potentiated Dox cellular

internalization, and the dual-drug combination synergistically sup-

pressed proliferation and promoted apoptosis via caspase activa-

tion. AP+Dox/cRGD-m significantly inhibited subcutaneous tumor

growth and lung metastasis without significant toxicity. The strat-

egy provides a feasible option for mitigating the non-specific tox-

icity and overcome resistance associated with Dox, offering strong

clinical potential.
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