
Cao et al. Breast Cancer Research            (2023) 25:3  
https://doi.org/10.1186/s13058-022-01599-9

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Breast Cancer Research

MTX-PEG-modified CG/DMMA polymeric 
micelles for targeted delivery of doxorubicin 
to induce synergistic autophagic death 
against triple-negative breast cancer
Zhiwen Cao1,2†, Rui Liu1†, Yang Li1, Xinyi Luo1, Zhenglai Hua1, Xiangpeng Wang1, Zeyu Xue1, Zhengjia Zhang1, 
Cheng Lu2*, Aiping Lu3* and Yuanyan Liu1* 

Abstract 

The chemotherapy of triple-negative breast cancer based on doxorubicin (DOX) regimens suffers from great chal-
lenges on toxicity and autophagy raised off-target. In this study, a conjugate methotrexate-polyethylene glycol 
(shorten as MTX-PEG)-modified CG/DMMA polymeric micelles were prepared to endue DOX tumor selectivity and 
synergistic autophagic flux interference to reduce systematic toxicity and to improve anti-tumor capacity. The micelles 
could effectively promote the accumulation of autophagosomes in tumor cells and interfere with the degradation 
process of autophagic flux, collectively inducing autophagic death of tumor cells. In vivo and in vitro experiments 
showed that the micelles could exert improved anti-tumor effect and specificity, as well as reduced accumulation 
and damage of chemotherapeutic drugs in normal organs. The potential mechanism of synergistic autophagic death 
exerted by the synthesized micelles in MDA-MB-231 cells has been performed by autophagic flux-related pathway.
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Introduction
Breast cancer is the major cause of morbidity and mor-
tality among malignant tumors in women [1–3]. It is 
worth noting that triple-negative breast cancer (TNBC) 

accounts for approximately 10–15% of all breast cancers 
and its malignant is characterized by the worst progno-
sis, increased recurrence rates regardless of the stage of 
the disease and resistance to chemotherapy [4, 5]. To 
some extent, the refractoriness and chemotherapeutic 
failure of TNBC may attribute to the higher basal levels 
of autophagy with self-healing in tumor cells than that in 
normal cells [1, 6–8]. Meanwhile, in the progression of 
TNBC, autophagy contributes to tumor survival by pro-
viding nutrition, regulating oxidative stress and promot-
ing drug resistance [6, 9]. As an evolutionary conserved 
cellular process, autophagy is aroused by the recognition 
of disposable or potentially harmful cytoplasmic enti-
ties and is culminated in the lysosomal degradation [10, 
11]. Basal autophagy generally promotes cell survival as 
a protective process. Paradoxically, excessive or sustained 
autophagy leads to extreme levels of autophagic flux and 
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subsequently excessive consumption of organelles and 
cytoplasmic contents, then promoting cell death. In this 
sense, autophagy is considered to be a type II program-
ming cell death or autophagic death [12–14]. Given that, 
we propose a hypothesis that ingeniously designed syn-
ergistic therapy might emerge as an efficient strategy for 
interfering with the multistep process of autophagy to 
induce autophagic death on tumor cell itself and escaping 
the degradation on drugs.

Currently, new targeted therapies on TNBC have been 
developed, including immune checkpoint inhibitors, 
androgen receptor or poly ADP-ribose polymerase, but 
treatment options were still limited and cytotoxic chem-
otherapy remained the dominant treatment [7, 15]. Dox-
orubicin (DOX) is a conventional chemotherapeutic drug 
for TNBC, whose mechanism is mainly to inhibit tumor 
proliferation by interfering with mRNA and DNA synthe-
sis of tumor cells [16, 17]. Although the anti-tumor activ-
ity of DOX is quite robust, its clinical applications are 
greatly limited due to its irreversible tissue toxicity and 
drug resistance aroused off-target [18–20]. In the present 
study, nano-scaled polymeric micelles were designed for 
targeted delivery of DOX to reduce toxicity and interfer-
ence on autophagic process [10, 21, 22].

Nano-engineered delivery systems have received exten-
sive attention due to their promotion of tumor tissue 
accumulation and retention through enhanced perme-
ability and retention (EPR) effects and receptor-medi-
ated ligand targeting to tumor cells, whereas the endo/
lysosomal barrier is a major challenge for delivering and 
releasing drugs into cytoplasm [19, 23]. Chitosan (CG), 
a natural polysaccharide, is widely developed in drug 
delivery system owning to its biocompatibility, biodeg-
radability, cell adhesion and tumor inhibition [23–25]. In 
addition, 2,3-dimethylmaleic anhydride (DMMA) appro-
priately modified to CG could capture protons from the 
outside of lysosome, and the concomitantly entered chlo-
ride ions and water into lysosome might induce potential 
rupture (proton sponge effect).

Based on the above, a conjugate methotrexate-pol-
yethylene glycol (MTX-PEG)-modified CG/DMMA 
polymeric micelles were designed and synthesized. Spe-
cifically, CG was connected by DMMA to form a poly-
mer with negative charge, and DOX was loaded into the 
delivery system by electrostatic interactions [24, 26]. To 
improve the stability and targeting of the system, in this 
design, the surface of the micelles was modified with 
polyethylene glycol (PEG) connected to methotrexate 
(MTX) at one end. PEG can shield protein adsorption 
and avoid becoming a protein crown in the blood cir-
culation [27, 28]. MTX can specifically bind to the folic 
acid receptor overexpressed on the surface of tumor 
cells to promote tumor targeting and reduce the toxicity 

of DOX [29]. The effect of the synthesized micelles on 
autophagy and its potential mechanism was detected by 
MDA-MB-231 cells in vitro, and its anti-tumor effect and 
selectivity were measured in tumor-bearing mice. On the 
one hand, tumor-targeting ability can effectively promote 
DOX aggregation in tumor tissue to exert therapeutic 
effect; on the other hand, DOX and the micelles-induced 
autophagosomes lead to autophagic death of tumor cells 
due to lysosomal damage and autophagic flux blockage 
[18, 30]. All the results showed that the CG/DMMA pol-
ymeric micelles based on MTX-PEG modification could 
effectively improve the targeting and therapeutic effect 
of DOX, while the autophagic flux blockage effect of the 
micelles could also exert synergistic anti-tumor effect.

Materials and methods
Reagents and materials
Doxorubicin (DOX) and methotrexate (MTX) were 
obtained from Beijing Solarbio Science & Technology 
Co., Ltd. 2,3-Dimethylmaleic anhydride (DMMA) was 
sourced from Shanghai Yuanye Bio-Technology Co., 
Ltd. MTX-PEG was obtained from Yarebio. Chitosan 
(CG), 1-ethyl-3(3-dimethylaminopropyl) carbodiimide 
(EDC), N-hydroxysuccinimide (NHS), 4′-6-diamidino-
2-phenylindole dihydrochloride (DAPI) and dimethyl 
sulfoxide (DMSO) were obtained from Sigma-Aldrich 
(Shanghai) Trading Co. Ltd. Cell Counting Kit-8 (CCK-
8) was sourced from Dojindo Laboratories. Fetal bovine 
serum (FBS) was sourced from Gibco Laboratories. 1% 
antibiotics (streptomycin 100 mg/mL and penicillin 100 
U/mL), DMEM-H/F-12 medium and DMEM/HIGH 
Glucose medium were obtained from HyClone Laborato-
ries. Antibodies for Beclin-1 (D40C5), LC3A/B (D3U4C), 
SQSTM1/p62 (D5L7G) and GAPDH (D16H11) were 
sourced from Cell Signaling Technology.

Preparation of CG‑MTX‑PEG
CG-MTX-PEG was synthesized through the catalysis of 
EDC and NHS according to previous reports. In brief, 
CG (120 mg), HOOC-MTX-PEG (76 mg), NHS (33.2 mg) 
and EDC (55.2  mg) were stirred in 12  mL of deionized 
water at room temperature. After 48  h, the reaction 
solution was dialyzed in deionized water for 3  days to 
separate excess catalyst (MWCO = 3500  Da) and then 
lyophilized to obtain a yellow flocculent product CG-
MTX-PEG. The sample was stored at − 20 °C.

Preparation of CG/DMMA‑MTX‑PEG (CDPM)
The amidation reaction of CG-MTX-PEG and DMMA 
was completed under triethylamine (TEA) catalysis 
according to the previous report [31]. In short, 50  mg 
of CG-MTX-PEG and 40  mg of DMMA were dissolved 
in 10 mL of DMSO, and then, 50 μL of TEA was added, 
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and the reaction was stirred for 24  h at room tempera-
ture. Subsequently, the reaction solution was transferred 
into a dialysis tube (MWCO = 3500 Da) and dialyzed in 
deionized water with pH (8–9) adjusted by NaOH solu-
tion to remove catalyst and excess DMMA. The solu-
tion was lyophilized to obtain the final product CG/
DMMA-MTX-PEG (CDPM), and the sample was stored 
at − 20 °C.

Preparation of DOX‑loaded micelles
In brief, CDPM and DOX were dissolved in 30  mL 
DMSO under dark conditions. After vigorous stirring for 
1 h, the mixture was slowly dropped into 10 mL deion-
ized water and stirred. Finally, the mixture solution was 
transferred to a dialysis tube (MWCO = 3500  Da) and 
dialyzed to form micelles.

Characterizations
The infrared spectra of different samples were measured 
by Fourier infrared spectroscopy (FT-IR) with the KBr 
method over the wavenumber range of 4000–400   cm−1. 
The Zeta potential and size distribution of the micelles 
were obtained by Zetasizer. The morphology of the 
micelles was observed by a transmission electron micro-
scope (TEM).

Protein adsorption
Bovine serum albumin (BSA) was used as plasma pro-
tein model to evaluate the protein adsorption effect of 
the micelles in this experiment. The sample solutions 
were separately incubated with BSA solution in  ddH2O, 
and the final micelle and protein concentrations were 
0.5 and 0.3  mg/mL, respectively. The mixture solutions 
were incubated at 37 °C for 2 h and then centrifuged for 
10 min at 12,000 rpm to precipitate the protein adsorp-
tion aggregates completely. The supernatant was sepa-
rated, and the concentration of BSA was determined and 
calculated according to the BCA protein assay kit.

In vitro drug release
The method of dialysis was used to study in vitro release 
behavior of drugs. The PBS solution with different pH 
value was used to simulate the microenvironment of 
tumor and normal tissue. Briefly, the micelles were dis-
solved in 5  mL of PBS solution and transferred to dial-
ysis tubes (MWCO = 3500  Da). The dialysis tube was 
immersed in 25  mL PBS buffer, and the entire dialysis 
system was maintained at 37  °C, 120  rpm. At desired 
time intervals, 2 mL of dialysate was taken out and then 
replaced with the same volume of PBS solution. In order 
to evaluate the release of MTX, 1  mg/mL protease was 

added to simulate the lysosomal environment. The con-
centration of DOX was detected by fluorescence intensity 
at 590 nm (λex: 490 nm), and the concentration of MTX 
was obtained by measuring absorbance (305 nm).

Cell culture
MDA-MB-231 cells were purchased from BeNa Culture 
Collection (BNCC) and cultured in CM1-1 medium (90% 
DMEM/HIGH containing 10% (V/V) FBS) in an atmos-
phere of 5%  CO2 (V/V) at 37  °C. HK-2 cells were pur-
chased from American Type Culture Collection (ATCC) 
and cultured in CM9-1 medium (90% DMEMH/F-12 
containing 10% (V/V) FBS) in an atmosphere of 5%  CO2 
(V/V) at 37 °C.

Cellular uptake
The cellular uptake behavior of the micelles was veri-
fied by confocal laser scanning microscopy (CLSM). 
MDA-MB-231 cells (1 ×  104  cells/well) and HK-2 cells 
(1 ×  104 cells/well) were incubated in confocal glass bot-
tom dishes. After 24  h, the medium was replaced with 
a medium containing the micelles or free drug and cul-
tured for another 6  h. Then, the cells were treated with 
4% paraformaldehyde for 20 min and stained with 2 mL 
DAPI solution for another 15 min. Finally, the cells were 
washed three times with 2 mL PBS solution and visual-
ized with CLSM.

In vitro cytotoxicity
The in  vitro cytotoxicity and selectivity of the micelles 
were investigated by tumor cells (MDA-MB-231 cells) 
and normal cells (HK-2 cells) through the CCK-8 assay. 
In brief, MDA-MB-231 cells (1 ×  104 cells/well) and HK-2 
cells (1 ×  105  cells/well) were cultured in 96-well plates 
for 24 h. Then, the cells were treated with the free drug 
mixture (the mixture of DOX and MTX) and the micelles 
with different concentrations. After 24  h, 10  μL CCK-8 
solution was added to each well. The cells were incubated 
into the incubator for another 2 h, and then, the relative 
cell viability was calculated by measuring the absorbance 
at 450 nm with a microplate reader.

Fluorescent probes staining
AO/EB staining was used to detect apoptosis of MDA-
MB-231 cells. Briefly, MDA-MB-231 cells were planted in 
12-well plates (5 ×  105  cells/well). After treatment, AO/
EB mixture was added to each well for staining accord-
ing to the protocol and then observed and photographed 
under a fluorescence microscope. DCFH-DA staining kit 
was used to detect the formation of reactive oxygen spe-
cies (ROS). Briefly, the ROS was assayed with a DCFH-
DA staining kit in accordance with the instructions 
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provided by the manufacturer. MDA-MB-231 cells were 
seeded into six-well plate (2 ×  105  cells/well), after drug 
treatment, incubated in the dark for 30 min at 37 °C with 
2  mL of working solution. Then, the cells were washed 
three times by PBS solution and visualized using the fluo-
rescence microscope. The lysosomal escape capacity of 
the micelles was assessed by fluorescence microscope. 
MDA-MB-231 were plated in six-well plate (2 ×  105 cells/
well). After drug treatment, LysoTracker Green staining 
was performed for 30  min, and the medium was aspi-
rated and rinsed three times with ice-cold PBS solution, 
and then observed by fluorescence microscope.

Western blotting
Briefly, MDA-MB-231 cells were plated in dishes over-
night, and then, the medium was replaced with the free 
drug and the micelles solution for further incubation. 
After 24  h, the cells were washed three times with PBS 
solution, and total protein was isolated with RIPA lysis 
buffer. Subsequently, the protein was fractionated by 
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to the PVDF membrane. 
The PVDF membrane was sealed with BSA solution and 
then incubated with corresponding primary antibody 
overnight at 4  °C. Finally, the protein band was incu-
bated with the secondary antibody, imaged by ECL and 
observed by the Bio Imaging system.

Biological transmission electron microscopy
MDA-MB-231 cells were planted into a 6-well plate and 
cultured for 12 h at a density of 1 ×  106 cells/mL. Then, 
the cells were treated with free drug and the micelles 
and cultured for further 24 h. Subsequently, the culture 
medium was removed and added 2.5% glutaraldehyde to 
stabilize the cells. After 1 h, the cells were scraped off and 
centrifuged to remove the supernatant. Then slowly add 
2.5% glutaraldehyde and store at 4 °C. The cells were pre-
pared according to the procedure and observed using a 
biological transmission electron microscope.

In vivo anti‑tumor efficacy
Female Balb/c mice (18 ± 2 g, 5–6 weeks) were obtained 
from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. The MDA-MB-231 tumor-bearing mice 
model was constructed by subcutaneous injection of 
MDA-MB-231 cells at a density of 2 ×  106 cells/mL into 
the axilla. After the tumor volume reached 100  mm3, 
the mice were randomly divided into three groups and 
treated with saline, free drug and the micelles on 0, 3, 6, 
9, 12 and 15  days. The tumor volume and body weight 

were recorded every three days. The tumor volume was 
measured with a vernier caliper, and the volume (V,  mm3) 
was calculated by the following formula: V = A × B2/2. (A 
represents the maximum diameter, and B represents the 
minimum diameter.)

Biodistribution
The MDA-MB-231 tumor-bearing mice model was used 
to evaluate the biodistribution behavior of the drugs. 
After the tumor volume reached about  100mm3, the mice 
were intravenously injected with saline, the free drug and 
the micelles, respectively, through the tail vein at a dose 
equivalent to 5  mg/kg of DOX. At the scheduled time, 
the mice were killed, and the liver, heart, kidney, lung, 
spleen and tumor of the mice were taken to analyze the 
fluorescence distribution through the in  vivo imaging 
system (excitation filter 475  nm, emission fluorescence 
500–750 nm).

Histological examination
At the end of the efficacy study in mice, the main organs 
(liver, heart, kidney, lung, spleen) and tumor tissues were 
collected for histopathological examination. All tissues 
were fixed with 4% paraformaldehyde and then dehy-
drated with gradient ethanol, embedded in paraffin, 
sectioned and baked. After deparaffinization and dehy-
dration with xylene and absolute ethanol, all the slices 
were stained with hematoxylin and eosin and observed 
under a microscope.

Statistical analysis
All results were represented as the mean ± standard devi-
ation (SD), and statistical analysis was analyzed by Origin 
8.5 software and SPSS 16.0. Statistical analysis of group 
differences was performed by Student’s t test. p < 0.05 was 
considered statistically significant (***p < 0.001, **p < 0.01 
and *p < 0.05).

Results and discussion
Synthesis and characterization of the micelles
The detailed synthetic step of the micelles is presented 
in Scheme  1. First, MTX-PEG and CG synthesize CG-
MTX-PEG under the action of the catalyst. Second, 
DMMA occupied the amino group on the CG-MTX-
PEG under the catalysis of TEA. Finally, DOX was loaded 
with the electrostatic interaction of the carboxyl groups 
to form the micelles.

As revealed in the FT-IR spectrum (Fig.  1A), the 
stretching vibration of C–O and C–H in MTX-PEG 
appeared at 1112   cm−1 and 2880   cm−1, respectively, 
which are the feature absorption bands of PEG [32]. 
In addition, the characteristic absorption band of 
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carboxyl group at 1730   cm−1 was also observed. After 
connected to the CG, the absorption band of  NH2 and 
OH at 3200–3600   cm−1 was significantly enhanced. 
Signals at 1656   cm−1 and 1562   cm−1 are characteris-
tic absorption bands of amide I and amide II, respec-
tively, which indicated that CG and MTX-PEG were 
successfully connected through the amide bond [33]. 
The broad absorption band of the carboxyl group at 
3300–2500   cm−1 and the absorption peak of –C=C– 
at 1625   cm−1 was observed in the micelles spectrum, 
which confirmed that DMMA was brought into the 
micelles system [34]. The absorption peaks 1255  cm−1, 
1114   cm−1 and 989   cm−1 were identified to be related 
to DOX, which suggests that the DOX was successfully 
loaded into the micelles [35, 36].

The morphology of the micelles was observed by 
TEM. As shown in Fig. 1B, the micelles were uniformly 
dispersed with regular spherical shape. However, MTX-
PEG, CG-MTX-PEG and CDPM have not presented a 
spherical structure (Additional file  1: Fig.  S1), which 

proves that DOX successfully loaded into CDPM and 
forms nanospheres through self-assembly process. 
The size was monitored, and the results are shown in 
Fig.  1C. The micelles showed a narrow particle size 
distribution, and the mean particle diameter was 
122 ± 3  nm. In addition, the micelles exhibited DOX 
and MTX loading capacity of ~ 6.5% and ~ 2.9% (weight 
ratio), respectively.

To detect the synthesis of the micelles, the Zeta poten-
tial of the product during the synthesis process was 
detected. As shown in Fig.  1D, Zeta potential exhib-
its significant changes in the synthesis process. After 
MTX-PEG connected with CG, the Zeta potential was 
transformed from − 7.72 to 12.8  mV, which may related 
to the natural cationic polysaccharide structure of CG. 
However, after the DMMA occupied the amino group, 
the potential of the CDPM becomes − 14.6  mV, and the 
potential of the system was turned to negative again. 
After the DOX was loaded, the micelles potential appears 
to − 3.4  mV. From MTX-PEG to the micelles, the Zeta 

Scheme 1 Schematic illustration of MTX-PEG-modified CG/DMMA polymeric micelles with autophagic flux interference and drug delivery
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potential changes in different steps, indicating that 
each step in the process was a successful modification. 
Besides, the slightly negative charge of the micelles can 
improve the protein resistance in the blood circulation 
and reduce the undesirable clearance of the reticuloen-
dothelial system [37–39].

In vitro drug release
The free drugs DOX and MTX were incorporated into 
the micelles by electrostatic interaction and covalent 
binding, respectively. Since pH value was considered to 
have important effect on the release of DOX from the 
micelles, the in  vitro release behavior of the DOX was 
observed in pH 7.4 (physiological environment) and 

Fig. 1 Synthesis and characterization of the micelles. A FT-IR spectra of MTX-PEG, CG-MTX-PEG and the micelles; B TEM images of the micelles; C 
representative size distribution of the micelles; and D Zeta potential changes in different steps

Fig. 2 The drug release profiles of DOX (A) and MTX (B) from the micelles
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pH 5.4 (endosomal compartments). A variety of lysoso-
mal proteases in tumor cells can cleave the amide link-
age, which can promote the release of the MTX from the 
micelles to expose the anticancer effects. Therefore, the 
in vitro release behavior of MTX was carried out under 
PBS solution with or without the presence of crude 
protease.

As depicted in Fig.  2A, the release behavior of DOX 
was significantly regulated by the pH value. Specifically, 
at pH 7.4, only 25.7% of the DOX was released from 
the micelles, whereas the accumulative release amount 
increased to 85.6% at pH 5.4 after incubation for 48  h. 
Particularly, the release rate of DOX from micelles at 
pH 5.4 from the micelles was extremely high, particu-
larly in the initial phase. The pH-dependent release pro-
files of DOX may be related to the decrease in ionization 
degree of carboxyl group under acidic conditions, which 
destroys the electrostatic interaction between DMMA 
and DOX. In addition, the accelerated release behav-
ior of DOX under acidic conditions may be affected by 
its increased hydrophilicity under acidic conditions 
[40]. Such accurate and variable DOX release proper-
ties impart the results of low leakage behavior in normal 
physiological conditions and selective release capabilities 
in a tumor microenvironment.

However, the release behavior of MTX from the 
micelles was mainly promoted by protease. The cumu-
lative release of MTX was significantly different in the 
presence or absence of protease in the same acidic envi-
ronment. As shown in Fig. 2B, MTX accumulated release 
was 12.0% at pH 5.4, while the accumulated release 
reaches 48.4% with the presence of crude proteases over 
the same incubation for 48  h. Importantly, the release 
of MTX was not only affected by proteases, but also 
interfered with acidic environments. This result may be 
related to the stronger protease activity in acidic environ-
ment. Moreover, the cumulative release of MTX did not 
continue to increase after incubation for 24 h, which may 
be due to the decrease in enzyme activity over time. The 
release behavior of MTX after the amide bond ligation 
provides the micelles with selectivity to tumor tissues 
and low toxicity to normal tissues.

Protein adsorption
Serum proteins in blood, which are mostly negatively 
charged, tend to bind to positively charged micelles by 
electrostatic interaction, leading to aggregation [41]. 
To demonstrate whether PEG and DMMA modifica-
tions can reduce nonspecific absorption, BSA was used 
as a biomolecules model to evaluate the absorption of 
MTX-PEG, CG-MTX-PEG, CDPM and the micelles, 
respectively. As shown in Additional file 1: Fig. S2, CG-
MTX-PEG had the highest protein absorption, which was 

significantly reduced after DMMA modification, suggest-
ing that charge reversal after DMMA decoration contrib-
uted to the reduction of nonspecific protein absorption. 
Compared with CG-MTX-PEG and CDPM, MTX-PEG 
and the micelles show lower absorption, which may be 
related to the inert structure of PEG. The inert structure 
of PEG can effectively reduce protein adsorption, espe-
cially when it was covered on the surface of the micelles, 
which can effectively reduce protein contact and improve 
the stability of the system [27, 42]. These results demon-
strate that the negatively charged PEG-covered micelles 
can effectively reduce protein adsorption in blood 
circulation.

Cellular uptake
To investigate whether the MTX-modified micelles can 
provide selectivity between tumor cells and normal cells, 
MDA-MB-231 and HK-2 cells were used to observe cellu-
lar uptake behavior of micelles. MDA-MB-231 and HK-2 
cells were treated with free drug and the micelles for 6 h, 
respectively, and their cellular uptake behavior was visu-
alized with CLSM. As depicted in Fig. 3, free drug shows 
similar results between normal cells and tumor cells. Red 
fluorescence (DOX) was dispersed in two cells, but the 
fluorescence of DOX in MDA-MB-231 cells was located 
in the nucleus overlayed in blue fluorescence (DAPI). 
However, red fluorescence exhibits significant differ-
ences between MDA-MB-231 and HK-2 cells treated by 
the micelles. In normal cells, only weak fluorescence can 
be observed, while tumor cells exhibit significantly rein-
forced red fluorescence in nucleus and cytoplasm. These 
phenomena may be attributed to different cellular uptake 
mechanisms.

DOX, as a small molecule chemotherapy, can pass the 
cell membrane by fast diffusion [40]. Therefore, the free 
drug lacks selectivity between normal cells and tumor 
cells. However, the micelles were mainly through the cell 
membrane via endocytosis pathway. MTX can specifi-
cally bind to folic acid receptors, while folic acid recep-
tors are expressed in a variety of tumor cells including 
MDA-MB-231 cells [43]. These reasons determine the 
difference in cellular uptake of DOX loaded by micelles 
between MDA-MB-231 and HK-2 cells.

In vitro cytotoxicity assays
The in vitro cytotoxicity was evaluated in MDA-MB-231 
and HK-2 cells at varying equivalent DOX concentrations 
using CCK-8 assay. As shown in Fig. 4A, in comparison 
with the free drug, the micelles showed similar concen-
tration-dependent inhibition against MDA-MB-231 cell 
proliferation. By comparison, there was a significant dif-
ference in the therapeutic effect of the free drug and the 
micelles on HK-2 cells. As can be seen from Fig. 4B, with 
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the increase in the concentration, the survival rate of cells 
treated by micelles declined slowly. When the concen-
tration reached 10 μg/mL, the cell survival rate was still 
62.8% after treated by the micelles, while only 30.9% in 
the free drug group. These results indicate that MTX-tar-
geted micelles can not only significantly exert anti-prolif-
eration effects on tumor cells, but also effectively reduce 
the cytotoxicity to normal cells.

The effect on apoptosis and cell motility
To demonstrate the effect of micelles on apoptosis, AO/
EB staining assay was used to detect apoptosis of MDA-
MB-231 cells under free drug and micelle treatment. 
As shown in Additional file 1: Fig. S3, both micelles and 
free drugs showed higher apoptosis (red fluorescence) 
in MDA-MB-231 cells. In order to investigate whether 
the inhibitory effect of free drugs on the motility ability 

Fig. 3 Confocal microscopic images of HK-2 cells and MDA-MB-231 cells after incubation with the micelles and free drug. The cell nucleus was 
stained with DAPI (blue), and DOX emits red fluorescence
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of MDA-MB-231 cells was affected after micelle load-
ing, wound healing experiment was applied to study the 
inhibitory effect of free drugs and micelles on the motil-
ity of MDA-MB-231. As shown in Additional file  1: 
Fig.  S4, the cells in the control group showed a high 
motility capacity (healing rates: 58.51%), while the heal-
ing rates in the free drug and micelle treatment groups 
were 13.73% and 17.37%, respectively. Combined with 
the above results of AO/EB staining and wound healing 
experiment, it was confirmed that the micelles still main-
tained the effect of free drugs to promote the apoptosis 
and inhibit the motility in tumor cells.

The effect on oxidative stress
Oxidative stress plays a role in the activation of apopto-
sis and autophagy, and the micelles-induced inhibition 
of tumor cells may utilize mechanisms associated with 
oxidative stress. To monitor the effect of the micelles on 
the oxidative stress in tumor cells, DCFH-DA was used 
to evaluate the level of oxidative stress in MDA-MB-231 
cells. As depicted in Fig.  5A, compared to the control 
group, ROS levels were significantly increased in the 
micelles treatment group. The consistent results were 
found by flow cytometry. As shown in Additional file 1: 
Fig. S5, the micelles significantly increased ROS levels in 
MDA-MB-231 cells compared with the free drug and the 
control group. These results suggest that the micelles can 
induce oxidative stress in MDA-MB-231 cells, and the 
mechanism of oxidative stress induction may be related 
to DOX and CG, both of which have been verified to 
induce ROS accumulation [30, 44].

The effect of autophagy activation
In addition, in case of oxidative stress, ROS levels were 
elevated, which positively contributes to autophagy, 
whether autophagy participated in the micelles 

mediated of cell death was further investigated [45]. 
Biological transmission electron microscope is the most 
convenient and intuitive way to observe autophagy. 
Therefore, this instrument was applied to observe the 
ultrastructure and morphology of MDA-MB-231 cells 
after treatment. As shown in Fig.  5B, in comparison 
with untreated controls, many autophagosomes, which 
are intracellular double-membraned vesicles character-
istic of autophagy, were found in the free drug and the 
micelles-treated group. In addition, a large number of 
large autophagic vacuoles and small double/multimem-
brane vesicles occupied the major cellular space in the 
micelles-treated cells compared with free drug treat-
ment. These results clearly indicated the occurrence of 
autophagy and the massive cellular autophagic struc-
tures might lead to cellular autophagy [45].

To further confirm the autophagy induction effect of 
the free drug and the micelles, the essential markers 
denoting the formation of autophagy were evaluated by 
western blotting. As an autophagy marker, the expres-
sion level of LC3-II indicates the extent of autophago-
some formation. According to Fig.  5C, the incubation 
of MDA-MB-231 cells with the micelles significantly 
enhanced the ratio of LC3-II/LC3-I confirmed the 
effect of the micelles on autophagy activation. Quanti-
tatively, the ratio of LC3-II/LC3-I after treatment of free 
drug and the micelles was 2.20 and 2.75, respectively 
(Fig.  5E). Additionally, the Beclin-1 level, an essen-
tial marker denoting the formation of autophagosome 
[30], was up-regulated by the treatment of the micelles 
as depicted in Fig.  5C. The results of semiquantitative 
analysis showed that the Beclin-1 ratio was 2.01 after 
micellar treatment, while the ratio of free drug treat-
ment was 1.47 (Fig.  5D), indicating that the micelles 
effectively promoted the formation of autophagosomes, 
which was consistent with the results of Bio-TEM. 
Consistently, similar trends of Beclin-1 (Fig. 5F, G) and 

Fig. 4 The cytotoxicity of the free drug and the micelles against MDA-MB-231 cells (A) and HK-2 cells (B). *p < 0.05, **p < 0.01 and ***p < 0.001
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Fig. 5 The effect of autophagic activation. A The micelles enhance oxidative stress in tumor cells. B The micelles-induced aggregation of 
autophagosomes; C–E Western blot of the Beclin-1 (C, D) and LC3-II (C, E) expressions in vitro; and (F–H) Western blot of the Beclin-1 (F, G) and 
LC3-II (F, H) expressions in vivo. *p < 0.05, **p < 0.01 and ***p < 0.001
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LC3-II/LC3-I (Fig.  5F, H) were detected in tumor tis-
sue. The above results suggest that the micelles essen-
tially affect the formation of autophagosomes.

The blockade of autophagic flux
The final step of autophagy is the fusion with lyso-
some and degradation of the autophagosome. The nor-
mal function of lysosome ensures the smooth progress 
of autophagy, while the damage of lysosome will lead 
to the blockade of autophagic flux, which may fur-
ther lead to the accumulation of autophagosome and 
induce autophagic death [46, 47]. p62, as an autophagy 
marker, is preferentially degraded during a normal com-
plete autophagic process. Interestingly, autophagy is 
also thought to control the cellular levels of p62 protein 
through its lysosomal degradation. To observe the effect 
of the micelles on autophagy flux, the expression of p62 
was measured in vitro (Fig. 6A, C) and in vivo (Fig. 6B, 
D). There was no significant difference in the expression 
of p62 after free drug treatment; instead, the increased 
expression of p62 appeared in vitro and in vivo after the 
micelles treatment, indicating that the micelles regulate 
autophagy flux.

In order to further analyze the effect of the micelles 
on autophagy flux, the stability of lysosomes was further 
analyzed. The optimal pH of most lysosomal enzymes 
is about 4.5. To test whether the micelles can affect 

environment of lysosomes, the cells were labeled with 
LysoTracker Green DND dye. LysoTracker Green DND, 
as an acid tropic dye, has a well-defined pH-dependent 
increase in fluorescence intensity and can be accumu-
lated in acidic intracellular organelles. As shown in 
Fig. 6E, the intensity of green fluorescence in the micelles 
intervention was significantly lower than that in the free 
drug group and the control group, indicating that the 
micelles can promote lysosome alkalization and affect the 
stability of lysosomes.

Taken together, the micelles treatment can lead to 
accumulation of autophagosomes, and a large num-
ber of autophagic structures will eventually promote 
autophagic death. The mechanism of the micelles pro-
moting autophagic death of cells may be related to CG 
and DMMA structures created defective lysosomes. The 
amide bond between CG and DMMA can break in the 
acidic lysosomal environment, and then, the primary 
amines of CG and the carboxyl group of DMMA cap-
ture the protons, resulting in a large number of chloride 
ions and water into lysosome, and eventually lysosome 
rupture [34, 48, 49]. Lysosome rupture led to hindered 
autophagosome fusion and slowed autophagy flux.

In vivo anti‑tumor efficiency
Considering the good tumor acid microenvironment 
responsiveness and the MTX active targeted effect of the 

Fig. 6 The blockade of autophagic flux. A–D Western blot of the p62 expressions in vitro (A, C) and in vivo (B, D); and E The fluorescence 
microscopy images of MDA-MB-231 cells. *p < 0.05, **p < 0.01 and ***p < 0.001
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micelles, the in  vivo anti-tumor activity was evaluated 
in MDA-MB-231 tumor-bearing mice. The treatment 
was administered every three days. As can be seen from 
Fig. 7A, the tumor volume of mice in the control group 
increased rapidly, while both the free drug group and 
the micelles group showed tumor inhibition to varying 
degrees. After 9th day, tumor volume was significantly 
inhibited under micellar treatment compared with the 
other two groups, indicating a desirable tumor inhibition 
efficiency of the micelles.

The weight changes of mice during the treatment 
are shown in Fig. 7B. The weight of mice in the control 
group and the micelles group remained relatively stable 
throughout the treatment, while the mice treated with 
the free drugs showed abnormal weight loss, and even 
two mice died during treatment. These results indicated 
that the micelles not only maintain the therapeutic effi-
cacy but also effectively mitigate the severe systemic tox-
icity of the free drugs.

To further assess anti-tumor efficacy, the tumors tis-
sues were obtained after treatment for HE staining. 
As shown in Fig.  7C, it could be seen that there was a 

significant difference between the free drug group and 
the micelles group compared to the control group. Spe-
cifically, the histological feature appeared in the control 
group as dense tumor cells, while significant necrosis was 
observed in the free drug groups and the micelles groups. 
Further observation showed that the tumor cells treated 
with the free drugs and the micelles were mostly fusiform 
or irregular, and the tissue vacuolation was obvious. All 
these results indicated that the micelles possessed effec-
tive anti-tumor activity and negligible systemic toxicity.

In vivo safety
The tissue biodistribution of a drug is an important 
aspect in assessing its effectiveness and potential organ 
toxicity as well as systemic side effects. In order to 
study the difference in the biological distribution of the 
micelles and free drug in MDA-MB-231 tumor-bearing 
mice, the ex vivo fluorescence imaging of MDA-MB-231 
tumors and major organs isolated from BALB/c mice 
was carried out at 2 h and 6 h post-injection. The result 
is shown in Fig. 8A. In vivo biodistribution of the free 
drug and the micelles at 2 h after injection showed that 

Fig. 7 In vivo anti-tumor effect on MDA-MB-231 tumor-bearing mice. A Relative tumor volume (V/V0); B Body weight changes during 
administration; and C HE staining of tumor tissue
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the drug rapidly distributed in the major organs of mice 
and emitted strong fluorescence at the tumor site. How-
ever, the fluorescence intensity in the tumor treated by 
the micelles was significantly accumulated after 6 h as 
compared with that of the free drug group (Fig.  8B). 
This appreciable tumor-targeting ability of the micelles 
might result from appropriate size of the micelles and 
specific receptor affinity of the MTX.

To evaluate changes in systemic toxicity of the 
micelles compared with the free drug, major organs 

were collected and investigated by HE staining. As 
depicted in Fig.  8C, there were no evident necrosis, 
edema or inflammatory infiltration of major organs in 
the control group. However, major organs were dam-
aged to varying degrees in the free drug group, espe-
cially in liver and kidney tissues. The liver tissue showed 
vacuolation, local necrosis and degeneration, and 
inflammatory infiltration and the renal tissue emerged 
glomerular hyperemia, swelling and necrosis. In addi-
tion, slight structural abnormalities and inflammatory 

Fig. 8 In vivo safety. A Ex vivo NIR images; B Average signals of the tumors and major organs after 2 and 6 h administration of the free drug and the 
micelles; and C Histopathological analysis of major organs after different treatments. *p < 0.05, **p < 0.01 and ***p < 0.001
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infiltrates were observed in the heart, lung and spleen 
tissues. These phenomena indicate that free drugs 
have serious systemic toxicity. Compared with the free 
drug group, the damage of the main organs under the 
micelles-treated group was significantly improved. 
Only slight inflammatory infiltration was observed 
in liver and kidney tissues, and no significant damage 
was observed in other tissues compared with the con-
trol group, indicating that the micelles can effectively 
reduce systemic toxicity of the free drugs.

Conclusion
In conclusion, the MTX-PEG-modified CG/DMMA pol-
ymeric micelles were designed and synthesized for tar-
geted delivery of DOX to induce synergistic autophagic 
regulatory effects against TNBC. On the one hand, the 
MTX-PEG encapsulation improves stability and selec-
tivity of the micelles, which effectively promotes spe-
cific aggregation of the micelles in tumor tissues, while 
reduces systemic toxicity and synergizes the anti-tumor 
efficiency of DOX. On the other hand, ROS under micel-
lar therapy promotes the production of autophagosomes 
in tumor cells, while the lysosomal damage based on pro-
ton sponge effect blocks the autophagosome flux, leading 
to the accumulation of autophagosomes. Excessive accu-
mulation of autophagosomes depletes normal cellular 
components and induces autophagic death of the stub-
born tumor cells. Although the preliminary mechanism 
of autophagy has been verified, the deeper mechanism of 
micelles on autophagy flux has not been clearly explored. 
In addition, single cell lines and ectopic model were the 
limitations of this study.
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