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Background: Halofuginone hydrobromide (HF) is a synthetic analogue of the naturally 
occurring quinazolinone alkaloid febrifugine, which has potential therapeutic effects against 
breast cancer, however, its poor water solubility greatly limits its pharmaceutical application. 
D-α-tocopherol polyethylene glycol 1000 succinate (TPGS) is a water-soluble derivative of 
vitamin E, which can self-assemble to form polymeric micelles (PMs) for encapsulating 
insoluble anti-tumor drugs, thereby effectively enhancing their anti-cancer effects.
Methods: HF-loaded TPGS PMs (HTPMs) were manufactured using a thin-film hydration 
technique, followed by a series of characterizations, including the hydrodynamic diameter 
(HD), zeta potential (ZP), stability, drug loading (DL), encapsulation efficiency (EE), and 
in vitro drug release. The anti-cancer effects and potential mechanism of HTPMs were 
investigated in the breast cell lines MDA-MB-231 and MCF-7, and normal breast epithelial 
cell line Eph-ev. The breast cancer-bearing BALB/c nude mouse model was successfully 
established by subcutaneous injection of MDA-MB-231 cells and used to evaluate the 
in vivo therapeutic effect and safety of the HTPMs.
Results: The optimized HTPMs had an HD of 17.8±0.5 nm and ZP of 14.40±0.1 mV. These 
PMs exhibited DL of 12.94 ± 0.46% and EE of 90.6 ± 0.85%, along with excellent storage 
stability, dilution tolerance and sustained drug release in pH-dependent manner within 24 
h compared to free HF. Additionally, the HTPMs had stronger inhibitory effects than free HF 
and paclitaxel against MDA-MB-231 triple-negative breast cancer cells, and little toxicity in 
normal breast epithelial Eph-ev cells. The HTPMs induced cell cycle arrest and apoptosis of 
MDA-MB-231 by disrupting the mitochondrial membrane potential and enhancing reactive 
oxygen species formation. Evaluation of in vivo anti-tumor efficacy demonstrated that 
HTPMs exerted a stronger tumor inhibition rate (68.17%) than free HF, and exhibited 
excellent biocompatibility.
Conclusion: The findings from this study indicate that HTPMs holds great clinical potential 
for treating triple-negative breast cancer.
Keywords: halofuginone hydrobromide, triple-negative breast cancer, TPGS, polymer 
micelles

Introduction
Breast cancer is the most deadly cancer among women, causing significant 
morbidity and mortality worldwide.1 Currently, this disease is the most common 
cancer in Chinese women.1,2 As with the case of all solid tumors, breast cancer is 
a complex disease that is difficult to treat. Breast cancer is usually classified by 
the presence, or absence of three receptors: estrogen receptor, progesterone 
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receptor, and human epidermal growth factor receptor 
2.3–5 These three receptors are the most frequently used 
biomarkers for breast cancer targeted drug delivery. The 
therapeutic approach for breast cancer is highly influ-
enced by the ability of therapeutic agents to specifically 
target these receptors. Triple-negative breast cancer 
(TNBC) that lacks all three receptors is one of the 
most difficult breast cancers to treat. In particular, 
TNBC is a heterogeneous disease characterized by 
aggressive biology and poor prognosis.6 The lack of 
tumor-specific markers, aggressive nature, and special 
propensity to recur and metastasize, making TNBC 
more difficult to treat compared to other subtypes. 
Currently, radiation therapy, surgery, chemotherapy and 
combined chemotherapeutic regimens are the most suc-
cessful treatments available, leading to higher survival 
rates compared to other treatments.7 However, although 
there are a wide variety of anti-cancer drugs, such as 
chemical drugs, they often have low efficacy and high 
toxicity, and can cause strong drug resistance in 
patients.8 The most widely prescribed chemotherapeutic 
agent for breast cancer is paclitaxel (PTX), also known 
as Taxol.9 PTX acts by enhancing tubulin polymeriza-
tion, which further hyperstabilizes microtubules, leading 
to interference with cell proliferation and programmed 
cell death.10 Although widely used to treat breast cancer, 
PTX is nonselective and has rapid systemic clearance 
and multidrug resistance, limiting its clinical efficacy.11

Halofuginone hydrobromide (HF) is a small molecule 
alkaloid derived from febrifugine.12,13 The therapeutic 
functions of HF range from anti-inflammatory to anti- 
fibrosis and even anti-cancer.14,15 HF suppresses cancer 
cell growth and decreases tumor metastasis in hepatoma, 
melanoma, and multiple myeloma in vitro.16 In one pre-
clinical trial, HF was used as an anti-carcinogenic drug for 
advanced solid tumors.17 Subsequent research in vivo also 
has demonstrated the function of HF in suppressing 
growth and angiogenesis of gliomas in rats, growth of 
hepatocellular carcinoma in mice, and osteosarcoma 
growth and lung metastases in a preclinical BALB/c 
nude model.16,18 However, HF has poor solubility in 
water, which affects its bioavailability and clinical effi-
cacy. Therefore, it is urgent to solve this issue to enhance 
the clinical therapeutic potential. A recent study showed 
that HF is the substrate of two efflux proteins, ATP- 
binding cassette super-family G member 2 (Abcg2) and 
Abcb1, possibly influencing its cellular uptake in intestinal 
epithelial cells and breast cancer cells.19

Compared with other drug delivery systems, nanocar-
riers have multiple advantages, such as targeting, long- 
action time, low toxic effect, and wide drug-loading (DL) 
capacity.20,21 Polymer micelles (PMs) can be self-assembled 
to form nanoparticles with a hydrophobic core and 
a hydrophilic shell. As a new type of drug vehicle, PMs 
have a high DL capacity, stable structure, long retention time 
in the body, and few adverse effects. D-α-tocopherol poly-
ethylene glycol 1000 succinate, referred to as TPGS, is an 
excellent emulsifier, stabilizer, and penetration enhancer, 
and also protects micelles.22 TPGS not only increases drug 
stability, drug penetration and absorption, but also improves 
therapeutic effects.5,23,24 Importantly, TPGS can self- 
assemble to form PMs with anti-dilution effects compared 
with surfactant micelles. Anti-tumor drugs are not only 
enriched passively in cancer tissues due to the enhanced 
permeability and retention effect (EPR) but can also be 
used to achieve targeted drug delivery by modifying the 
surface groups of the PMs. Simultaneously, TPGS can 
reverse multidrug resistance (MDR) by blocking the efflux 
of P-glycoprotein (P-gp), thereby enhancing the treatment 
effect of anti-tumor drugs. As HF is a substrate of P-gp, 
TPGS PMs can possibly contribute to its intracellular 
enrichment.

In this study, we developed the TPGS based PMs to 
deliver HF to enhance the therapeutic effects on TNBC. 
The thin film ultrasonic technique was first used to screen 
the optimized preparation of HF-loaded TPGS PMs 
(HTPMs) according to the hydrodynamic diameter (HD), 
polydispersity index (PDI) and zeta potential (ZP). The opti-
mized HTPMs were further characterized for surface mor-
phology, encapsulation efficiency (EE), DL and in vitro drug 
release profile. Subsequently, the in vitro anti-cancer effect of 
HTPM was compared to that of HF and PTX against the 
MDA-MB-231 and MCF-7 cell lines. The potential anti- 
tumor mechanism of HTPMs was investigated in terms of 
cell apoptosis, cell cycle arrest, reactive oxygen species 
(ROS) and mitochondrial membrane potential (MMP). The 
in vivo anti-tumor efficacy and safety of HTPMs were ulti-
mately confirmed using subcutaneous tumor-bearing mouse 
models after intravenous (IV.) administration.

Materials and Methods
Materials
HF was purchased from Shanxi Meixilin Pharmaceutical 
Co., Ltd. (Yuncheng, China). TPGS was purchased from 
Guangzhou Kafen Biological Technology Co., Ltd., 
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(Guangzhou, China). PTX was purchased from Dalian 
Meilun Biological Technology Co., Ltd. (Dalian, China). 
Fetal bovine serum (FBS) and an MMP detection kit were 
provided from Nanjing Shanben Biotechnology Co., Ltd., 
(Nanjing, China). Dulbecco’s Modified Eagle’s Medium 
(DMEM), penicillin, trypsin, and streptomycin were 
obtained from Hyclone Laboratories (Logan, UT, USA). 
An apoptosis detection kit, cell cycle detection kit and 
ROS detection kit were purchased from Nanjing Kaiji 
Biotechnology Co., Ltd (Nanjing, China). All other 
reagents and chemicals were of analytical grade.

Cell Line Culture
Breast cancer cell lines MDA-MB-231 and MCF-7 and the 
normal mouse mammary epithelial line Eph-ev were main-
tained in DMEM supplemented with 1% penicillin, 1% 
streptomycin and 10% FBS. All cells were purchased from 
the Type Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). All cells were cultured in an 
cell incubator with 5% CO2 at 37°C.

Preparation of HTPMs
HF-loaded TPGS polymer micelles (HTPMs) were pre-
pared by the thin film ultrasonic method. Methanol was 
first screened out as an excellent solvent of both HF and 
TPGS. Subsequently, various rates of HF and TPGS were 
added to methanol to acquire the transparent organic 
phase. Then the organic phase was gradually evaporated, 
and a thin film was formed on the surface of the distilla-
tion flask. The de-ionized water was further added to the 
distillation flask, followed by probe ultrasonic (300 mV, 20 
min) to acquire the PMs.

Analysis of HD, ZP, and PDI
The HD, ZP, and PDI of HTPM were determined by 
dynamic light scattering (DLS) with a Zetasizer (Nano 
ZS90; Malvern Instruments Ltd., Malvern, UK). The sam-
ples at suitable concentrations were measured with scatter-
ing angles of 90° at 25°C.

Transmission Electron Microscopy
The morphology of the HTPMs was determined by transmis-
sion electron microscopy (TEM, JEM-1200EX; JEOL Ltd., 
Tokyo, Japan). One drop of PM solution was fixed on a copper 
grid, dried at room temperature and observed by TEM.

DL and EE
The HTPM was filtered through a micropore filter (0.22 
μm) to collect the filtrate, and 1 mL was taken for ultra-
violet (UV) spectrophotometry (UV-1900; Shimadzu 
Instruments (Suzhou) Co., Ltd., Beijing, China) to deter-
mine the concentrations of HF in the filtrate. The DL and 
EE of the PMs were calculated according to the following 
formula.

DL(%)=WE/WT ×100%
EE(%)= WE/WD ×100%,
where WE, WT, and WD represent the amounts of 

encapsulated drugs, total drug amounts, and total amounts 
of PMs.

Stability Evaluation
The as-prepared HTPM solution was maintained at 40°C 
with a relative humidity of 75%. The samples were collected 
on days 0, 7, 14, 21, 28, 35, 42, 49, and 56 and their HDs, 
ZPs, and PDI were measured to evaluate the storage stability 
of HTPM. The prepared HTPM was diluted by 0-, 50-, 100-, 
200-, 500-, 800-, and 1000-fold, to investigate their dilution 
effects by determining their HDs, ZPs, and PDI.

In vitro Release of HTPMs
The in vitro release behavior of PMs was studied by the 
dialysis bag method. Drug loaded micelle solution (5mL) 
was precisely measured and placed in a dialysis bag. Then 
the drug-loaded micelle solution went incubated at tem-
perature oscillation at 37 ± 0.5°C and 100 rpm. The release 
medium (1 mL) was taken at 30 min, 1, 2, 3, 4, 6, 8, 10, 12 
and 24 h and added to fresh release medium (1 mL). The 
concentrations of HF in the release medium were deter-
mined by UV spectrophotometry (UV-1900; Shimadzu 
Instruments (Suzhou) Co., Ltd.). Finally, the release per-
centage was calculated to investigate the release character-
istics of drug-loaded micelles.

Cell Viability
Cell viability was determined using the Cell Counting Kit- 
8 (CCK-8) method. Eph-ev, MDA-MB-231, and MCF-7 
cells were adjusted to densities of 1×105 cells/mL, 1×105 

cells/mL, and 2×105 cells/mL, respectively, and seeded in 
a 96-well plate in 100 μL medium with five replicates. 
These 96-well plates were placed overnight in 5% CO2 

incubator at 37°C. PTX, HF and HTPM were added, and 
incubated for 24, 48, and 72 h. Then, 10 μL CCK-8 
solution was added to each well and incubated at 37°C 
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for 4 h, and the absorbance of each well at 450 nm was 
measured. Cell viability was calculated according to the 
following formula: cell viability (%) = (ODtreated – 
ODblank)/(ODuntreated – ODblank) × 100%.

Cell Apoptosis
Cells were seeded in a 12-well plate and cultured over-
night. After pre-treatment with N-acetyl-L-cysteine (NAC) 
for 1 h, the cells were co-incubated with HTPMs at var-
ious concentrations for 24 h. The cells were collected, 
washed twice with ice-cold phosphate buffered saline 
(PBS), and resuspended in 500 μL binding buffer. 
Annexin V-FITC and propidium iodide (PI) solution (5 
μL, 200 μg/mL) were incubated with the cell suspension 
in the dark for 15 min at 37°C, and cells were analyzed 
using a cell cytometer (BD Biosciences, New York, USA). 
Cell-Quest software (Becton Dickinson San Jose, CA, 
USA) was employed to analyze the data.

Cell Cycle
MDA-MB-231 cells and MCF-7 cells were seeded at 
a density of 1×105 cells/well in 12-well plates and 
incubated overnight. Subsequently, after pre-treatment 
with NAC for 1 h, the cells were co-incubated with 
HTPM at various concentrations for 24 h. Upon com-
pletion of the treatment, the cells were harvested by 
trypsinization, fixed in 70% ethanol and incubated over-
night at 4°C. Next, the cells were treated with RNase A, 
stained with PI and analyzed using a FACS Calibur (BD 
Biosciences).

Reactive Oxygen Species
ROS levels were evaluated using an ROS assay kit based 
on 2ʹ,7ʹ-Dichlorodihydrofluorescin diacetate (DCFH-DA). 
MDA-MB-231 and MCF-7 cells were treated with H2O2 

(100 μM) and HTPM (0, 0.78, 3.13, 12.5 and 50 nM) for 
12 h after pre-treatment with NAC for 1 h, and then 
incubated with DCFH-DA (50 μM) for 50 min in the 
dark. The fluorescence was finally analyzed with a flow 
cytometer (BD Biosciences).

Mitochondrial Membrane Potentials
JC-1 (5, 5, 6, 6-tetrachloro-1, 1, 3, 3-tetra- 
ethylbenzimidazolylcarbo-cyanine iodide) dye (Molecular 
Probes, Eugene, OR, USA) was used to assess changes in 
the MMPs. MDA-MB-231 and MCF-7 cells (1×105 cells/ 
well) were cultured in 12-well plates and then treated with 
HTPM at various concentrations for 24 h after pre- 

treatment with NAC for 1 h. Subsequently, the cells were 
collected and washed with PBS. JC-1 reagent (10 μg/mL) 
was added to each sample and incubated at 37°C in the 
dark for 15 min. The fluorescence was finally analyzed 
with a flow cytometer (BD Biosciences, FACS Aria, 
Heidelberg, Germany).

Animal Tumor Xenograft Model
BALB/c nude mice (4 weeks old, female) were obtained 
from the Laboratory Animal Center of Yangzhou 
University (Yangzhou, China), and fed in the Laboratory 
Animal Center of Nanjing Agricultural University 
(Nanjing, China). Animal experiments were conducted 
according to the Guidelines for Animal Experimentation 
of Nanjing Agricultural University, and the protocol was 
approved by the Animal Ethics Committee of this institu-
tion (No. 2020014). To establish the MDA-MB-231 xeno-
graft models, MDA-MB-231 cells (1×106 cells/mouse) 
were subcutaneously injected into the flanks of the nude 
mice.

In vivo Anti-Tumor Effect
The anti-breast cancer activity of HTPM was investigated 
using MDA-MB-231 tumor-bearing mice. When the tumor 
volumes reached 50–100 mm3, MDA-MB-231 tumor- 
bearing mice were weighed and assigned randomly to the 
following groups: HF, HTPM, and control (PBS). Then the 
nude mice were injected via the tail vein with equivalent 
doses of 0.25 mg/kg HF or HTPM on days 0, 2, 4, 6, 8, 
and 10. The body weight and tumor size for each mouse 
were measured every 2 days until day 14. At the end of the 
experiment, the mice were sacrificed to obtain the tumor 
samples. Hematoxylin and eosin (H&E) was used to stain 
the main organs and tumor tissues for pathological analy-
sis. TUNEL staining was utilized to detect the apoptosis of 
tumor tissues. The tumor inhibition rate (TIR) was calcu-
lated according to the following formula:

TIR = (1−VD/VB) ×100%,
where VD and VB represent the mean tumor size in the 

dosed group and vehicle group, respectively.

Statistical Analysis
GraphPad Prism 6.0 (La Jolla, CA, USA) was used to 
analyze the data. The Student’s t-test was used to analyze 
the data between two groups. The data are shown as the 
mean ± standard deviation. P < 0.05 was considered sta-
tistically significant.
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Results and Discussion
HF Exhibits Strong Inhibitory Effects 
Against Breast Cancer Cells
HF has significant therapeutic potential against multiple 
malignant tumors.25,26 In this study, the cytotoxic effects 
of HF on breast cancer cells were evaluated by the 
CCK-8 assay. As shown in Figure 1A–C, the viability 
of MDA-MB-231 cells was gradually decreased with 
increasing treatment times and concentrations of HF. 
Similar results occurred in MCF-7 cells. These data 
demonstrate that HF can inhibit the growth of breast 
cancer cells including TNBC cells in time- and concen-
tration-dependent manners.25 We further found that HF 
exhibited a stronger anti-proliferative activity than the 
traditional tumor therapeutic drug PTX against MDA- 
MB-231 and MCF-7 cells (Figure 1A–F). More impor-
tantly, HF had less inhibitory effects on non-tumorigenic 
breast epithelial cells Eph-ev than breast cancer cell 
lines (Figure 1G–I), supporting the selective cytotoxic 
effects of HF on breast cancer cells. In addition, HF 
inhibited the migration and invasion of breast cancer 

cells through the downregulation of matrix metallopro-
teinase-9 expression and its upstream transcription 
factors.25 Therefore, HF is a promising agent for breast 
cancer chemotherapy.

Characterization of HTPMs
The amphiphilic nature of TPGS drives its self-assembly 
into PMs in aqueous buffer to encapsulate poorly water- 
soluble drugs.22 In this study, HTPMs were prepared using 
the thin-film ultrasonic process (Supplemental Materials, 
Figure S1). The particle sizes and surface features of the 
PMs are of importance for drug release, cellular uptake, and 
accumulation in tumor tissues.27 Thus, the HD, PDI, and ZP 
were determined by DLS, and these parameters of HTPM 
varied with different rates of HF and TPGS (Figure 2A). 
When the weight ratio was 6, the optimal formulation of 
HTPM had the smallest HD (Figure 2B) and the highest ZP 
(Figure 2C), which were 17.8 ± 0.5 nm and 14.40 ± 0.1 mV, 
respectively. Small-sized PMs < 200 nm are more suitable 
for the accumulation of anti-tumor drugs inside tumor tis-
sues due to the EPR effect.28 The surface charges of micelles 
are also critical to the transport of drugs across tumor cell 

Figure 1 Effect of HF or PTX on the viability of MDA-MB-231 cells, MCF-7 cells and Eph-ev cells. MDA-MB-231 cells (A–C), MCF-7 cells (D–F) and Eph-ev cells (G–I) were 
dealt with different concentration (from 0 to 50 nM) of HF or PTX in 24 h, 48 h and 72 h. *P<0.05, **P<0.01, ***P<0.001.
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membranes. In particular, the positive charge of micelles 
results in the enhanced interplay with negative charge and 
intracellular uptake.3 High ZP contributed to stabilizing the 
HTPM in solution, which was further demonstrated by the 
PDI of 0.212 ± 0.1. A PDI < 0.3 is generally considered 
a narrow size distribution, while a PDI > 0.3 indicates 
a broad size distribution.29 TEM was utilized to further 
evaluate the morphology and size of the HTPMs, which 
appeared spherical with homogeneous distribution (Figure 
2D), further indicating the excellent stability of HTPM.

The DL% and EE% are key parameters of PMs influ-
encing drug accumulation at tumor sites.30 In this study, 
HTPM had DL of 90.6 ± 0.85% and EE of 12.94 ± 0.46% 
(Figure 3A), indicating that TPGS PMs are exceptional 
delivery carriers of HF. The sustained and controlled 
release is of importance to enhance the drug bioavailability 
for tumor therapy. Therefore, the release profiles of HTPM 
in PBS with various pH values were determined by the 
dialysis bag method (Figure 3B). The results showed that 
the cumulative release percentage (CRP) of HF from 
HTPM was approximately 70.5% within 24 h at pH 7.4, 
whereas that of free HF was 92.5%, suggesting that HTPM 

had an excellent sustained release effect conducive to the 
accumulation of drugs in the tumor microenvironment. 
The pH in the breast cancer microenvironment is usually 
about 6.5.31 Under this pH environment, the CRP of HF 
from HTPMs increased to approximately 80.48% within 
24 h, indicating that weakly acidic environments improve 
the HF release rate from HTPM, which beneficial for 
treating acidic cancer cells.32 In addition, there was no 
burst release from the HTPMs, further demonstrating that 
TPGS PMs have a high EE for HF. The pharmacokinetic 
properties of free HF are reflected in the low blood con-
centration and fast distribution. Relevant literature has 
separately reported the pharmacokinetic studies of free 
HF by oral, intraperitoneal, and intravenous injection.33

The stability of HTPM was subsequently evaluated 
based on variation in the HD, ZP, and PD. As shown in 
Figure 3C, these parameters varied less than 5% at 40°C 
during the 56-day storage period, indicating that it can be 
stored stably for a long time. Meanwhile, the dilution 
stability of HTPM was assessed when the original solu-
tion was diluted by 0-, 50-, 100-, 200-, 500-, 800-, and 
1000-fold. The results showed that their HD, ZP, and PDI 

Figure 2 Screening and characterization of the optimal HTPM. (A) The optimal formulation of HTPM was screened by altering the ratio of TPGS and HF. (B and C) 
Hydrodynamic diameters and zeta potentials of HTPM were determined by dynamic light scattering. (D) The surface morphology of HTPM was observed by transmission 
electron microscopy, which appeared spherical.
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did not significantly change under various dilution con-
ditions (Figure 3D), revealing it has excellent anti- 
dilution effects.

In vitro Anti-Proliferative Effects
HTPM Has Inhibitory Effects Against Breast Cancer 
Cells
The viability of breast cancer cells and non- 
tumorigenic breast epithelial cells treated with HTPM 
for various times were further investigated using the 
CCK-8 assay. The results showed that HTPM 
decreased the viability of MDA-MB-231 cells (Figure 
4A), MCF-7 cells (Figure 4B) and Eph-ev cells (Figure 
4C) in time- and concentration-dependent manners 
similar to HF. HTPM exhibited stronger inhibitory 
effects against all three cell lines compared with free 
HF (Figure 1). Small-sized particles can enhance the 
intracellular delivery of therapeutic drugs. In addition, 
TPGS has evident effects on the inhibition of verapa-
mil-induced P-gp ATPase activity,34 and HF is 
a substrate of P-gp.19 Therefore, TPGS PMs can result 
in higher cellular uptake and more significant cytotoxic 
effects than the free HF solution.

Apoptosis Induced by HTPMs
Apoptosis is involved in the cytotoxic mechanism of HF 
on breast cancer cells.25 To further determine how HTPM 
reduces the viability of breast cancer cells, Annexin 
V-FITC/PI double staining was performed to assess the 
extent and mode of cell death.35 In this study, MDA-MB 
-231 cells were treated with various concentrations of 
HPTM ranging from 0 to 50 nM, and then the percentage 
of apoptotic cells was quantitatively analyzed by flow 
cytometry. As depicted in Figure 5A–B, HTPM lead to 
apoptosis, including early and late apoptosis after exposure 
for 24 h. The apoptotic levels of MDA-MB-231 cells were 
gradually enhanced with increased treatment concentra-
tions. When the exposed concentration of HTPM was 50 
nM, the percentage of apoptotic cells was up to 48%. 
These results were verified in MCF-7 cells 
(Supplementary Materials, Figure S3A and B). Although 
HTPM can also lead to the apoptosis of Eph-ev cells in 
a dose-dependent manner, the proportion of apoptotic cells 
was significantly lower than that of cancer cells exposed to 
the same concentration of HTPM. For example, the apop-
totic level of Eph-ev cells was only 12.1% after treatment 
with 50 nM HTPM (Supplementary Materials, Figure S2), 

Figure 3 Drug loading, entrapment efficiency (A), in vitro release (B), storage stability (C) and dilution tolerance (D) of the optimal HTPM.
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in line with the results of the viability of Eph-ev cells 
influenced by HTPM.

Cell Cycle Altered by HTPM Exposure
The cell cycle is intimately related to apoptosis, and the 
parameters related to the cell cycle are evaluated to better 
understand the preliminary mechanism of drug-induced 
apoptosis. The cell cycle is the basis of cell life activity 
and controls the entry of the stationary phase into the 
proliferative phase.36 HF destroys microtubules, resulting 
in the significant arrest of cancer cells in the G2-M phase 
and subsequent apoptosis.17 Herein, cell cycle analysis was 
carried out by determining the DNA content of the 
untreated and treated cells by flow cytometry. The results 
showed that the DNA content of the G2-M phase was 
enhanced, whereas that of the G0-G1 phase was decreased 
in MDA-MB-231 cells upon exposure to HTPM for 24 
h (Figure 5C). Specifically, the DNA contents of the G2- 
M phase were 18.26% for 12.5 nM and 20.45% for 50 nM 
HTPM treatment (Figure 5C) compared with the control 
group (1.41%). Similar results were found in MCF-7 cells 
(Supplementary Materials, Figure S3C). The DNA content 
of the S phase was increased to 58.22% after treatment 
with NAC, further showing that the cells were arrested in 
the G2-M phase and proliferated in the S phase (bloom 
phase of DNA replication). These findings were also 

observed in MCF-7 cells (Supplementary Materials, 
Figure S3C).

Generation of ROS by HTPM Exposure
ROS is a pro-apoptosis factor.37,38 Emerging evidence 
indicates that the upregulation of ROS is required for 
the initiation of apoptotic responses induced by several 
anti-cancer agents.39 To further determine the potential 
role of oxidative stress in HTPM-induced toxicity in 
MDA-MB-231 cells, we examined the regulatory effects 
of HTPM on ROS levels using the DCFH-DA-based 
assay. The results showed that HTPM significantly 
increased ROS levels in a dose-dependent manner, 
which was effectively scavenged by NAC, a widely 
used ROS scavenger (Figure 6A). To confirm that 
HTPM increased apoptosis by regulating the ROS 
levels, we pre-treated the cells with NAC, which clearly 
abolished the cell apoptosis induced by HTPM. The 
same results were also observed in MCF-7 cells 
(Supplementary Materials, Figure S4A). These data sug-
gest that HTPM induced apoptosis by regulating the 
levels of ROS in MDA-MB-231 and MCF-7 cells. 
Next, we analyzed the effects of HTPM on cell cycle 
progression by fluorescence-activated cell sorting. The 
results showed that HTPM induced marked G2-M arrest 
in both MDA-MB-231 and MCF-7 cells (Figure 5C and 

Figure 4 Inhibition of HTPM on the growth of MDA-MB-231 cells, MCF-7 cells and Eph-ev cells. MDA-MB-231 cells (A), MCF-7 cells (B) and Eph-ev cells (C) were treated 
with various concentrations (from 0 to 50nM) of HTPM in 24 h, 48 h and 72 h.
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Supplementary Materials, Figure S3C), and these effects 
were abolished by NAC pre-treatment. These results 
collectively indicate that HTPM induces breast cancer 
cell apoptosis and cell cycle arrest by regulating ROS 
level in vitro. A sensitive effector mechanism widely 
engaged in the control and modulation of apoptosis is 
cellular redox status, which is determined by the balance 
between the rates of generation and breakdown of 
ROS.40 ROS is a major regulator involved in apoptosis 
mediated through mitochondria. High levels of ROS in 
the mitochondria can induce several irreversible steps.41 

In addition, we confirmed that HTPM induced apoptosis 
by causing the accumulation of ROS. ROS inducers as 
anti-cancer drugs have received considerable attention 
due to their selective effects on cancer cells while spar-
ing normal cells.42

Alteration of MMP by HTPM
Emerging evidence suggests that ROS induces apoptotic 
death in cancer cells by causing mitochondrial mem-
brane damage, resulting in MMP disorder.43,44 The 
change in MMP is also one sign of apoptosis. HF 
induces apoptosis in breast cancer cells through the 

mitochondria-dependent pathway.44 The mitochondrial 
function depends on stabilization of the mitochondrial 
membrane structure.45 The change in MMP was evalu-
ated using a fluorescent cationic dye (JC-1), followed by 
flow cytometry. In healthy cells, JC-1 emitted red fluor-
escence at a wavelength of 590 nm. By contrast, in 
apoptotic cells, JC-1 exhibited green fluorescence at 
525 nm. Our results indicated that HTPM disrupted the 
MMP (Figure 6B and C), and induced the highest level 
of mitochondrial depolarization in MDA-MB-231 cells 
after 24 h (27.8%), followed by 16.9% and 13.4% at 24 
h. At the same time, HTPM induced the highest level of 
mitochondrial depolarization in MCF-7 cells after 24 
h (28.1%), followed by 21.1% and 13.4% at 24 
h (Supplementary Materials, Figure S4B, C). 
A decrease in MMP is often a sign of early apoptosis.24 

A previous investigation showed that HF exhibited acti-
vation effects on the mitochondrial pathway of 
apoptosis.40 Our results revealed the significant reduc-
tion of MMP of MDA-MB-231 and MCF-7 cells treated 
with HTPM. These data suggest that HTPM may induce 
cell apoptosis by enhancing ROS through the mitochon-
drial pathway.
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Figure 5 Effect of HTPM on apoptosis and cell cycle arrest of MDA-MB-231 cells. (A and B) The representative images and summaries of apoptosis induced by HTPM 
exposure in the presence or absence of NAC were presented. (C) The representative images and summaries of cell cycle distribution induced by HTPM exposure in the 
presence or absence of NAC were shown. ###P<0.001, ***P<0.001.
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In vivo Antitumor Efficacy in Subcutaneous 
Tumor-Bearing Mice Model
The subcutaneous breast cancer-bearing BALB/c nude 
mouse model was successfully established by injecting 
MDA-MB-231 cells (1×106 cells/mouse), and was used to 
evaluate the in vivo anti-cancer efficacy of HTPM and free 
HF. As shown in Figure 7A, both HF- and HTPM-treated 
groups effectively inhibited tumor growth compared with the 
control group. Furthermore, the TIR value of HTPM treat-
ment was 68.17 ± 1.28%, whereas that of HF treatment was 
only 36.82 ± 2.35%, suggesting that the HTPM group sig-
nificantly outperformed the HF group in tumor inhibition. It 
has been reported that the volume of the tumor in the control 
group increased significantly with the prolongation of time, 
indicating that TPGS had almost no effect on inhibiting the 
tumor growth.46 After stopping drug administration, tumor 
volumes of both treatment groups were largely increased, but 
the growth rate was significantly lower than that of the 
control group (Figure 7B). The mice were euthanized and 

dissected to collect the tumor samples on day 14, and photo-
graphs were taken (Figure 7C). The tumor weights in the 
HTPM-treated group were much lower than those in the 
groups treated with PBS or HF (Figure 7D). It is noteworthy 
that a significant increase in tumor weight occurred in the 
PBS- and free HF-treated groups from days 11 to 14 (Figure 
7E), but only a slight weight increase was found in the 
HTPM-treated group, in accordance with the results in 
Figure 7D. These data suggested that HTPM had stronger 
growth inhibitory effects against breast cancer than free HF 
treatment groups, and showed ongoing inhibitory effects 
after drug withdrawal. As reported in a previous study, after 
IV bolus delivery to mice, HF was distributed rapidly to all 
tissues, except the brain. An IV dose of 1.5 mg/kg produced 
peak plasma HF concentrations of 313–386 ng/mL at 5 min 
after injection. HF persisted in lung, liver, kidney, spleen, and 
skeletal muscle longer than in plasma.33 The short residence 
time in blood circulation and non-specific distribution in the 
body greatly hinder the clinical applications of anti-tumor 
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Figure 6 Influence of HTPM on reactive oxygen species (ROS) and mitochondrial membrane potential (MMP) of MDA-MB-231 cells. (A) The representative images of ROS 
generation in MDA-MB-231 cells exposed to HTPM at various concentrations in the presence or absence of antioxidants NAC. H2O2 was used as the positive control. 
(B and C) The summary and representative images of MMP alteration in MDA-MB-231 cells exposed to HTPM at various concentrations in the presence or absence of 
antioxidants NAC. *P<0.05, #P<0.05, **P<0.01.
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drugs.47 TPGS PMs can extend the circulation time and half- 
life of drugs. For example, scutellarin has a short residence 
time in the circulation, which is rapidly eliminated from the 
blood in rabbits and dogs after a single IV dose. Scutellarin- 
loaded TPGS PMs exhibit a mean residence time of 1474.76 
± 35.79 min, which is 22.7-fold higher than that of commer-
cial injection.48 TPGS PMs can significantly prolong its half- 

life, leading to enhanced circulation. Most importantly, the 
PMs prolong the cycle time and keep the drug stable in the 
body. Thus, TPGS can improve the anti-tumor effects of HF, 
although this needs to be confirmed in follow-up studies.

Next, immunohistochemical analysis was carried out to 
further elucidate the anti-cancer efficacy of HTMP. H&E 
staining of tumor sections indicated that tumor samples from 

Figure 7 In vivo anti-cancer effect of intravenously injected free HF and HTPM from 0th day to 14th day in female BALB/c mice. Tumor volumes (A and B), morphology of 
the harvested tumors (C), tumor weights (D and E) and body weights (F) of nude mice after administration of free HF, HTPM or control (PBS) were exhibited. *P<0.05, 
**P<0.01, ***P<0.001, ###P<0.001.

Figure 8 Histological analysis of main organs and tumors from nude mice treated with PBS, HF and HTPM using H&E staining and TUNEL staining. Images were taken at 
400× magnification.
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the treated groups had a greater necrotic area compared to the 
control group. Tumors from the HTPM-treated group showed 
maximum necrosis. Furthermore, TUNEL staining of tumor 
tissues clearly showed significant apoptosis induced by HTPM 
compared with other treatments (Figure 8). Meanwhile, the 
chronic toxicity of these treatments was also monitored by the 
change in body weights and histologic analysis of major 
organs. The weight of mice in all groups steadily increased 
until the end of the experiment (Figure 7F). No distinct histo-
logic changes were observed in the heart, liver, spleen, lung, 
and kidney after any treatment, suggesting that the mice 
tolerated all treatments well (Figure 8). These results demon-
strate that TPGS can serve as an effective delivery carrier to 
boost the anti-cancer activity of HF against breast cancer with 
excellent biocompatibility.

Conclusion
In this study, HTPMs were successfully fabricated using 
the thin-film ultrasonic method. The optimized HTPM not 
only had a small size with narrow distribution, excellent 
stability, and sustained release behavior but also exhibited 
stronger inhibition than free HF and PTX against TNBCs. 
Furthermore, HTPM induced the apoptosis of breast can-
cer cells by disrupting mitochondria and enhancing ROS 
formation. Moreover, HTPM markedly suppressed in vivo 
tumor growth in tumor-bearing mice and exhibited good 
biocompatibility. These findings indicate that HTPM holds 
great therapeutic promise for TNBCs.

Highlights
● Halofuginone hydrobromide-TPGS-polymer micelles 

(HTPMs) were successfully fabricated using the thin- 
film hydration technique.

● HTPM had a small size with narrow distribution, excel-
lent stability and sustained release behavior.

● HTPM exhibited stronger inhibition against triple- 
negative breast cancer cells than free halofuginone 
hydrobromide and paclitaxel.

● HTPM can induce apoptosis of breast cancer cells by 
disrupting mitochondria and enhancing reactive oxygen 
species formation.

● HTPM markedly suppressed the in vivo tumor growth in 
tumor-bearing mice and exhibited good biocompatibility.
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