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Background: Halofuginone (HF)-loaded TPGS polymeric micelles (HTPM) were successfully fabricated using the thin-film hydration
technique. HTPM via intravenous injection have been demonstrated to exert an excellent anticancer effect against triple-negative breast
cancer (TNBC) cells and subcutaneous xenografts. In the present study, we further explored the potential treatment effect and mechanism of
orally administered HTPM alone and in combination with surgical therapy on TNBC in subcutaneous and orthotopic mouse models.
Methods: Herein, the stability and in vitro release behavior of HTPMwere first evaluated in the simulated gastrointestinal fluids. Caco-2
cell monolayers were then used to investigate the absorption and transport patterns of HF with/without encapsulation in TPGS polymeric
micelles. Subsequently, the therapeutic effect of orally administered HTPM was checked on subcutaneous xenografts of TNBC in nude
mice. Ultimately, orally administered HTPM, combined with surgical therapy, were utilized to treat orthotopic TNBC in nude mice.
Results: Our data confirmed that HTPM exhibited good stability and sustained release in the simulated gastrointestinal fluids. HF was
authenticated to be a substrate of P-glycoprotein (P-gp), and its permeability across Caco-2 cell monolayers was markedly enhanced
via heightening intracellular absorption and inhibiting P-gp efflux due to encapsulation in TPGS polymeric micelles. Compared with
HF alone, HTPM showed stronger tumor-suppressing effects in subcutaneous xenografts of MDA-MB-231 cells when orally
administered. Moreover, compared with HTPM or surgical therapy alone, peroral HTPM combined with partial surgical excision
synergistically retarded the growth of orthotopic TNBC. Fundamentally, HTPM orally administered at the therapeutic dose did not
cause any pathological injury, while HF alone led to weight loss and jejunal bleeding in the investigated mice.
Conclusion: Taken together, HTPM could be applied as a potential anticancer agent for TNBC by oral administration.
Keywords: triple-negative breast cancer, Halofuginone hydrobromide, TPGS polymeric micelles, subcutaneous xenografts, orthotopic
xenografts, oral administration

Introduction
Triple-negative breast cancer (TNBC) is a particularly aggressive subtype of breast cancer that accounts for 10–20% of
all invasive breast cancers.1 TNBC is characterized by its more invasive nature, greater recurrence and metastasis
potentials, and poorer outcomes compared with other major subtypes of breast cancer.2,3 TNBC is not sensitive to
endocrine therapy or HER-2–targeted treatment due to the absence or minimal expression of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER-2) in TNBC cells.4,5 Current treatment
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options for patients with TNBC include a combination of surgery, radiotherapy, and/or systemic chemotherapy. While
chemotherapy remains the standard treatment for TNBC,6 resistance to chemotherapy frequently develops, which results
in a high mortality rate. Therefore, there is an urgent clinical need to develop novel therapeutic strategies for TNBC to
improve survival rates in this patient population.

Halofuginone hydrobromide (HF) is a synthetic analogue of febrifugine derived from the Chinese herb Dichroa febrifuga.7

It has been used to prevent coccidiosis in poultry and treat human scleroderma, as approved by the US Food and Drug
Administration (FDA). In the past two decades, HF attracted increasing attention owing to its beneficial biological effects,
including antifibrotic,8 anti-inflammatory and autoimmune activities,9 as well as antiproliferative, antiangiogenic, and anti-
metastatic effects against multiple types of cancers, as demonstrated in several preclinical studies.10,11 Moreover, HF has been
tested for use as an anticarcinogenic agent for advanced solid tumors in a Phase I clinical trial.12 It is well known that numerous
nanocarriers, including polymeric micelles, could be utilized as excellent drug delivery systems of anticancer agents for
enhancing solubility and permeability, augmenting bioavailability, reducing side effects, and increasing therapeutic
efficiency.13–16 Recently, we have demonstrated that encapsulating HF in TPGS polymeric micelles (HTPM) enhance the
efficacy against subcutaneous TNBC xenografts of nude mice after intravenous administration.17 However, oral administration
is a considerably more convenient route and is often more acceptable to patients, especially for those who need to receive
medications repeatedly, but is not always as efficient as other, more invasive routes. Generally, the kinetics of drug absorption
and distribution may vary significantly between the different routes of administration, and bioavailability following oral
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administration may be relatively lower.18 In mice, HF is not detected in plasma and red blood cells after oral administration;
however, it is easily detectable in the kidneys, liver, and lungs, and persists in these tissues for up to 48 hours, suggesting its
limited oral bioavailability as well as its rapid and wide distribution.19 As shown in a phase I clinical study in patients with
advanced solid tumors, therapeutically effective plasma levels of orally administered HF can be achieved at a dosage that is
well tolerated.12 The “acute” maximum tolerated dose (MTD) is reached at 3.5 mg/day, and the dose-limiting toxicities (DLT)
include nausea, vomiting, and fatigue. At present, HF in a sustained-release formulation to avoid any DLT is being evaluated in
an FDA-approved phase 1b open-label, single- and multiple-ascending–dose study.20 Consequently, the therapeutic potential of
HTPM administered by oral gavage against TNBC should be further investigated in subcutaneous tumor mouse models.

Surgery is one of the important local treatments for breast cancer patients. Surgical treatment can remove tumor lesions
and achieve radical treatment of breast cancer to a certain extent. In terms of local treatment, both breast-conserving surgery
and total mastectomy have an increased risk of local recurrence or distant metastasis, and make no difference in overall
survival.21 Thus, based on the highly malignant characteristics of TNBC, local treatment combined with chemotherapy is
beneficial for abating the risk of tumor recurrence.22 Tumor metastasis requires a local niche to maintain tumor growth, while
a metastatic niche contains various extracellular matrix (ECM) components and enzymes that contribute to the colonization
and proliferation of disseminated cancer cells at a distant site.23 Significantly, growing data have shown that HF can block the
transforming growth factor beta (TGF-β) signaling pathway by inhibiting the phosphorylation and activation of Smad2 and
Smad3, and also by inducing Smad7 expression.24 It is well known that the production of ECM and epithelial–mesenchymal
transition (EMT) of cancer cells can be activated by the TGF-β signaling pathway,25 and thus, inhibition of TGF-β signaling
by HF could effectively impede cancer invasion and metastasis.26 Therefore, it is necessary to explore the efficacy of surgical
treatment combined with HF chemotherapy on TNBC orthotopic tumors.

In the current study, the stability and in vitro release behavior of HTPM were first evaluated in the simulated
gastrointestinal (GI) fluids. Caco-2 cell monolayers were then used to investigate the absorption and transport patterns of
HF with/without encapsulation in TPGS polymer micelles. Subsequently, the therapeutic effect of orally administered
HTPM was examined in subcutaneous tumor xenografts of TNBC in nude mice. Ultimately, orally administered HTPM
combined with surgical therapy were utilized to treat TNBC in mouse orthotopic tumors. This study aimed to confirm the
potential of HTPM as a novel oral therapeutic formulation against TNBC.

Materials and Methods
Materials and Reagents
Halofuginone hydrobromide (HF) was provided by Shanxi Meixilin Pharmaceutical Co., Ltd. (Yuncheng, China). D-α-
tocopherol polyethylene glycol 1000 succinate (TPGS) was purchased from Guangzhou Kafen Biological Technology
Co., Ltd. (Guangzhou, China). Fetal bovine serum (FBS) was provided by Gibco Laboratories (Grand, Island).
Dulbecco’s modified Eagle’s medium (DMEM), trypsin, penicillin, and streptomycin were obtained from Hyclone
Laboratories (Logan, UT). Bcl-2, Bax, and Caspase-3 antibodies were bought from Abcam Biotechnology Co., Ltd.
(London, England). TUNEL kit was purchased from Nanjing Kai-ji Biotech Co., Ltd. (Nanjing, China), while the
immunohistochemistry kit was bought from Abcam Biotechnology Co., Ltd. (London, England). All other reagents and
chemicals were of analytical grade without further purification.

Cell Line Culture
Colorectal carcinoma cell line Caco-2 and breast cancer cell line MDA-MB-231 were maintained in DMEM supple-
mented with 1% penicillin, 1% streptomycin, and 10% FBS in a cell incubator with 5% CO2 at 37°C. These cells were
purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China).

Preparation and Characterization of HF-Loaded TPGS Polymeric Micelles
It has been reported that TPGS could self-assemble to form nano-micelles with critical micellar concentration (CMC) of
13.91 μg/mL.27 Herein, HTPM were prepared using the thin-film hydration method as reported previously.17 Briefly, HF
and TPGS were first dissolved in methanol to obtain the transparent organic phase. Then, the organic phase was gradually
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evaporated to form a thin film on the surface of the distillation flask. The deionized water was further added into the
distillation flask; then, an ultrasonic cell disruption device (JY96-II, Xin zhi Biotechnology Co., Ltd., Ningbo, China)
(300 mV, 20 min) was used to acquire HTPM. The hydrodynamic diameter (HD), zeta potential (ZP), and polydispersity
index (PDI) of the HTPM were measured by dynamic light scattering (DLS) with a Zeta-sizer (Nano ZS90; Malvern
Instruments Ltd., Malvern, New York, USA). The samples at appropriate concentrations were determined with scattering
angles of 90° at 25°C. The morphology was observed by transmission electron microscopy (TEM, JEM-1200EX; JEOL,
Tokyo, Japan).

The stability of HTPM were evaluated in the simulated gastric fluids with pepsin (pH 1.2) and simulated intestinal
fluids with trypsin (pH 6.8). Briefly, HTPM were first incubated with the simulated GI fluids at 37°C. The HD and ZP of
HTPM were then analyzed every hour for the first two hours and for 24 hours.

The in vitro release profiles of HTPM were examined in the simulated GI fluids. The HTPM (5 mL) were sealed in
dialysis bags, and then immersed in the simulated gastric or intestinal fluids (500 mL) at 37°C under magnetic stirring
with 100 rpm. The release medium (1 mL) was taken out at predetermined time intervals and replaced with the same
amount of fresh release medium. The concentrations of HF in the release medium were determined using UV spectro-
photometry (UV-1900; Shimadzu Instruments, Suzhou, China).

Transport Studies of HTPM Across Caco-2 Cell Monolayers
Caco-2 cells were cultured in DMEM supplied with 10% (v/v) FBS and 1% (v/v) penicillin–streptomycin mixture at
37°C under a 5% CO2 atmosphere. For transport experiments, the cells were seeded at a density of 2×105 cells per well
on Transwell® polycarbonate inserts (12-well and 0.4-μm pore diameter; Corning Costar, Cambridge, MA, USA) to
establish the cell monolayers, the integrity of which was ensured by measuring the transepithelial electrical resistance
(TEER) with an epithelial volt ohmmeter (Millipore, Burlington, MA, USA). The cell monolayers were utilized for
transport studies only when TEER values were over 500/cm2. The transport experiments were performed by adding the
HF or HTPM solution (2 μg/mL) to either the apical (AP, 0.5 mL) or basolateral side (BL, 1.5 mL), while the receiving
compartment contained the corresponding volume of the transport medium. After incubation at 37°C for four hours, the
transfer fluids were collected from the BL or AP side and taken to detect HF concentrations by high-performance liquid
chromatography (HPLC). To demonstrate whether HF is a substrate of drug efflux transporter P-glycoprotein (P-gp) and
examine the effect of HTPM on the absorption of HF, the cell monolayers were preincubated with a P-gp inhibitor
verapamil (100 µM) for one hour, and HF or HTPM were then added into the AP or BL sides, respectively; the verapamil
was then co-incubated with HF or HTPM for four hours for the bidirectional transport assay. The apparent permeability
coefficient (Papp) and efflux ratio (ER) of bidirectional transport of HF and HTPM were subsequently compared and
analyzed to evaluate the permeability of HTPM. The Papp and ER were calculated according to the following
equations:28,29

Papp ¼ dQ=dt� AC0

where dQ/dt is the amount of drug transported per unit time, A is the membrane area of the transwell® cell, and C0 is the
concentration of the drug before transport;

ER ¼ Papp BL! APð Þ
�
Papp AP! BLð Þ

where Papp(BL→AP) is the permeability coefficient on the BL→AP side, while Papp(AP→BL) is the permeability
coefficient on the AP→BL side.

To investigate the internalization mechanism of HTPM, the cell monolayers were pretreated with diverse endocytosis
inhibitors, including chlorpromazine (CPZ) (30 µM), MβCD (2 mM), and EIPA (50 µM).30,31 After one hour, HTPM
(0.5 mL) were supplemented on the AP side and co-incubation was continued with the cells for four hours. HTPM
without any inhibitors were utilized as the control group. Finally, the obtained transfer fluids from the BL side were used
for HPLC analysis. In addition, one-way transport on the AP→BL side at 4°C was set up to investigate the role of energy
during transport.
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Animal Experiments
BALB/c nude mice (four weeks old, female) were purchased from the Comparative Medicine Laboratory Animal Center
of Yangzhou University (Yangzhou, China), and reared in the Laboratory Animal Center of Nanjing Agricultural
University (NJAU). All of the animal experiments were performed in accordance with the Guidelines for Animal
Experimentation of NJAU, and the research protocols of subcutaneous and orthotopic TNBC xenograft models were
approved by the Animal Ethics Committee of NJAU (No. 20191217004, 20210317022).

Therapeutic Effect of HTPM Administered Orally on Subcutaneous TNBC in Nude
Mice
A TNBC-bearing mouse model was successfully established by subcutaneous injection of MDA-MB-231 cells (1×106

cells/mouse) into the right thigh of BALB/c nude mice. When the tumor volumes reached 50–100 mm3, the tumor-bearing
mice were weighed and randomly assigned into three groups: control (PBS), HF, and HTPM. In the HF and HTPM groups,
the mice were orally administered with the same dose of 0.25 mg/kg HF on days 0–14 (every two days). The tumor size and
body weight for all of the mice were monitored every two days until the day 17. After the experiment, the animals were
dissected to collect the main organs and tumor tissues for pathological analysis or TUNEL staining. The tumor inhibition
rate (TIR) was calculated according to the following formula:

TIR ¼ 1 � VD=VBð Þ � 100%

where VD and VB represent the mean tumor size in the dosed group and control group, respectively.

Treatment Effect of Orally Administered HTPM Combined with Surgery on
Orthotopic TNBC Mice
MDA-MB-231 cells (1×106 cells/mouse) were injected into the second pair of mammary glands on the right to establish the
orthotopic TNBC mouse models.32,33 The width and length of the tumors were measured using vernier caliper, and the tumor
volume was calculated using the formula V = (a × b2)/2, where a and b represent the longest length and the relatively shorter
width of the tumor, respectively. When the tumor size reached 80–100 mm3, we performed surgical resection of the tumors on
a sterile operating table. Briefly, the mice were exposed to inhalation anesthesia with isoflurane and placed in a supine position,
and the skin of the axillary breast was disinfected with 75% alcohol. A small incision with about 1 cm in length in the breast
was made to remove a part of the tumor, 5–10% of which was left in the body (black arrows were used to mark residual tumors
in the mice) (SupplementaryMaterials, Figure S1). The incision was sutured with 5-0 sutures, and the wound was treated with
iodophor. The mice were kept warm and closely monitored until they awoke.

Twenty mice undergoing surgical resection were randomly divided into four groups as follows: tumor resection surgery
(TRS)+PBS, TRS+TPGS polymeric micelles without HF (FTPM), TRS+HF, and TRS+HTPM. Then, the nude mice were
orally administered with the same volume of either PBS, FTPM, HF, or HTPM on days 0–14 (every two days). The tumor
size and body weight for each mouse were measured every two days until day 17. At the end of the experiment, the animals
were dissected to collect the main organs and tumor tissues for pathological analysis or TUNEL staining.

TUNEL Staining of Tumor Tissues
TUNEL staining was utilized to detect apoptosis in the tumor tissues. Briefly, paraffin-embedded sections were
deparaffinized, and proteinase K (20 μg/mL, 100 μL) was added to each slide to cover the tissue sections. The slides
were incubated at room temperature for 10 to 30 minutes, rinsed three times with PBS, and then blocked by peroxidase
for 30 minutes. TdT (50 μL) and dUTP (450 μL) were mixed uniformly to prepare TUNEL reaction solution, 50 μL of
which was subsequently placed onto the specimen and reacted for one hour in a dark humidified chamber at 37°C. After
washing three times with PBS, labeled horseradish peroxidase (50 μL) was added dropwise to react for 30 minutes at
37°C without protecting from light, which was followed by washing three times with PBS. Next, diaminobenzidine
(DAB) substrate was placed dropwise to initiate a coloration reaction at room temperature for 10 minutes, followed by
washing three times with PBS. Next, hematoxylin counterstaining and hydrochloric acid alcohol differentiation were
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conducted, and then lithium carbonate appeared blue for one minute due to hematoxylin counterstaining. Finally, the
slides were rinsed in ethanol gradient solutions for dehydration, and xylene was utilized for ensuring transparency. The
slides were sealed and examined under a fluorescence microscope. Cells with a nucleus stained with hematoxylin were
blue, whereas the apoptotic cells developed by DAB reagent had a brown-yellow nucleus.

Immunohistochemistry of Animal Tissues
Immunohistochemistry was utilized to investigate the cell surface antigens of the tumor tissues. The paraffin-embedded
sections mentioned above were dewaxed and rehydrated, and the tissue sections were then placed in a repair box filled
with citric acid buffer (pH 6.0) for antigen retrieval in a microwave oven. Then, the sections were placed in 3% hydrogen
peroxide and incubated at room temperature in darkness for 25 minutes. The sections were placed in PBS (pH 7.4) and
shaken with a decolorizing shaker three times for five minutes. Moreover, 3% BSA was added to the center of the
sections to evenly cover the tissues for 30 minutes at room temperature. Next, the sealing solution was gently removed;
primary antibodies, such as Bcl-2, Bax, and Caspase-3 antibody, were incubated overnight at 4°C; and the sections were
subsequently placed in PBS (pH 7.4) and washed by shaking on the decolorizing shaker three times for five minutes.
After the sections were slightly shaken and dried, the tissues were covered with goat anti–rabbit antibody for incubation.
Afterward, DAB chromogenic reaction and nuclear counterstaining were conducted. Eventually, the slices were dehy-
drated and sealed for visualization and analysis under the microscope. Nuclei stained with hematoxylin were blue, and
those expressing the investigated antigens were brownish to yellow.

Statistical Analysis
GraphPad Prism 6.0 (La Jolla, CA, USA) was used to analyze the data. Student’s t-test was utilized to evaluate the
differences between the two groups. The data are shown as the mean ± standard deviation (M±SD). *P < 0.05, **P <
0.01, and ***P < 0.001 were considered statistically significant, statistically extremely significant, and statistically the
most significant, respectively.

Results and Discussion
Characterization of HTPM
Peroral drug delivery is the most convenient and preferred administration route for patients, especially when long-term or
daily use is required. However, the poor water solubility of HF limits its oral delivery as an anticancer agent. Therefore, it
is essential to design appropriate drug delivery systems for HF to achieve improved bioavailability and antitumor
efficacy. At present, numerous nanoparticles, including liposome, nano-emulsion, nanosuspension, and many other
nanocarriers, are available for oral delivery of antitumor drugs.34 Among them, polymeric micelles (PMs) formed by
self-assembly are one of the most promising delivery systems, and they have been developed to effectively deliver
anticancer drugs by oral route.35–37 Compared with other nanoparticles or nano-capsules, PMs have a higher drug loading
capacity, stable structure, long retention time in the body, and few adverse effects.38,39 Therefore, after being designed
appropriately, PMs could be a promising drug carrier for oral delivery of HF.

TPGS not only shows outstanding drug delivery ability because of the special amphiphilic structure, but it can also be
functionalized as an excellent solubilizer, bioavailability enhancer, and stabilizer of hydrophobic drugs due to its large
surface area and bulky structure.27 Herein, HTPM have been successfully prepared by the thin-film hydration method
(Figure 1), as reported previously.17 For oral delivery, the particle size and surface charge of the self-assembled micelles
appear to be the most important parameters, which greatly influence the transport route of micelles through the intestinal
epithelium membrane and determine their stability.40 Thus, the HD, PDI, and ZP were determined by DLS. The optimal
formulation of HTPM had an HD of 17.8 ± 0.5 nm (Figure 2A), which contributes to the penetration of and/or interaction
with dense microvilli (microvillus diameter ~100 nm).17 In addition, the PDI of HTPM was 0.212 ± 0.1, suggesting its
high homogeneity. A recent investigation has shown that the ZP of drug-free TPGS polymer micelles was negative.27

Herein, HTPM were positively charged, with a ZP of 14.40 ± 0.1 mV (Figure 2B), which may be due to the H+

accumulated by amino in the molecule structure of HF. The positively charged HTPM could interact with the negatively
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Figure 1 Preparation process of HTPM. HTPM were prepared using the thin-film hydration method as reported previously. Briefly, HF and TPGS were first dissolved in
methanol to obtain the transparent organic phase. Then, the organic phase was gradually evaporated to form a thin film on the surface of the distillation flask. The deionized
water was further added into the distillation flask; then, an ultrasonic cell disruption device (300 mV, 20 min) was used to acquire HTPM.

A

B C

Figure 2 Characterization of HTPM. Hydrodynamic diameters (A) and zeta potentials (B) of HTPM were determined by dynamic light scattering. The surface morphology
(C) of HTPM was observed by transmission electron microscopy (TEM).
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charged intestinal mucus due to electrostatic interactions, thereby contributing to the prolonged intestinal retention time.
Transmission electron microscopy (TEM) was applied to further observe the morphology of HTPM. HTPM appeared
approximately spherical with uniform distribution (Figure 2C), implying their good stability.41,42

Stability of HTPM in GI Fluids
Our previous study demonstrated that compared with free HF, HTPM exhibited excellent storage stability, dilution
tolerance, and sustained release in a pH-dependent manner.17 Intended to be an oral delivery carrier, the stability of
HTPM should be further investigated in the harsh GI environment to evaluate whether they are degraded before reaching
the absorption sites. As shown in Figure 3B, the ZP of HTPM slightly varied with the pH change of the simulated GI
fluids, and still remained positively charged in the simulated gastric fluids with pepsin (pH 1.2) and intestinal fluids with
trypsin (pH 6.8). Furthermore, the HD of HTPM did not significantly change with the exposure to the simulated gastric
fluids or intestinal fluids over 24 hours (Figure 3A). In addition, the weak interactions and steric repulsion interactions
(electrostatic) among the TPGS molecules from nano-micelles improved the structural integrity of the self-assembly
nanomicelles.27 These data suggest that HTPM can maintain high stability in the simulated GI fluids.

In vitro Release of HTPM
As shown in our previous study,17 HTPM possessed an encapsulation efficiency of 90.6% ± 0.85% and sustained
release behaviors in PBS with varied pH values. Herein, the release profiles of HTPM in the simulated gastric fluids or

A B

C D

Figure 3 Stability of HTPM and in vitro drug release profiles of HF and HTPM in the simulated gastrointestinal fluids. The stability of HTPM in the simulated gastric (pH 1.23)
and intestinal (pH 6.8) fluids were evaluated by the change of hydrodynamic diameter (A) and zeta potential (B) during 1-day storage. In vitro drug release profiles of HTPM
and HF in the simulated gastric (C) and intestinal (D) fluids were investigated using the dialysis bag method.
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intestinal fluids were further monitored using the dialysis bag technique to evaluate its potential of oral delivery. The
results showed that the cumulative release percentage (CRP) of HF from HTPM was 56.72% within 24 hours in the
simulated gastric fluids, while that of free HF was 80.03% (Figure 3C), indicating that HTPM had low release
characteristics in a strong acidic environment. The CRP of HF from HTPM from 0 to 8 hours was 51.8%, while
that of free HF was 53.25%, indicating the lack of obvious difference. However, the CRP of HF from HTPM from 8 to
12 hours was only 8.34%, while that of free HF was 19.6%, which revealed the sustained release. Furthermore, the
CRP of HF from HTPM within 24 hours in the simulated intestinal fluids was 67.34%, while that of free HF was
82.61% (Figure 3D), suggesting the excellent sustained release kinetics of HTPM. The CRP of HF from HTPM from 0
to 8 hours was only 46.96%, while that of free HF was 54.39%, which demonstrated the slow release of HF from
HTPM in the simulated intestinal fluids. Moreover, the CRP of HF from HTPM from 8 to 12 hours was only 5.88%,
while that of free HF was 18.17%. Interestingly, HTPM exhibited a lower CRP in the simulated intestinal fluids than in
PBS with similar pH, which may be due to protein corona formation by the adsorption of trypsin on the micelles’
surfaces.43

Permeability and Transport Mechanism of HF Across Caco-2 Cell Monolayers
As depicted in Table 1, the efflux rate (ER) of HF in Caco-2 cell monolayers was 1.84, which was more than the value of
1.5 in FDA regulations;44 this finding suggests that HF may be a substrate of P-gp. The Papp value (AP→BL) of HF
markedly increased from (4.73 ± 0.28) × 10−6 cm/s to (6.25 ± 0.75) × 10−6 cm/s, while the Papp value (BL→AP)
decreased from (8.72 ± 0.16) × 10−6 cm/s to (5.9 ± 0.1) × 10−6 cm/s, and the corresponding ER value decreased to 0.94
upon incubation with a typical P-gp inhibitor verapamil, thereby further corroborating HF as the substrate of P-gp.45 The
efflux transporters expressed in the intestinal cells can limit drug absorption.46 It is well known that TPGS can suppress
the efflux of P-gp by inhibiting the ATPase activity.47 In the present study, we found that the Papp value (AP→BL) of
HTPM was significantly increased, while their Papp value (BL→AP) was markedly decreased compared with that of HF
(Figure 4A and B), and the resultant ER of HTPM was reduced to 1.21, demonstrating that polymeric micelles self-
assembled by TPGS can inhibit the efflux of P-gp against HF in Caco-2 cell monolayers. Incubation with verapamil
further influenced the bidirectional Papp value and ER of HTPM, but there was no significant change compared with that
of HTPM alone. Generally, HTPM can increase the absorption of HF by Caco-2 cells (AP→BL) and reduce the efflux of
P-gp on HF (BL→AP) to improve the permeability to HF in Caco-2 cells.

As displayed in Figure 4C, the Papp values of HF and HTPM at 4°C were lower than those at 37°C. Low temperature
is a known inhibitor of cell metabolism, and the uptake of a tracer via pinocytic/endocytic route is inactivated at 4°C.48

Therefore, it was predicted that HTPM mainly entered Caco-2 cells via an energy-dependent active transport mode. The
endocytic pathways of nanoscale systems include phagocytosis, clathrin-dependent endocytosis, caveolae-mediated
endocytosis, clathrin/caveolae-independent endocytosis, and macropinocytosis.28,49,50 Hence, various endocytic inhibi-
tors were utilized to pretreat Caco-2 cells so as to investigate the mechanism of HTPM entrance into cells (Figure 4D).
The results showed that the Papp value of HTPM co-incubated with MβCD was significantly reduced compared with that
of HTPM without any inhibitors, while neither chlorpromazine nor EIPA produced significant changes in the Papp value

Table 1 Permeability and Efflux Rate (ER) of HF and HTPM Transport into Caco-2 Cell Monolayers

Reagents Concentration (μg/mL) Papp (×10−6cm/s) Efflux Rate (ER)

AP→BL BL→AP

HF – 2 4.73±0.28 8.72±0.16 1.84
+ 6.25±0.75* 5.9±0.1** 0.94

HTPM – 5.72±0.31* 6.91±0.44** 1.21

+ 5.88±0.28** 6.56±0.48** 1.12

Notes: “+” and “-”: treatment with/without verapamil; Papp values in the same column are compared with that in the first row. P < 0.05 means
significant difference marked with*, and P < 0.01 represents extremely significant difference marked with**.
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of HTPM. These data indicate that HTPM enter Caco-2 cells mainly through a caveolin/lipid raft–mediated endocytic
pathway.

Antitumor Effect in vivo
Therapeutic Effect of Orally Administered HTPM on Subcutaneous TNBC Xenografts
Effects of orally administered HF and HTPM on the growth of subcutaneous TNBC xenografts were investigated
(Figure 5A). MDA-MB-231 cells (1 × 106 cells/mouse) were implanted subcutaneously in BALB/c nude mice, which
were given HF or HTPM (0.25 mg/kg) by gavage when the tumor volume was 50–100 mm3. The tumor size of all of the
groups gradually enlarged as a function of time, and a significant reduction in tumor size was observed in the HF-treated
nude mice 12 days after oral administration in comparison to the untreated mice. More interestingly, the TIR value of
HTPM treatment was 70.19% ± 1.56%, whereas that of HF treatment was only 47.55% ± 1.32%, indicating that HTPM
achieved stronger inhibition of the tumor progression than did HF (Figure 5B). The mice were euthanized and dissected to
collect the tumor samples on day 17, and photographs were taken (Figure 5C). The tumor weights in the HTPM-treated
group were much lower than those in the groups treated with PBS or HF (Figure 5D). These data indicated that HTPM
exhibited stronger anticancer efficacy toward breast cancer than free HF. A previous pharmacokinetics study has suggested
limited oral bioavailability of HF in CD2F1 mice and Fischer 344 rats.19 PMs could enhance the oral bioavailability and
antitumor efficacy of poorly soluble drugs.51,52 Hence, TPGS polymeric micelles could improve the inhibitory effect of HF
against breast cancer, although this needs to be confirmed in a follow-up pharmacokinetics study.

H&E staining of the tumor sections (Figure 6) revealed that tumor samples treated with HF or HTPM had a larger
necrotic area than those from the PBS group, and tumors from the HTPM-treated group had the maximum amount of
necrosis. Furthermore, TUNEL staining of the tumor tissues clearly detected higher apoptosis induced by HTPM

A B

C D

Figure 4 Permeability and transport patterns of HTPM across Caco-2 cell monolayers. The Papp values of HF and HTPM treated with (+) /without (-) verapamil were
detected in the AP→BL side (A) and BL→AP side (B), respectively. Effect of temperature on the Papp of HTPM across Caco-2 cells monolayer was studied at 4°C and 37°C
(C). Effect of various endocytosis inhibitors on the Papp values of HTPM (D) was analyzed. *P < 0.05, **P < 0.01.
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compared with other treatments. To determine the apoptotic potential of any compound, evaluation of Bax/Bcl-2 ratio is
an important parameter, where a high Bax/Bcl-2 ratio indicates cells with apoptotic features. Additionally, Bax/Bcl-2
ratio is correlated with the increase in caspase-3 activity. Consequently, the levels of apoptosis-related proteins such as
Bcl-2, Bax, and Caspase-3 were determined in the tumor issues by immunohistochemistry. As shown in Figure 7, HF
markedly upregulated the expression of Bax and Caspase-3, and downregulated the expression of Bcl-2. More impor-
tantly, these changes were further augmented by HTPM. Collectively, these data indicated that HTPM could enhance the
inhibitory effect of HF against the growth of TNBC xenografts.

The in vivo toxicity of these treatments was also monitored by the change in body weight and histologic analysis of
major organs. Oral administration of HF caused the loss of body weight in mice, but this phenomenon was not found in
PBS or HTPM (Figure 5E), or in the intravenous injection of HF in our previous study.17 Furthermore, the body weight
of nude mice rapidly increased three days after the withdrawal of HF (Figure 5F). According to the H&E staining,
congestion was found only in the jejunum of some mice, and no lesions appeared in other major organs and tissues,

-7
Transplantation
of MDA-MB-231

cells

0 2 4 6 8 10 12 14 17

Analysis

PBS

HF

HTPM

A B C

D FE

Figure 5 Anticancer effect of HTPM orally administrated against subcutaneous TNBC xenografts in nude mice. Pattern diagram (A), tumor volumes (B), morphology of the
harvested tumors (C), tumors weights (D), body weights (E and F) of nude mice after oral administration of PBS, HF, or HTPM were exhibited. **P < 0.01, ***P < 0.001.

Figure 6 Histological analysis of main organs and tissues from subcutaneous tumor-bearing mice treated with HTPM orally administrated. All the samples were analyzed
using H&E staining. The place pointed by the black solid arrow in the jejunum picture of HF group represents the phenomenon of jejunum hemorrhage. Further, places
pointed by the black dotted arrow in the tumor picture of HF group and HTPM group demonstrate generation of apoptosis for tumor tissues. Images were taken at 200×
magnification.
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including the heart, liver, spleen, lung, kidney, cecum, and colon. It has been reported that HF predominantly causes GI
toxicity consisting of nausea and vomiting in patients with advanced solid tumors, which is chronologically related to the
oral administration of the drug.12 Most patients experience nausea and vomiting within 30 minutes to one hour after
ingestion of the drug. Several patients experienced bleeding complications during treatment with HF, including gastric,
intestinal, and hepatic bleeding. The high number of observed bleeding events points to a possible relationship with the
oral administration of HF, and thus chronic administration at the dose of 0.5 mg/day is recommended for Phase II clinical
studies.12 In the current study, HTPM did not lead to body weight loss and breeding of nude mice, which may be due to
its high encapsulation efficiency and sustained release behavior in the intestines mentioned above.

Combined Therapeutic Effect of Orally Administered HTPM and Surgery on
Orthotopic TNBC in Nude Mice
To evaluate the combined effect of orally administered HTPM and surgery on the TNBC growth within the breast
microenvironment, MDA-MB-231 cells were injected into the second pair of mammary glands on the right to establish
the orthotopic TNBC in nude mice.53 As displayed in Figure 8A, resident tumor tissues continued to enlarge as a function
of time after surgical resection. No complete growth arrest but rather a significant delay in tumor growth was observed in
HF- and HTPM-treated mice compared with the PBS- and FTPM-treated groups, although the tumor tissues had become
smaller due to surgical resection. Furthermore, we also found that the TIR value of HTPM treatment was 72.24% ±
1.56%, whereas that of HF treatment was only 43.57% ± 1.15%, suggesting the HTPM group significantly outperformed
the HF group in tumor inhibition. The mice were euthanized and dissected to collect the tumor samples on day 17, and
photographs were taken (Figure 8B). The tumor weights in the HTPM-treated group were the lowest among the treated
groups (Figure 8C). Subsequently, the in vivo toxicity of these treatments, especially in the TRS+HF group, was also
observed as the alteration in body weight. Namely, oral administration of HF caused the loss of body weight (Figure 8D)

PBS

TUNEL 
Staining

HF HTPM

Bcl-2

Bax

Caspase-3

Figure 7 Apoptosis of tumor tissues from subcutaneous tumor-bearing mice treated with HTPM orally administrated. TUNEL staining was utilized to detect the apoptosis of
tumor tissues, and the expression of apoptosis-related proteins including Bcl-2, Bax and Caspase-3 were investigated using immunohistochemistry. Places pointed by the brown
solid arrow in the TUNEL Staining, bax and caspase-3 for HF and HTPM represent generation of apoptosis for tumor tissues, which appear brown color. Furthermore, Places
pointed by the black solid arrow in the bcl-2 for HF andHTPM indicate anti-apoptosis for tumor tissues. Images were taken at 400×magnification. *P < 0.05, **P < 0.01, ***P < 0.001.
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and jejunum bleeding in mice (Supplementary Materials, Figure S2), but these findings were not found in other groups.
This phenomenon disappeared upon the withdrawal of orally administered HF (Figure 8E).

Similar to the subcutaneous TNBC treatment by gavage, H&E staining of orthotopic tumor sections illustrated that
the tumor samples treated with HF or HTPM had a larger necrotic area than those from the PBS- and FTPM-treated
groups, and tumors from the HTPM-treated group still had the maximum amount of necrosis (Figure 9). Moreover,
TUNEL staining of the tumor tissues clearly indicated higher apoptosis levels caused by HTPM than by other treatments.
The apoptosis-related proteins such as Bcl-2, Bax, and Caspase-3 were regulated by HF and HTPM treatment but not by
FTPM treatment. As shown in Figure 10, compared with HF, HTPM more significantly upregulated the expression of
Bax and Caspase-3, and downregulated the expression of Bcl-2. Hence, these results demonstrated that HTPM could
enhance the inhibitory effect of HF on the growth of orthotopic TNBC xenografts after surgery.

The in vivo toxicity of these treatments was also monitored by the changes in body weight and histological analysis of
jejunum and lungs. Oral administration of HF, but not of HTPM or FTPM, caused a significant loss of body weight in mice,
but the effect was quickly reversed three days after the withdrawal of HF. In addition, jejunum congestion was found on the
H&E staining pictures from partial mice treated orally with HF but not in those treated with FTPM or HTPM, indicating that
HTPM are safer and can be better used in clinical medicine. It has recently been reported that patient-derived orthotopic
xenograft models of TNBC display varying degrees of distant metastatic potential, detected in the lung (20/57, 35%), liver
(7/57, 12%), and brain (1/57, less than 2%).54,55 A number of studies have also shown that orthotopic xenografts in mice
generated by injecting TNBC cell line MDA-MB-231 could result in lung metastasis.56,57 In the current study, the lungs of
the tumor-bearing mice demonstrated metastatic foci, as indicated by the solid arrows on H&E slides when treated with PBS
or FTPM, whereas the lungs from HF- or HTPM-treated mice exhibited normal histological features without any tumors.
The metastasis in the lungs was displayed whiteness via visual inspection (Figure 8F). Compared with other groups (PBS,
FTPM, and HF), the HTPM group had the lowest degree of lung metastasis, illustrating that HTPM possessed the excellent
ability to inhibit the lung metastasis of TNBC. Simultaneously, compared with the lungs invaded by breast cancer
parenchymal cells (black point arrow) in the PBS and FTPM groups, the lungs in the HF and HTPM groups were relatively
normal (Figure 9). These results confirm that HF and HTPM can effectively impede the lung metastasis of TNBC in the
orthotopic mice, which has also been reported by several previous studies.24 For example, HF has been reported to suppress
the migration and invasion of MCF-7 cells in vitro.22 Increased TGF-β expression is a hallmark of cancer progression and it

TRS+PBS

TRS+FTPM

TRS+HF

TRS+HTPM

F

A C

E

B
TRS + PBS

TRS + FTPM

TRS + HF

TRS + HTPM

D

Figure 8 Therapeutic effect of HTPM administrated orally combined and surgery on orthotopic TNBC in nude mice. Tumor volumes (A), morphology of the harvested
tumors (B), tumors weights (C), body weights (D ând E) and morphology of lung metastasis (F) of orthotopic tumor-bearing mice with surgical resection after oral
administration of PBS, FTPM, HF and HTPM were exhibited. Places pointed by the black solid arrow in the (F) were displayed appearance of white metastases in the lungs.
*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 10 Apoptosis of tumor tissues from orthotopic tumor-bearing treatedmice with TRS+PBS, TRS+FTPM, TRS+HF and TRS+HTPM. Places pointed by the brown solid arrow in
the TUNEL Staining, bax and caspase-3 for TRS+HF and TRS+HTPM represent generation of apoptosis for tumor tissues, which appear brown color. Furthermore, Places pointed by
the black solid arrow in the bcl-2 for TRS+HF and TRS+HTPM indicate anti-apoptosis for tumor tissues. Images were taken at 400× magnification. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 9 Histological analysis of lungs (200×), jejunums (100×) and tumors (200×) from orthotopic tumor-bearing mice treatedwith TRS+PBS, TRS+FTPM, TRS+HF and TRS+HTPM
using H&E staining. Places pointed by the black point arrow and black box area in the lung slices picture for the TRS+PBS group and TRS+FTPM group were showed lungs appear or
were filled with breast cancer parenchyma cells. Further, the place pointed by the black solid arrow in the jejunum picture of TRS+HF group represents the phenomenon of jejunum
hemorrhage. Alternatively, places pointed by the black dotted arrow in the tumor picture of TRS+HF group and TRS+HTPM group demonstrate generation of apoptosis for tumor
tissues. Images were taken at 200× and 100× magnification.
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contributes to the invasion and metastasis of tumors, including TNBC. It is well known that HF is an inhibitor of the TGF-β/
Smad3 cascade.58 Therefore, HF has also been demonstrated to be an effective therapy for the treatment of TNBC
metastasis though the inhibition of TGF-β and BMP signaling. Furthermore, HF also suppresses the transcription of the
MMP-2 gene, which is associated with a marked decrease in ECM invasion in vitro and lung colonization by bladder
carcinoma cells.59 In summary, HTPM suppress the lung metastasis of TNBC and decrease the gastrointestinal toxicity of
orally administered HF in orthotopic mouse models.

Conclusion
In the current study, the as-prepared HTPM with smaller sizes and a uniform distribution had the excellent stability and
sustained release behavior in the simulated GI fluids. TPGS polymeric micelles not only effectively enhanced the
intestinal absorption via inhibiting the efflux of P-gp but also increased the cellular permeability to HF. Indeed, compared
with HF, orally administered HTPM significantly impeded GI toxicity in the subcutaneous tumor mouse models.
Moreover, HTPM administered by gavage markedly strengthened the therapeutic effect of HF against the residual tissues
of TNBC orthotopic xenografts after surgical resection, and more importantly, it drastically inhibited the lung metastasis
of TNBC. Taken together, HTPM deserve further study to explore its therapeutic potential for treating the metastasis of
TNBC patients in clinical settings.
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