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Abstract
Breast cancer is the leading cause of cancer death among women and almost all of 
the breast cancer-caused mortality is related to metastasis. It has been reported that 
glucocorticoid facilitates the metastasis of breast cancer in mice, and mifepristone 
can antagonize the effect of glucocorticoid. Paclitaxel is one of the important drugs 
in the treatment of breast cancer. Mifepristone combined with paclitaxel could be 
an effective strategy for inhibiting breast cancer metastasis. However, their inherent 
defects, in terms of short blood circulation half-life and lack of tumor targeting, not 
only limit their effectiveness but also cause adverse reactions. Therefore, our aim 
is to explore a novel protocol against breast cancer metastasis, further optimize its 
therapeutic efficacy by a nanodelivery system, and explore its mechanism. Herein, 
a paclitaxel-conjugated and mifepristone-loaded hydrogel (PM-nano) was prepared 
by self-assembly. Its characterizations were studied. The antimetastatic effect was 
evaluated in vitro and in vivo and its mechanism was also explored by western blot 
assay. The resultant PM-nano was developed with favorable water solubility and good 
biocompatibility. Moreover, PM-nano displayed increased cell uptake properties and 
stimulated drug release in the tumor micro-acidic environment. The PM-nano was 
more effective in inhibiting the proliferation and metastasis of breast cancer than 
other groups in vitro and in vivo. The PM-nano might inhibit metastasis through gluco-
corticoid receptor/receptor tyrosine kinase-like orphan receptor 1 and MMPs. Taken 
together, PM-nano showed superior antimetastatic effects against breast cancer and 
excellent biocompatibility in vitro and in vivo, providing a new option for limiting 
metastasis.
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1  |  INTRODUC TION

Breast cancer is the most common malignancy in the world and the 
leading cause of cancer death in women.1 According to the statistics, 
more than 90% of breast cancer-related mortality is closely related 
to metastasis.2 Previous reports have revealed that glucocorticoid 
(DXM) facilitates the metastasis of breast cancer.3,4 Glucocorticoid 
receptor antagonist (MIF) can antagonize the effect of DXM by 
competitively binding with GR to improve the therapeutic effect of 
breast cancer.4-8 In addition, among various drugs, taxanes, such as 
PTX, are the cornerstone of chemotherapy for the prevention and 
treatment of breast cancer metastasis.9 Therefore, the combination 
of PTX and MIF could be a potential therapeutic strategy for breast 
cancer metastasis.

However, short blood circulation half-life induced by the inade-
quate water solubility, poor distribution in tumors, and some side-
effects to normal tissues dramatically limited the antitumor effect of 
PTX and MIF in vivo.9,10 Therefore, solutions to these problems are 
urgently needed. Numerous researchers have reported that nano-
materials could act as appropriate drug delivery carriers to improve 
drug bioavailability and decrease adverse effects.11-16 Among vari-
ous nanomaterials, nanofiber-structured supramolecular hydrogels 
are considered to be commendable nanocarriers for anticancer drug 
delivery because of their simple preparation, controllable drug load-
ing, and high stability.17

Based on the above, integrating PTX and MIF into a supramo-
lecular hydrogel could effectively overcome the inherent limitations 
of the two drugs and effectively inhibit metastasis of breast cancer. 
Herein, PTX-conjugated and MIF-loaded supramolecular hydrogel 
(PM-nano) was prepared. It showed improved solubility of the two 
drugs, favorable biocompatibility, and enhanced tumor inhibition 
and antimetastatic effects in vitro and in vivo. The mechanism of 
inhibiting breast cancer metastasis was also discussed. This simple 
and effective combination strategy could provide a novel insight into 
solving practical problems in breast cancer treatment.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Paclitaxel, SA, MIF, DXM, pyridine, Na2CO3, paraformaldehyde, 
FITC, DAPI, Triton X-100, MTT, and D-luciferin potassium salt were 
all purchased from Shanghai Macklin Biochemical Co., Ltd. All the 
solvents, including acetone, methanol, polyoxyethylene castor oil, 
ethanol, and DMSO were obtained from J&K Scientific Ltd, and 
used without further purification. DMEM, RPMI-1640, FBS, and 
penicillin-streptomycin solution were purchased from Gibco Life 

Technologies. MCF-7, MDA-MB-231, and 4T1 cells were maintained 
in our laboratory.

2.2  |  Synthesis and characterization of SA-
modified PTX compound

Succinic anhydride-modified PTX compound was synthesized ac-
cording to Figure  S1. Briefly, PTX (0.5  g) and SA (0.9  g) were dis-
solved in pyridine (12 mL) and the resultant mixture was stirred at 
room temperature. Five hours later, the solution was evaporated to 
dryness and the residue was treated with water (30 mL). After stir-
ring for 0.5  hours, the precipitate was filtered and then dissolved 
in acetone (10  mL). Water was slowly added and the fine crystal 
was collected by filtration. The chemical structure of PTX-SA was 
confirmed by 1H NMR (Bruker) spectrometry and HRMS (Thermo 
Finnigan LCQ AD System).

2.3  |  Preparation of hydrogels

Succinic anhydride-modified PTX compound (4 mg) and MIF (43 µg) 
were dispersed in 300 µL PBS containing Na2CO3 (445.2 µg). After 
sonication at room temperature, PM-nano was formed by the self-
assembly process. In a similar way, FITC@Hydrogel was prepared by 
adding FITC, and P-nano was prepared without adding MIF.

2.4  |  Grouping

In order to verify that combined use of MIF and PTX can enhance 
the efficacy, and PM-nano can improve the antimetastatic effect, 
cells and animals were divided into seven groups: one experimen-
tal group (PM-nano group), one blank control group (no medica-
tions), and five drug control groups (PM group [PTX + MIF], P-nano 
group, P group [PTX], PD group [PTX  +  DXM], and PMD group 
[PTX + MIF + DXM]).

2.5  |  Characterizations

The size distribution, UV-vis absorption spectra, zeta potential, and 
CD spectra of hydrogels were measured on a dynamic light scattering 
spectrometer (BI-200SM; Malvern), UV-vis spectrophotometer (UV-
2550; Shimadzu), zeta potential analyzer (ZetaPALS; Brookhaven), 
and BioLogic (MOS-450) system, respectively. The rheology test was 
used to study the formation, stability, and viscoelasticity by a rheom-
eter (AR 1500ex; TA Instruments). Moreover, the micromorphology 
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was characterized by TEM. Then PM-nano was dispersed and incu-
bated in serum at 37°C for 24 hours. The mixture was imaged by TEM 
at the predetermined time point to evaluate the structure stability.

2.6  |  Drug release and uptake in vitro

Drug release of PM-nano hydrogel was determined by dialysis and 
HPLC. After treated with free FITC or FITC@Hydrogel for 4 hours, 
the fluorescence intensity in breast cancer cells were semiquanti-
tatively analyzed by ImageJ software. The contents of free PTX, 
free MIF, and PM-nano in breast cancer cells were measured by 
HPLC after incubating 4 hours with free MIF, free PTX, or PM-nano 
[Correction added on 4 February 2022, after first online publication: 
In section 2.6 of Materials and Methods, the phrase ‘after incubating 
24 hours with PM-nano or PM’ in the third sentence was corrected 
to ‘after incubating 4 hours with free MIF, free PTX, or PM-nano’ in 
this version.] The internalization of PM-nano in 4T1 cells was then 
investigated by TEM after 4 hours of incubation. The cellular uptake 
mechanism was also studied by quantifying the intracellular concen-
tration of PTX with HPLC after incubation with PM-nano, MβCD, 
amiloride, and chlorpromazine.

2.7  |  Biocompatibility and pharmacokinetics

The RBC suspension was incubated with the materials for 3 hours 
at 37°C to study the hemolysis ratio of PM-nano. Hematological 
analysis of mice was undertaken on days 1 and 7 after treatment. In 
order to study the pharmacokinetics, the drug concentration in the 
venous blood of rats and in the tumor, heart, liver, spleen, lung, and 
kidney of 4T1-bearing mice treated with materials were determined 
by liquid chromatography-tandem mass spectrometry (LCMS-8060; 
Shimadzu) at given time points.

2.8  |  Functions of drugs in vitro

Briefly, after the materials and cells were coincubated for 0, 6, 12, and 
24 hours, photographs were taken by a light microscope (Leica) and the 
scratch areas were measured using ImageJ software. The wound heal-
ing percentage (%) = (scratch area at 0 hour − scratch area of appointed 
time) / scratch area at 0 hour × 100%. In the Transwell invasion assay, 
the cells that migrated to the bottom of the filter membrane were 
fixed, stained, imaged, and counted after coincubation for 24 hours. 
Moreover, after the cells were treated with materials for 24 hours, MTT 
and DMSO were added. The optical density was measured at 490 nm 
by a microplate reader. The cell survival rates were calculated, and IC50 
values were calculated with GraphPad Prism 5 software. The expres-
sion of ROR1 (Abcam), β-actin (Proteintech), MMP2 (Wanleibio), and 
MMP9 (Wanleibio) in PM-nano, PD, and control group were shown by 
Imager Lab software in the western blot assay.

2.9  |  Functions of drugs in vivo

The mice were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. The experimental protocol was approved 
by the Animal Care Committee of Chinese Academy of Medical 
Sciences and was in compliance with the guidelines for animal ex-
periments and the provisions of the Declaration of Helsinki. One 
million 4T1-Luc cells were injected into the mammary fat pad of 
each healthy 6-week-old female BALB/c mouse. When tumors grew 
to approximately 100  mm3, which was defined as the first day of 
treatment, the mice were randomly divided into seven groups (n = 8) 
for material treatment, measurement, in vivo bioluminescence 
imaging, euthanasia, anatomy, and H&E staining. Tumor volume 
(mm3) =  length × width2/2. The mice were killed when the tumor 
volume reached 2000 mm3 or on day 21.

2.10  |  Statistical analysis

SPSS 22.0 software was used for statistical analysis. All data are 
shown as mean ± SD. The statistical significance of difference was 
determined by Student’s t test, and P < .05 was defined as statisti-
cally significant.

3  |  RESULTS

3.1  |  Preparation of hydrogels

The hydrogelator PTX-SA was synthesized through the esterification 
of PTX and SA (Figure S1), and confirmed by 1H NMR (Figure S2) and 
HRMS (Figure S3). We successfully prepared stable supramolecular 
hydrogel consisting of PTX-SA and MIF (PM-nano) after simple soni-
cation, and used PTX-SA alone to form hydrogel (P-nano) as a control 
(Figure 1Aa,b). After water was added, the hydrogels could be trans-
formed into clear and homogeneous solutions (Figure  1Aa′,b′). In 
comparison, the free PTX solution (with the same PTX concentration 
as PM-nano) and the free MIF solution (with the same MIF concentra-
tion as PM-nano) were turbid and not homogeneous (Figure 1Ac′,d′).

3.2  |  Characterizations of hydrogels

As shown in Figure S4, the average hydrodynamic size of the PM-
nano was 67.6 ± 6.6 nm, which was a little larger than that of P-nano 
(61.3 ± 5.2 nm). Free PTX-SA and free MIF showed maximum ab-
sorption peaks at approximately 225 nm and 310 nm, respectively 
(Figure S5A). They were almost superimposed with the spectra of 
PM-nano, providing evidence for the successful loading of MIF on 
the PTX-SA-based nanofibers. Figure S5B shows the zeta potential 
of P-nano was −14.6 ± 2.9 mV as a result of the carboxyl and hydroxy 
groups in the PTX-SA molecules. After being loaded with MIF, the 
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zeta potential of PM-nano was decreased to −17.7 ± 1.7 mV due to 
the hydroxy groups in the loaded MIF molecules.

Rheology tests (Figure 1B,C) showed that the curves of storage 
moduli (G′) were always higher than those of loss moduli (G″) for 
both PM-nano and P-nano, further demonstrating the formation 
of the two hydrogels. In addition, the value of G′ and G″ displayed 
weak frequency dependence and strain dependence, indicating the 
good stability and high viscoelasticity of the hydrogels. The micro-
morphology was characterized by TEM. As shown in Figures 1D and 
S6, there were plenty of nanofibers with micrometer length in the 
TEM images and they formed a dense net structure by winding with 
each other. Although the nanofibers gradually became shorter and 
thinner with the prolongation of coincubation time, a large number 
of small fibers still existed in the serum after 10  hours of incuba-
tion (Figure  S7), suggesting the favorable stability of PM-nano in 
the blood. The CD spectra (Figure 1E) revealed that the absorption 
spectra of MIF solution and PTX-SA solution were ruleless, suggest-
ing the random distribution of these two free molecules. However, 
PM-nano and P-nano both showed a positive peak at approximately 
229 nm and negative peak near 246 nm, indicating that a typical β-
sheet conformation in the nanofibers and the loading of MIF did not 
disrupt the inner order of the secondary structure.

3.3  |  Drug release and uptake in vitro

The drug release behavior of PM-nano under different pH condi-
tions was investigated through HPLC. As shown in Figure 2A, at pH 

7.4, which simulated normal physiological conditions, only 53.1% of 
loaded PTX and 56.9% of loaded MIF was released from the PM-
nano after incubation for 48  hours at 37°C, whereas the release 
rate of the two drugs was significantly accelerated at pH 5.5 (81.4% 
for PTX and 91.6% for MIF). Figures 2B, S8, and S9 showed FITC@
Hydrogel had more distinct green fluorescence than free FITC in 
MCF-7 and MDA-MB-231 cells. Similarly, the amount of PM-nano 
measured by HPLC in each breast cancer cell was approximately 
2-3-fold higher than that of free drugs (Figure 2C,D). As shown in 
Figure S10, nanofiber aggregates and flexuous nanofibers were ob-
served in the lysosome and cytoplasm, respectively, of cells treated 
with PM-nano, suggesting that PM-nano could be smoothly internal-
ized by tumor cells. In addition, the cellular uptake of PM-nano at 
4°C was almost one-tenth of that at 37°C (Figure S11). With the ad-
dition of MβCD during the cellular uptake process, the intracellular 
PM-nano concentration dramatically decreased to 16.9% compared 
with that of the cells free of endocytosis inhibitor treatment.

3.4  |  Biocompatibility and pharmacokinetics

As shown in Figure  3A,B, there was inappreciable hemolytic phe-
nomenon after the incubation of RBCs with PM-nano and P-nano; 
even at the highest concentration (0.5 mg/mL), their hemolysis ra-
tios were clearly lower than other groups. Subsequently, hematology 
analysis was undertaken on mice at the days 2 and 8 after intravenous 
injection. All the hematological indicators were in normal ranges and 
displayed no obvious variations after treatment (Figure 3C).

F I G U R E  1  Characterizations of paclitaxel (PTX)-conjugated and mifepristone (MIF)-loaded hydrogel (PM-nano) and PTX hydrogel (P-
nano). A, Photographs of P-nano hydrogel, PM-nano hydrogel, free PTX solution with the same PTX concentration as PM-nano, and free 
MIF solution with the same MIF concentration as PM-nano before (a, b, c, d) and after (a′, b′, c′, d′) the addition of equal volume of water. B, 
Angular frequencies of PM-nano and P-nano. C, Shear strains of PM-nano and P-nano. D, Transmission electron microscopy images of PM-
nano. E, Circular dichroism spectra of succinic anhydride (SA)-modified PTX compound (PTX-SA), MIF, PM-nano, and P-nano
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Figure 4A,B shows that the concentration of the two free drugs 
both declined rapidly with the blood circulation t1/2 of 3.21 ± 0.38 and 
5.83 ± 0.97 hours for free PTX and free MIF, respectively. However, 
after being encapsulated into the hydrogel, the retention time of the 
loaded PTX (t1/2 = 9.89 ± 1.12) and MIF (t1/2 = 9.06 ± 0.89 hours) 
in the blood was significantly prolonged, indicating the enhanced 
blood circulation capability of PM-nano.

As presented in Figure  4C-F, PTX and MIF were mainly dis-
tributed in the liver and kidney of mice after treatment, indicat-
ing the hepatorenal metabolic pathways of the two free drugs. 
However, PM-nano tended to deposit in the liver, spleen, and lung. 
Moreover, after being encapsulated into the hydrogel, the concen-
tration of the two drugs in the tumor was remarkably increased 
due to their prolonged blood circulation t1/2 and the enhanced 
permeability and retention effect of nanomaterials. Notably, the 
hydrogel-loaded PTX and MIF showed similar biodistribution in 
tumor-bearing mice.

3.5  |  Antitumor effect in vitro

The cell scratch assay was undertaken to investigate the antimi-
gration effect of PM-nano. As seen in Figures 5A-C and S12A, the 
scratch areas showed different degrees of reduction after treat-
ments; PM-nano showed the largest scratch area compared with 
other groups, signifying the smallest wound healing percentage 
and most prominent antimigration effect. Furthermore, the anti-
invasion effect was evaluated by cell invasion assay. The number 
of cells passing through the membrane from the upper chamber 
to the lower chamber in the PM-nano group was the least of all 
groups (Figures 5D-F and S12B), indicating that PM-nano had the 
strongest inhibitory effect on the invasion of breast cancer cells. As 
shown in Figures 5G,H and S12C, the survival rate of breast can-
cer cells was obviously concentration-dependent. The cell viability 
of PM-nano was lowest among all groups. The corresponding IC50 
values of PM-nano were the lowest compared with other groups. 

F I G U R E  2  Drug release in vitro and cellular uptake of paclitaxel (PTX)-conjugated and mifepristone (MIF)-loaded hydrogel (PM-nano) 
in breast cancer cells. A, Drug release of PM-nano in PBS with different pH values (7.4 and 5.5, simulated normal physiological conditions 
and tumor micro-acidic environment, respectively). B, Fluorescence images of MDA-MB-231 cells treated with free FITC or FITC-loaded 
PM-nano hydrogel (FITC@Hydrogel) after incubation at an equivalent FITC concentration (10 µg/mL) for 4 h (green, FITC; blue, DAPI). C, D, 
Cellular uptake amounts of PTX (C) and MIF (D) in breast cancer cells evaluated by HPLC after 4 h of incubation with free MIF, free PTX, or 
PM-nano. ***P < .001
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Thus, PM-nano had the maximum inhibition of cell proliferation 
among all groups.

Moreover, the wound healing percentage, number of cells pass-
ing through the Transwell membrane, and cell viability in the P and 
PMD groups were similar, indicating that they had the same anti-
tumor activity against breast cancer cells. They were smaller than 
those of the PD and control groups, and larger than those of the PM 
and P-nano groups.

3.6  |  Western blot assay

It has been reported that glucocorticoid can upregulate ROR1 and 
promote breast cancer metastasis.4 Both MMP2 and MMP9 are 
closely related to breast cancer metastasis.18,19 Thus, western blot 
analysis was used to explore the underlying antimetastatic mecha-
nism by measuring the expression of ROR1, MMP2, and MMP9 after 
different treatments. As shown in Figure 5I, PM-nano and PD both 
clearly decreased the expression of ROR1, MMP2, and MMP9 com-
pared with the control group, but the extent of reduction with PM-
nano was more pronounced.

3.7  |  Antitumor and antimetastatic effect in vivo

Based on the above results, 4T1-Luc cells were chosen to establish 
orthotopic breast cancer tumor-bearing mouse models that evalu-
ated the antitumor and antimetastatic activity in vivo. After treat-
ment for 21 days, all mice were alive. The PM-nano group showed 
the slowest tumor growth rate and the smallest tumor size among all 
groups (Figure 6A,B). The body weight of mice after different treat-
ments was almost the same (Figure 6C).

As shown in Figure 7A, each mouse in the PM-nano group had 
only one tumor fluorescence signal at the original inoculation site, 
whereas in other groups, more than one tumor fluorescence signal 
was observed at other sites in addition to the signal at the original 
inoculation site, indicating no breast cancer metastasis in mice of the 
PM-nano group. Although no obvious ischemia, necrosis, or fibrosis 
was found by pathology analysis, the organs suffered from obvious 
tumor metastasis in the PBS group, and no metastasis was observed 
in PM-nano group (Figure 7B,C). The extent of metastases revealed 
by pathology analysis and bioluminescence imaging of small animals 
was basically consistent (Figure 7D,E). It is worth noting that there 
were some metastases to organs such as heart, spleen, kidney, and 

F I G U R E  3  Biocompatibility of paclitaxel (PTX)-conjugated and mifepristone (MIF)-loaded hydrogel (PM-nano). A, Hemolysis photographs 
after incubation with 2% red blood cell (RBC) suspension and various materials. B, Hemolysis ratios in the PTX concentration range of 0-
0.5 mg/mL. C, Hematology analyses of mice on day 2 (D2) and D8 of treatment. ***P < .001. ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; P, paclitaxel; PD, PTX + dexamethasone; HB, hemoglobin; PLT, platelets; PM, 
PTX + MIF; PMD, PTX + MIF + dexamethasone; P-nano, PTX hydrogel; UA, uric acid; WBC, white blood cells
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adrenal gland, in addition to the more common metastatic sites of 
lung, liver, and lymph node (Figure 7F).

4  |  DISCUSSION

Herein, the solubility of PTX and MIF was significantly improved 
after the formation of hydrogels. According to previous reports, 

the water solubility of PTX was no more than 0.1 mg/mL (117 µmol 
L−1).20 In contrast, the concentrations of PTX in P-nano and PM-nano 
were 13.5  mmol L−1, approximately 110 times higher than that of 
free PTX, indicating that our supramolecular hydrogel could signifi-
cantly improve the PTX solubility. In addition, in clinical practice, the 
solubility of PTX was increased by the addition of cosolvents, which 
usually induced some adverse reactions.20 Although the administra-
tion of histamine receptor antagonists and glucocorticoids reduced 

F I G U R E  4  Pharmacokinetics of paclitaxel (PTX)-conjugated and mifepristone (MIF)-loaded hydrogel (PM-nano). A, B, Blood clearance 
curves of free PTX and hydrogel-loaded PTX (A), and free MIF and hydrogel-loaded MIF (B). C-F, Biodistribution of free PTX (C), hydrogel-
loaded PTX (D), free MIF (E), and hydrogel-loaded MIF (F) at various time points after treatment.*** P < .001. PTX-SA, succinic anhydride-
modified PTX compound
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the cosolvent-related adverse reactions before the application of 
PTX, the allergic reaction cannot be completely eliminated.4 In our 
hydrogel, PTX had the dual function of chemotherapy drug and car-
rier. Therefore, PM-nano not only enhanced the solubility but also 
avoided the adverse reactions caused by cosolvents and other car-
rier components, and provided more possibilities for combination 
regimens containing PTX to inhibit the metastasis of breast cancer.

The characterization results clearly showed that both PM-nano 
and P-nano had nanofiber structures with good stability and high 
viscoelasticity, which made them easier to be internalized by can-
cer cells.13,15,21 The release rates of PTX and MIF were significantly 
increased at pH 5.5 compared with pH 7.4. This might due to the 
hydrolysis of ester linkage between PTX and SA in PM-nano, indicat-
ing that the hydrogel possessed good stability in systemic circulation 
and responsiveness to releasing drugs in the tumor microenviron-
ment.22,23 The intracellular amount of PM-nano was higher than 
that of free drugs, indicating that utilization of supramolecular 
hydrogel could greatly increase the concentration of free drugs in 

breast cancer cells, which might be related to the predominant cell 
membrane penetrability of nanostructure.13 According to the cellu-
lar uptake mechanism study, PM-nano was internalized by 4T1 cells 
through energy-dependent caveolae-mediated endocytosis. The 
negligible hemolytic rate and hematological toxicity of PM-nano 
indicated its good biocompatibility. The pharmacokinetic results 
clearly indicated that MIF was successfully loaded on the PTX-SA-
based hydrogel nanofiber to form an integrated nanodrug (PM-nano) 
with improved blood circulation and tumor accumulation perfor-
mance to produce synergistic antitumor effects.

Subsequently, the effects of PM-nano on biological functions of 
breast cancer cells were studied. Based on the same dose of PTX, 
the inhibition of cell proliferation, migration, and invasion effects 
of nanomedicines were stronger than those of free drugs (PM-
nano > PM, P-nano > P). Those with MIF were stronger than those 
without MIF (PM-nano  >  P-nano, PM  >  P) and those with DXM 
(PM > PMD > PD), while the effects of control group were the weak-
est. These results clearly indicated that the combination of PTX and 

F I G U R E  5  Effects on the biological functions of breast cancer cells. A-C, Images and quantification analysis of cell scratch assays 
before and after 24 h of treatment with various materials. D-F, Images and quantification analysis of invaded cells in Transwell assays. G, H, 
Cytotoxicity of various materials against MDA-MB-231 cells and 4T1 cells evaluated by MTT assays. I, Western blots of receptor tyrosine 
kinase like orphan receptor 1 (ROR1), MMP9, and MMP2 in different cells after various treatments. *P < .05, **P < .01, ***P < .001. P, 
paclitaxel; PD, paclitaxel + dexamethasone; PM, paclitaxel + mifepristone; PMD, paclitaxel + mifepristone + dexamethasone; PM-nano, 
paclitaxel-conjugated and mifepristone-loaded supramolecular hydrogel; P-nano, paclitaxel hydrogel
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MIF through supramolecular hydrogel possessed the best anticancer 
activity among all groups. Similar to previous reports, the enhanced 
antitumor efficiency was probably attributed to the elevated cellular 
uptake of the nanostructured drugs, and MIF effectively antago-
nized DXM.4,6,24-27

Because DXM can upregulate ROR1 by GR, and ultimately pro-
mote breast cancer metastasis.4,28,29 MIF can competitively bind GR 
and antagonize the effect of DXM.4,30,31 Both MMP2 and MMP9 are 
upstream signals that trigger ECM remodeling and cancer metastasis, 
and downstream signals of many transfer-related pathways.19,31-34 
Many studies have shown that nanodrugs can inhibit tumor cell 
metastasis by downregulating the expression of MMPs.35,36 In our 
study, the expressions of ROR1, MMP2, and MMP9 in the PM-nano 
group were significantly lower than in other groups, suggesting PM-
nano might inhibit metastasis of breast cancer by GR/ROR1 and 
MMPs.

Consistent with in vitro data, PM-nano showed excellent anti-
tumor and antimetastatic effects in mice, successively followed by 
the PM, P-nano, P, PD, and PBS groups. Although the brain, adre-
nal gland, and heart metastasis could be found through H&E stain-
ing, there was no corresponding indication in the bioluminescence 

images. This might be because the cranial occlusion made the flu-
orescence signal difficult to capture, or the tumor lesion was too 
small and the fluorescence signal was too weak to be captured. 
However, the number of mice with metastasis indicated by the 
bioluminescence imaging system was highly consistent with H&E 
staining. Notably, similar to patients, the common metastatic sites in 
mice were lung, liver, and lymph node.37 However, there were some 
rare metastases, such as heart, spleen, kidney, and adrenal gland. 
Therefore, doctors should pay attention to some unusual lesions in 
addition to the common metastatic sites during treatment and fol-
low-up of breast cancer patients.

5  |  CONCLUSION

In conclusion, a novel supramolecular hydrogel coloaded with PTX and 
MIF for breast cancer treatment was successfully prepared, in which 
PTX simultaneously served as drug and carrier. This hydrogel took 
the form of nanofibers with good water solubility, stability, satisfac-
tory cell uptake, and fine biocompatibility. As a result, PM-nano was 
most effective in inhibiting the proliferation and metastasis of breast 

F I G U R E  6  Inhibition of tumor growth in vivo. A, Tumor volumes of mice during the whole experiment. B, Body weights of 4T1 tumor-
bearing mice. C, Photographs of excised tumors on day 21 after treatment. *P < .05, **P < .01. P, paclitaxel; PD, paclitaxel + dexamethasone; 
PM, paclitaxel + mifepristone; PMD, paclitaxel + mifepristone + dexamethasone; PM-nano, paclitaxel-conjugated and mifepristone-loaded 
supramolecular hydrogel; P-nano, paclitaxel hydrogel
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cancer cells among all groups in vitro and in vivo. The antimetastatic 
effect was possible through GR/ROR1 and MMPs. Therefore, our 
work provides a promising candidate for breast cancer therapy with 
remarkable antimetastatic activity and favorable biocompatibility.
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