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ABSTRACT
Chemotherapy is one of the main ways to treat breast cancer clinically. However, the multidrug resist-
ance to anti-tumor drugs limits their clinical use. To overcome these drawbacks, the development of
drug delivery systems (DDSs) has attracted more and more attention in cancer therapy. At present,
the preparation and purification process are complicated for many reported DDSs, while the clinic calls
for new DDSs that are more convenient for preparation. Here a new pH-responsive supramolecular
organic framework drug delivery complex loading doxorubicin (DOX) is fabricated. Anti-tumor activity
of the system in vitro was investigated by cell cytotoxicity, uptake assay, and cell apoptosis analysis.
The anti-tumor activity in vivo was investigated by inspecting nude mice body weight, tumor volume
and weight, also a preliminary mechanism probe was conducted by HE and TUNEL staining. The
DOX@SOF displayed high stability, good biocompatibility and pH-regulated drug release. At acid con-
dition, the hydrazone bonds would be broken, which result in the dissociation of SOF, and then the
drugs would be released from the system. Furthermore, DOX@SOF enhanced cellular internalization.
Both in vitro and in vivo experiments reflected that DOX@SOF could enhance the anti-tumor activity
of DOX. for the MCF-7/ADR tumor cells and tumors. This study provides a highly efficient strategy to
prepare a stimulus-responsive supramolecular drug delivery complex for the treatment of drug-resist-
ant cancer, the results presented inspiring scientific interests in exploring new drug delivery strategies
and reversing multi-drug resistance for clinical chemotherapy.
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1. Introduction

By 2020, for the first time breast cancer overtook lung cancer
had become the most common cancer in the world, its inci-
dence and death are the first healthy threat in women
(Siegel et al., 2020). Chemotherapy is one of the most widely
utilized and effective methods in the clinical treatment of
breast cancer (Liyanage et al., 2019). Chemotherapy refers to
the application of anti-tumor drugs (doxorubicin, docetaxel,
paclitaxel, tamoxifen, etc.) to patients alone or in combin-
ation (Poustchi et al., 2021). Doxorubicin (Dox), also known
as Adriamycin, is a first-line chemotherapy drug for the treat-
ment of breast cancer (Di et al., 2016; Luo et al., 2020). The
main mechanism is that the quinone-hydro-quinone struc-
ture on the anthracycline can be inserted between adjacent
base pairs of DNA, destructing the DNA structure, interfering
with transcription, and inhibiting mRNA synthesis (Wang
et al., 2014; Sun et al., 2019). Although doxorubicin has been
in clinical cancer treatment, it further application is strictly
confined to bone marrow suppression, cardiotoxic side

effects, and dose-dependent cardiotoxicity (Lovitt et al.,
2018). More seriously, multidrug resistance has become a
huge barrier to limiting its clinical use (Li et al., 2020; Xu
et al., 2020; You et al., 2021). Researchers have proposed
various mechanisms that may explain the multidrug resist-
ance of tumor cells (Lv et al., 2014; Niraula & Ocana, 2016;
Ding et al., 2017; Luo et al., 2018; Li & Li, 2021). P-glycopro-
tein (P-gp), an important efflux transporter with ‘drug pump’
function, can bind to drug molecules and pump drug mole-
cules out of tumor cells, reducing the concentration of drugs
in tumor cells to induce multidrug resistance of tumor cells,
which is one of the most important mechanisms for tumor
cells to produce multidrug resistance (Wu et al., 2016; Ge
et al., 2017). Studies have found that nanoparticles can enter
cells through endocytosis, avoiding being excreted by P-
glycoprotein (Chen et al., 2015; Wang et al., 2019). Therefore,
in order to reduce the toxic and side effects of chemothera-
peutic drugs and overcome the multidrug resistance of
tumor cells, it is necessary to construct new drug delivery
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systems with high drug load that can actively target tumor
tissues and regulate drug release.

In recent decades, supramolecular chemistry and self-
assembly strategies have attracted more and more attention
(Liu et al., 2012; Zhao et al., 2014; Jiang et al., 2016;
Ashwanikumar et al., 2018; Sun et al., 2018; Zhang & Zhang,
2019; Li et al., 2021; Zhang et al., 2021). Supramolecular sys-
tems have multifunctional and dynamic regulation proper-
ties, and supramolecular components can reversibly change
shape and structure according to changes in the external
environment to control the release of embedded drugs
(Stoffelen & Huskens, 2015; Putaux et al., 2017; Yang et al.,
2018; Liu et al., 2021). Thus, supramolecular self-assembly
has become a potential strategy for the development of new
drug delivery methods. Recently, our team has developed a
three-dimensional supramolecular organic framework in an
aqueous atmosphere with a self-assembly strategy, which uti-
lized hydrophobically driven encapsulation of the dimers
formed by aromatic units by the cucurbit[8]uril (CB[8]) ring
(Tian et al., 2014). In particular, the SOFs with well-defined
pores had great potential in adsorbing and releasing drugs
(Tian et al., 2016; 2017; Yao et al., 2017). In order to achieve
efficient and controlled release, various stimuli-responsive
(such as pH) techniques have been developed in the past
decade (Zhang et al., 2020; Zhu et al., 2020; Li et al., 2021).
Therefore, it is of great scientific and clinical interest to
explore new responsive SOFs for the construction of drug
delivery systems.

Herein, we fabricated a pH-responsive three-dimensional
supramolecular organic framework utilizing hydrophobically
driven encapsulation of the dimers of aromatic units by the

cucurbit[8]uril (CB[8]) ring for the first time, in which the
hydrazone bonds in the tetrahedral monomer endows the
SOF good pH responsiveness. The SOF not only maintains
the respective structural characteristics of the original single
molecular components but also demonstrates the profiles of
the new self-assembled structure. The SOF with the highly
hydrophobic nature of their pores could physically envelop
DOX through hydrophobic interaction and electrostatic inter-
action. Compared with a large number of other drug delivery
systems, DOX@SOF can be simply prepared by dispersing
DOX and SOF in situ to self-assembly into nano complex,
which greatly simplifies the widely studied nano-drug carrier
systems. Our data demonstrate that the DOX@SOF system
can overcome the multidrug resistance of human breast can-
cer MCF-7/Adr tumor cells in vitro, and effectively inhibit the
growth of MCF-7/Adr tumor in vivo (Scheme 1).

2. Material

4,40,4",40-methyltetrabenzoic acid, methyl iodide, tetrabuty-
lammonium chloride, ammonium hexafluorophosphate,
hydrazine hydrate, 40,6-diamino-2-phenylindole
Dihydrochloride (DAPI), Lysotracker Green DND-26 were pur-
chased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China), methanol, acetonitrile, and acetone
were purchased from Shanghai Titan Technology Co., Ltd.
(Shanghai, China), CCK-8 was purchased from Dojindo
Laboratories (Japan), and Adriamycin Hydrochloride was pur-
chased from Dalian Meilun Biotechnology Co., Ltd. (Liaoning,
China). All commercial reagents were used without further
purification.

Scheme 1. Illustration of the preparation of the drug delivery system DOX@SOF and the proposed model for acid-activable drug release in tumor cells.
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3. Methods

3.1. Preparation of SOF

Before preparation of SOF, A mixture of 4,40,400,4000-methane-
tetrayltetra(benzohydrazide) (0.55 g, 1.0mmol) and 4-(1-
methyl-pyridin-4-yl)benzaldehyde, chloride salt (0.93 g,
4.0mmol) in water (20mL) was stirred at reflux for 8 hours
and then cooled to room temperature. Acetone was added
to the solution until no precipitate formed. The precipitate
was filtrated and washed with ethanol (20mL) and diethyl
ether (20mL), and then dried in a vacuum to afford the TAH
1.3 g as a light yellow solid (yield 95%). The self-assembly of
a supramolecular organic framework was achieved from
compound TAH and cucurbit[8]uril (CB[8]) (molar ratio 1:2) in
water through the encapsulation of the CB[8] macrocycles
for the intermolecular dimers formed by the appended aro-
matic arms (PhPy units) of TAH.

3.2. Characterization of SOF

The hydrodynamic diameter (DH) of SOF at different concen-
trations in water was measured by a dynamic light scattering
instrument. Transmission electron microscopy (TEM) was
used to obtain the morphology, elementary composition and
diffractive imaging of SOF. Synchrotron small-angle X-scatter-
ing (SAXS) experiments were performed to determine the
periodicity of SOF in the solution phase.

3.3. Preparation of DOX@SOF

60mg of SOF and 4mg of DOX were dissolved in 8mL of
water, the mixture was stirred for 4 hours, then put into a
dialysis bag (MWCO 1000Da) immerged in the PBS (1M) buf-
fers for dialysis (change the buffers every 4–6 hours). When
the absorbance of the drug in the buffers became almost
undetectable by UV-vis spectroscopy (absorbancy＜ 0.003),
the system was dried with a freeze dryer to obtain
DOX@SOF powder for later use. The amount of DOX that
loaded into the SOF was determined by UV-vis spectroscopy.
The DOX loading efficiency (DLE) was calculated by the for-
mula:

DLEð%Þ ¼ Amount of DOX entrapped in SOF
Initial amount of DOX added

� 100%

3.4. Dox release in vitro

DOX release from DOX@SOF was investigated in different
conditions. DOX@SOF was dialyzed against buffer solution of
pH 7.4, 5.6 and 4.5 to evaluate the influence of pH values on
drug release. Briefly, 38mg of freeze-dried DOX@SOF dis-
persed in 4mL deionized water was added into a dialysis
bag (MWCO 1000Da). Then, three dialysis bags in three glass
bottles that containing 30mL buffers of different pH values
were ortexed (200 rpm) at 37 �C. At each time, 2mL of the
release medium was collected and equivalent fresh buffer
solution were replenished. Finally, the amounts of DOX
release were evaluated by UV-vis spectroscopy.

3.5. Cell culture assay

RPMI-1640 medium and PBS were obtained from HyClone
(Logan, Utah, USA). Fetal bovine serum was purchased from
Gibco (Shanghai, China). Trypsin EDTA solution and penicil-
lin-streptomycin solution were purchased from Boguang
Biotechnology Co., Ltd. (Shanghai, China). Human breast can-
cer cells (MCF-7 and MCF-7/ADR) were obtained from Fudan
University (Shanghai, China). Human breast cancer cells
(MCF-7 and MCF-7/ADR) were cultured in RPMI-1640 with
10% FBS, 1% penicillin and 1% streptomycin in an incubator
with a humidified atmosphere of 5% CO2 at 37 �C.

3.6. Cytotoxicity, apoptosis assay

The Cytotoxicity of SOF and DOX@SOF were detected by
CCK-8 assay. These cells were seeded in 96-well plates and
cultivated for 12 hours. Then, free drugs and DOX@SOF were
added at different concentrations for 48 hours. Finally, the
complete medium was removed and washed by PBS (1M),
and 100 lL fresh complete medium containing 10% CCK-8
was added. The viability of cells was detected by a micro-
plate reader (EL � 800; Bio Tek USA). The MCF-7/ADR cells
were seeded in 6-well plates at a density of 3� 105 cells per
well for 12 hours and then treated with SOF, DOX and
DOX@SOF for 24 hours, respectively. Then, the cells and the
suspension were collected and stained with the FITC
Annexin V-APC/PI Kit (Shanghai Biotend Technology Co. Ltd.,
Shanghai, China). Finally, apoptosis of the cells was detected
and analyzed by flow cytometry.

3.7. Cellular uptake assays

The MCF-7/ADR cells were seeded in 6-well plates at a dens-
ity of 3� 105 cells per well for 12 hours and then treated
with DOX and DOX@SOF (4 mg/ml DOX) respectively for
6 hours. Then, the cells were washed with PBS three times
and harvested in trypsin without EDTA. Finally, the cells were
collected by centrifugation at 1000 rpm for 5minutes at
37 �C and resuspended in 0.3mL PBS. Flow cytometry was
performed to analyze cell uptake.

Additionally, cellular uptake was also evaluated by con-
focal laser scanning microscopy (CLSM). The MCF-7/ADR cells
were seeded in confocal plates at a density of 8� 103 cells
for 12 hours and treated with DOX and DOX@SOF (4mg/ml
DOX) respectively for 6 hours. The cells were washed with
PBS three times and pretreated with LysoTracker Green DND-
26 (750 ng/mL) for 1 hour. Then the cells were fixed in 500 mL
of 4% paraformaldehyde for 20min at room temperature.
Again, the cells were washed with PBS three times and pre-
treated with 500 mL DAPI for 5min. Finally, all the cells were
visualized on LSCM.

3.8. Animals model

Female BABL/c nude mice (7weeks old, average bodyweight
17–20 g) were purchased from the Animal Experimental
Center of Naval Medical University (Shanghai, China). Nude
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mice were fed in a specific pathogen-free (SPF) animal
laboratory. MCF-7/ADR cells (5� 106 cells per mouse) were
injected subcutaneously into the left armpit of Nude mice to
generate the MCF-7/ADR mouse model. All animals received
care in compliance with the guidelines outlined in the Guide
for the Care and Use of Laboratory Animals. And all proce-
dures were approved by the Institutional Animal Care and
Use Committee of the Naval Medical University.

3.9. In vivo antitumor efficiency

When the tumor volume of the nude mice reached approxi-
mately 30mm3, the nude mice were randomly divided into 4
groups: PBS (control), DOX, SOF and DOX@SOF group. Drugs
were injected via the tail vein every other day with a dosage
of 4.5mg/kg (equivalent concentration of DOX). The body
weights and tumor volumes of nude mice were recorded
every other day. The tumor volumes were calculated by the
following equation: length�width2/2. All nude mice were
sacrificed after treatment, the tumors and heart, liver, spleen,
lung and kidney of nude mice were excised and fixed in 4%
formaldehyde over 48 hours, then embedded with paraffin
for histopathological analyses.

3.10. Statistical analysis

The data were expressed as the mean± SD. Data were ana-
lyzed for statistical significance using a one-way ANOVA., and
p< 0.05 indicated a statistically significant difference for
all analyses.

4. Results and discussion

4.1. Preparation and characterization of SOF

SOF was prepared from the self-assembly of compound TAH
and cucurbit[8]uril (CB[8]) (molar ratio 1:2) in water. 1H NMR
characterization of SOF was shown in supporting informa-
tion. The 1H NMR spectra of the 1:2 mixtures of compound
TAH and cucurbit[8]uril (CB[8]) in D2O (pH ¼ 7.4) displayed
broad signals, indicating that supramolecular framework was
formed by complexation between the two compounds. The
structure of SOF could be stable even after 14 days (Figure
S3). When pH decrease to 4.5, the signals of 1H NMR spectra
became more detailed, indicating that the SOF was unstable
in the acidic environment.

The sizes of SOF in water at different pH were performed
by DLS experiments. The hydrodynamic diameter (DH) of SOF
(0.1mM) was about 150 nm (Figure 1(C)), and the values of
the DH were almost the same at different concentrations.
After 14 days, the DH was about 70 nm (Figure S4). The Zeta
potential of SOF was about 44.1mV. All these results demon-
strated the formation of the stable self-
assembled framework.

The synchrotron small-angle X-ray scattering (SAXS)
experiments were performed for determining the periodicity
of SOF in aqueous solutions. The SAXS profile of the SOF in
water displayed four sharper peaks (Figure 1(B)), which

centered around 2.14 nm, 1.97 nm, 1.76 nm and 1.59 nm,
respectively. The results matched well with the calculated
f202g, f211g, f222g or f400g spacing. After evaporation of
the solution of SOF, microcrystals were afforded. The results
were similar to those of SAXS in the aqueous solution.
Transmission electron microscopy image revealed the square
microcrystals formed. The selected area electron diffraction
(SAED) pattern clearly indicated a periodicity of 2.1 nm that
corresponds to f202g lattice spacings (Figure 1(A)). All these
observations confirmed that SOF formed the periodic frame-
works in both the water and the solid-state.

4.2. Determination of drug-loading efficiency and
in vitro release

As shown in Figure 1(D), the DH of DOX@SOF and SOF were
almost the same, illustrating that the DOX was embedded
inside the porous of the framework. The drug-loading effi-
ciency and encapsulation efficiency of SOF for different drugs
by UV–Vis spectroscopy were measured. The results showed
that the drug loading efficiency of SOF to DOX was
5.12%±0.14, and the encapsulation efficiency was
81.92%±2.2. As we know, the interaction between the SOF
and the drug attenuated sharply under acidic conditions,
resulting in the release of the drug from SOF. PBS buffer sol-
utions of different pH (4.5, 5.6, 7.4) were prepared to simu-
late the normal tissue and tumor microenvironment, the
cumulative release curve of the drug shown in Figure 2. In
the pH 7.4 PBS buffer solution, only about 15% of the drug
was released from SOF after 72 hours, indicating that SOF
could remain large amounts of the drugs without leak within
3 days in normal plasma circulation, which could greatly
reduce the damage of the drugs to normal tissues and pro-
mote the drug delivery efficiency during the administration
process. While about 45% (pH 5.6) and 80% (pH 4.5) of the
drugs were released from SOF after 72 hours, confirming the
pH responsiveness of DOX@SOF. The results illustrated that
SOF could selectively release drugs in the acidic environment
of tumor cells, thereby reducing the release of drugs in nor-
mal tissues and enhancing the anti-tumor effects.

4.3. Cytotoxicity and apoptosis assays

The biocompatibility and treatment effect of SOF in vitro
were investigated with MCF-7/ADR and MCF-7 cells by the
CCK-8 method. The survival rate of MCF-7/ADR and MCF-7
cells had above 80% even the concentration of SOF was
250 mg/mL (Figure 3(A,C)), indicating that SOF was low-toxic
and suitable as a potential drug carrier. Additionally, for
MCF-7/ADR and MCF-7 cells, the cytotoxicity of DOX@SOF
was higher than that of free DOX (Figure 3(B,D)), indicating
that SOF could increase the cytotoxicity of the drug on MCF-
7/ADR and MCF-7 cells. It was probably due to an easier cel-
lular uptake of DOX@SOF (with a particle size of about
100 nm). The IC50 values of free DOX and DOX@SOF in MCF-
7 cells were 6.044 lg/mL and 4.360 lg/mL, respectively.
While the IC50 values of DOX and DOX@SOF in MCF-7/ADR
cells were 30.48lg/mL and 7.724 lg/mL, respectively.
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DOX@SOF significantly improved the cytotoxicity of DOX
against MCF-7/ADR, reflecting that DOX@SOF could over-
come the drug resistance of MCF-7/ADR cells. All these
results revealed that DOX@SOF could transport DOX into the
cancer cells with high efficiency.

Furthermore, the apoptosis of MCF-7/ADR cells treated
with different materials was detected by flow cytometry. The
MCF-7/ADR cells treated with SOF (200ug/mL) for 48 hours
did not show significant apoptosis (Figure 4(A)) and a low
concentration of free DOX also could not induce apoptosis
of MCF-7/ADR cells (Figure 4(B)), indicating the resistance to

free DOX of MCF-7/ADR, which was consistent with the
experimental results of CCK-8. While DOX@SOF could induce
apoptosis of MCF-7/ADR cells at low concentrations and was
dose-dependent (Figure 4(C)). All these results revealed that
DOX@SOF could reverse the resistance of MCF-7/ADR cells to
DOX and induce apoptosis of MCF-7/ADR cells.

4.4. Cellular uptake in vitro

One of the important reasons for the failure of chemother-
apy is the low internalization of drugs by resistant cells.
Therefore, the internalization of DOX@SOF and free DOX by
MCF-7/ADR cells were evaluated by flow cytometer and con-
focal laser scanning microscope (CLSM). After incubation
with MCF-7/ADR cells for 6 hours, the nucleus and lysosome
were labeled with DAPI and Lysotracker Green DND-26,
respectively. As shown in Figure 5(A), the fluorescence inten-
sity of the DOX@SOF group was significantly higher than
that of free DOX, and the fluorescence signal of lysosome
stained Lysotracker Green DND-26 overlapped with the fluor-
escence signal of SOF. Meanwhile, the fluorescence signal of
DOX overlapped with the fluorescence signal of the nucleus
stained with DAPI, indicating that MCF-7/ADR cells internal-
ized DOX@SOF, and then DOX@SOF released DOX into the
cytoplasm with the disintegration of the lysosome. DOX fur-
ther entered into the nucleus to kill drug-resistant tumor
cells by interfering with the activity of chromosomes. To a
large extent, the results also indicated that DOX@SOF could
effectively reverse the drug resistance to DOX by increasing
DOX internalization into MCF-7/ADR cells.

Figure 1. The structural characterization of SOF and DOX release performance of DOX@SOF. (A) SAED image of SOF; (B) small-angle X-ray scattering spectra of SOF
structure in solution phase; the hydrodynamic diameter (DH) of (C) different concentrations of SOF and (D) SOF and DOX@SOF (0.2mM) determined by DLS.

Figure 2. Release of adsorbed DOX from DOX@SOF at 37 �C against time at dif-
ferent pH.

DRUG DELIVERY 5



Figure 4. Apoptosis assay of the DOX@SOF in vitro. The apoptosis of MCF-7/ADR cells treated with SOF (A), free DOX (B), and DOX@SOF (C) for 48 h.

Figure 3. The therapeutic effect of DOX@SOF. Relative viabilities of MCF-7 cells treated with different concentrations of (A) SOF (B) Free DOX and DOX@SOF for
48 h. Relative viabilities of MCF-7/ADR cells treated with different concentrations of (C) SOF (D) Free DOX and DOX@SOF for 48 h (mean ± SD, n¼ 3).
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4.5. Toxicity and antitumor effects in vivo

In order to study the anti-tumor activity of DOX@SOF in vivo,
nude mice bearing MCF-7/ADR tumors were established. On
the 9th day after inoculation (tumor volume is about
30mm3), the nude mice were randomly divided into 4
groups randomly: PBS (control), DOX, SOF and DOX@SOF
group. Drugs were injected via the tail vein every other day
with a dosage of 4.5mg/kg (equivalent concentration of
DOX). The result was shown in Figure 6(A), during the
administration period, the body weights of nude mice were
no significant difference except the DOX group, indicating
that DOX@SOF reduced the systemic toxicity of DOX. The
tumor volume and weight of the DOX@SOF group were the
smallest, revealing the MDR was reversed by the enhanced
therapeutic activity of DOX@SOF compared with free DOX.

To further evaluate the therapeutic effects, tumor tissues
were analyzed by H&E and TUNEL staining after treatment.
As shown in Figure 6(B), in the tumor tissues of the control
group and SOF group, clear Nucleus and regular morphology
were observed. In the tumor tissues of the DOX group and
the DOX@SOF group, abnormal nuclei and different degrees
of tumor tissue necrosis were observed, indicating that
DOX@SOF could effectively inhibit tumor growth. TUNEL
assays showed similar tumor growth inhibition. These results
revealed that DOX@SOF was promising to be explored as a
pH-responsive drug delivery complex in vivo for cancer
chemotherapy.

The preliminary toxicity of SOF and DOX@SOF in the main
organs of nude mice was detected by HE staining. Compared

with the normal saline group, the histopathological slice
morphology of the major organs of other groups was no sig-
nificant difference (Figure 7). The results showed that SOF
and DOX@SOF had good histocompatibility and no serious
adverse reactions for major organs.

5. Conclusion

In summary, we have presented a new strategy to fabricate a
pH-responsive supramolecular organic framework drug deliv-
ery system-DOX@SOF to reverse the MDR of MCF-7/ADR
tumor. The DOX@SOF exhibited good biocompatibility, pH-
regulated drug release, enhanced permeability and retention
effect. At acid condition, the hydrazone bonds would be bro-
ken, which result in the dissociation of SOF, and then the
drugs would be released from the system. Both in vitro and
in vivo experiments reflected that the therapeutic activity of
DOX@SOF was significantly enhanced compared with that of
free DOX for the MCF-7/ADR tumor cells and tumors. This
study provides a new strategy to productively prepare stimu-
lus-responsive supramolecular drug delivery complex for the
treatment of drug-resistant cancer, presenting inspiring scien-
tific interests in exploring new drug delivery strategies and
reversing multi-drug resistance for clinical chemotherapy.

Disclosure statement

No potential conflict of interest was reported by the authors.

Figure 5. Cellular uptake of DOX@SOF.(A) CLSM images of MCF-7/ADR cells after 6 h incubation with DOX (a), DOX@SOF (b). (B), (C) The fluorescence intensity of
MCF-7/ADR cells cultured with Culture medium, SOF and DOX@SOF. (mean ± SD, n¼ 3; ��p< 0.01).
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Figure 6. DOX@SOF against the tumor model of BALB/c nude mice.. (A) The body weight curve. The tumor volume changes in different groups (b) the excised
tumor tissues from all groups (c), the tumor image in different groups (d). (B) The tumor tissue section after different treatment. The image stained by (a)
HE(�200) (b) TUNEL (�200) (mean ± SD, n¼ 5, �p < 0.05, ��p < 0.01 ���p < 0.001).

Figure 7. The histological characteristics of the main organs after treatment with glucose solution (a), SOF (b) and DOX@SOF (c) (�200).

8 Y.-C. ZHANG ET AL.



References

Ashwanikumar N, Plaut JS, Mostofian B, et al. (2018). Supramolecular self
assembly of nanodrill-like structures for intracellular delivery. J
Control Release 282:76–89.

Chen T, Wang C, Liu Q, et al. (2015). Dasatinib reverses the multidrug
resistance of breast cancer MCF-7 cells to doxorubicin by downregu-
lating P-gp expression via inhibiting the activation of ERK signaling
pathway. Cancer Biol Ther 16:106–14.

Di H, Wu H, Gao Y, et al. (2016). Doxorubicin- and cisplatin-loaded nano-
structured lipid carriers for breast cancer combination chemotherapy.
Drug Dev Ind Pharm 42:2038–43.

Ding Y, Peng Y, Deng L, et al. (2017). Gamma-tocotrienol reverses multi-
drug resistance of breast cancer cells with a mechanism distinct from
that of atorvastatin. J Steroid Biochem Mol Biol 167:67–77.

Ge C, Cao B, Feng D, et al. (2017). The down-regulation of SLC7A11
enhances ROS induced P-gp over-expression and drug resistance in
MCF-7 breast cancer cells. Sci Rep 7:3791.

Jiang Q, Zhang Y, Zhuo R, et al. (2016). A light and reduction dual sensi-
tive supramolecular self-assembly gene delivery system based on pol-
y(cyclodextrin) and disulfide-containing azobenzene-terminated
branched polycations. J Mater Chem B 4:7731–40.

Li Z, Huang J, Wu J. (2021). pH-Sensitive nanogels for drug delivery in
cancer therapy. Biomater Sci 9:574–89.

Li Y, Li Z. (2021). Potential mechanism underlying the role of mitochon-
dria in breast cancer drug resistance and its related treatment pros-
pects. Front Oncol 11:629614.

Li HY, Yang Y, Huang MY, et al. (2020). Applications of genome editing
technology in the targeted therapy of human diseases: mechanisms,
advances and prospects. Signal Transduct Tar 5:1–13.

Li Q, Zhao ZP, Qin XH, et al. (2021). A checkpoint-regulatable immune
niche created by injectable hydrogel for tumor therapy. Adv Funct
Mater 31:2104630.

Liu R, Lai Y, He B, et al. (2012). Supramolecular nanoparticles generated
by the self-assembly of polyrotaxanes for antitumor drug delivery. Int
J Nanomedicine 7:5249–58.

Liu J, Luo T, Xue Y, et al. (2021). Hierarchical self-assembly of discrete
metal-organic cages into supramolecular nanoparticles for intracellular
protein delivery. Angew Chem Int Ed Engl 60:5429–35.

Liyanage PY, Hettiarachchi SD, Zhou Y, et al. (2019). Nanoparticle-medi-
ated targeted drug delivery for breast cancer treatment. Biochim
Biophys Acta Rev Cancer 1871:419–33.

Lovitt CJ, Shelper TB, Avery VM. (2018). Doxorubicin resistance in breast
cancer cells is mediated by extracellular matrix proteins. Bmc Cancer
18:41.

Luo L, Gao W, Wang J, et al. (2018). Study on the mechanism of cell
cycle checkpoint kinase 2 (CHEK2) gene dysfunction in chemothera-
peutic drug resistance of triple negative breast cancer cells. Med Sci
Monit 24:3176–83.

Luo S, Zhu Y, Li Y, et al. (2020). Targeted chemotherapy for breast cancer
using an intelligent doxorubicin-loaded hexapeptide hydrogel. J
Biomed Nanotechnol 16:842–52.

Lv MM, Zhu XY, Chen WX, et al. (2014). Exosomes mediate drug resist-
ance transfer in MCF-7 breast cancer cells and a probable mechanism
is delivery of P-glycoprotein. Tumor Biol 35:10773–9.

Niraula S, Ocana A. (2016). Mechanism of drug resistance in relation to
site of metastasis: meta-analyses of randomized controlled trials in
advanced breast cancer according to anticancer strategy. Cancer
Treat Rev 50:168–74.

Poustchi F, Amani H, Ahmadian Z, et al. (2021). Combination therapy of
killing diseases by injectable hydrogels: from concept to medical
applications. Adv Healthcare Mater 10:2001571.

Putaux JL, Lancelon-Pin C, Legrand FX, et al. (2017). Self-assembly of
amphiphilic biotransesterified beta-cyclodextrins: supramolecular

structure of nanoparticles and surface properties. Langmuir 33:
7917–28.

Siegel RL, Miller KD, Jemal A. (2020). Cancer statistics, 2020. CA A Cancer
J Clin 70:7–30.

Stoffelen C, Huskens J. (2015). Zwitterionic supramolecular nanoparticles:
self-assembly and responsive properties. Nanoscale 7:7915–9.

Sun Y, Zhang W, Wang B, et al. (2018). A supramolecular self-assembly
strategy for upconversion nanoparticle bioconjugation. Chem
Commun 54:3851–4.

Sun J, Zhang L, Zhang Y, et al. (2019). Smart albumin-loaded Rose
Bengal and doxorubicin nanoparticles for breast cancer therapy. J
Microencapsul 36:728–37.

Tian J, Chen L, Zhang DW, et al. (2016). Supramolecular organic frame-
works: engineering periodicity in water through host-guest chemistry.
Chem Commun 52:6351–62.

Tian J, Yao C, Yang W, et al. (2017). In situ-prepared homogeneous
supramolecular organic framework drug delivery systems (sof-DDSs):
overcoming cancer multidrug resistance and controlled release. Chin
Chem Lett 28:798–806.

Tian J, Zhou TY, Zhang SC, et al. (2014). Three-dimensional periodic
supramolecular organic framework ion sponge in water and micro-
crystals. Nat Commun 5:5574.

Wang H, Li F, Du C, et al. (2014). Doxorubicin and lapatinib combination
nanomedicine for treating resistant breast cancer. Mol Pharm 11:
2600–11.

Wang D, Li X, Li X, et al. (2019). Magnetic and pH dual-responsive nano-
particles for synergistic drug-resistant breast cancer chemo/photo-
dynamic therapy. Int J Nanomedicine 14:7665–79.

Wu Y, Zhang Y, Zhang W, et al. (2016). Reversing of multidrug resistance
breast cancer by co-delivery of P-gp siRNA and doxorubicin via folic
acid-modified core-shell nanomicelles. Colloids Surf B Biointerfaces
138:60–9.

Xu QC, Wang LY, Tong T, et al. (2020). Efficient delivery of BRD4 inhibitor
by glutathione-sensitive nanoparticle to suppress gallbladder cancer
through inhibiting NF-jB signaling. Appl Mater Today 21:100849.

Yang D, Gao S, Fang Y, et al. (2018). The p–p stacking-guided supra-
molecular self-assembly of nanomedicine for effective delivery of anti-
neoplastic therapies . Nanomedicine (Lond) 13:3159–77.

Yao C, Tian J, Wang H, et al. (2017). Loading-free supramolecular organic
framework drug delivery systems (sof-DDSs) for doxorubicin: normal
plasm and multidrug resistant cancer cell-adaptive delivery and
release. Chin Chem Lett 28:893–9.

You XR, Wang LY, Wang L, et al. (2021). Rebirth of aspirin synthesis by-
product: prickly poly(salicylic acid) nanoparticles as self-anticancer
drug carrier. Adv Funct Mater 31:2100805.

Zhang J, Wang NN, Li Q, et al. (2021). A two-pronged photodynamic
nanodrug to prevent metastasis of basal-like breast cancer. Chem
Commun 57:2305–8.

Zhang T, Zhang CH. (2019). Photo-controlled reversible secondary self-
assembly of supramolecular nanosheets and their drug delivery
behavior. J Mater Chem B 7:7736–43.

Zhang XY, Zhao MY, Cao N, et al. (2020). Construction of a tumor micro-
environment pH-responsive cleavable PEGylated hyaluronic acid
nano-drug delivery system for colorectal cancer treatment. Biomater
Sci 8:1885–96.

Zhao F, Yin H, Li J. (2014). Supramolecular self-assembly forming a multi-
functional synergistic system for targeted co-delivery of gene and
drug. Biomaterials 35:1050–62.

Zhu Y, Wang LY, Li YP, et al. (2020). Injectable pH and redox dual
responsive hydrogels based on self-assembled peptides for anti-tumor
drug delivery. Biomater Sci 8:5415–26.

DRUG DELIVERY 9


	Abstract
	Introduction
	Material
	Methods
	Preparation of SOF
	Characterization of SOF
	Preparation of DOX@SOF
	Dox release in vitro
	Cell culture assay
	Cytotoxicity, apoptosis assay
	Cellular uptake assays
	Animals model
	In vivo antitumor efficiency
	Statistical analysis

	Results and discussion
	Preparation and characterization of SOF
	Determination of drug-loading efficiency and in vitro release
	Cytotoxicity and apoptosis assays
	Cellular uptake in vitro
	Toxicity and antitumor effects in vivo

	Conclusion
	Disclosure statement
	Funding
	Data availability statement
	References


