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ABSTRACT: Advances in chemotherapeutic strategies are urgently required
to improve antitumor efficiency. Herein, a carboxylated pillar[6]arene
(CP6A) was employed to load chemotherapy medication, nitrogen mustard
(NM), via forming a direct host−guest complex, as this helps to decrease the
cytotoxicity of NM on normal mammary epithelial cells. Attributed to the
stronger complexation ability of CP6A for endogenous spermine (SPM) than
for NM, the complexed NM could be competitively released from the CP6A
cavity via replacement with SPM. This chemotherapy strategy performed well
in vitro and in vivo for SPM-overexpressed cancers. In comparison with free
NM, antitumor efficiency of NM/CP6A was significantly enhanced, which
originated from the synergistic effect of competitive release of NM and
simultaneous trapping of SPM. This strategy might guide expansion to other
first-line antitumor agents to improve therapeutic efficacy and decrease side effects, thereby replenishing the possibilities of
supramolecular chemotherapy.

■ INTRODUCTION
Cancer is chiefly responsible for global mortality, and patient
numbers are estimated at more than 21 million by 2030.1 Of all
types of carcinomas, breast cancer is one of the most common
malignancies and is reported to have an increasing trend of
incidence and mortality, seriously affecting a large number of
female patients.2 The age of patients with breast cancer is also
tending toward younger females, and it is hard to implement
recovery due to its high ratio of recurrence.3,4 Owing to this,
advanced therapeutic regimens are urgently required to boost
treatment outcomes. Although a tremendous amount of effort
has been devoted to improving curative strategies for breast
cancer, chemotherapy is still perceived as the leading clinical
treatment.5 Nonetheless, a lot of antitumor drugs have
substantial flaws, such as ambiguous efficacy, high cytotoxicity,
and tumor resistance, which restricts them from successful
therapeutic applications.6,7 In recent years, massive efforts have
been made to develop multitudinous delivery systems,
including micelles,8,9 liposomes,10,11 vesicles,12,13 and other
nanocarriers14,15 to increase therapeutic efficacy and reduce
side effects of chemotherapeutic agents.
Supramolecular chemotherapy was born from the amalga-

mation between supramolecular chemistry and chemotherapy,
and it offers an available and generally applicable approach by
which to enhance therapeutic efficacy of chemotherapy

medicationin tumor cells and decrease side effects in normal
cells.16−19 The core of this approach is one certain biomarker,
overexpression, which exists in the tumor microenvironment.
Biomarker-triggered replacement of chemotherapy medication
and synchronous trapping of biomarkers by intermolecular
forces can exert synergistic improvements in treatment
outcomes.20−22 Spermine (SPM) is naturally present in
majority of living entities and regulates many physiological
activities, such as cellular differentiation and multiplication.23

Maintaining a balance of SPM through integrated function
between synthesis, metabolism, and transshipment is critical to
cell survival.24 Tumor cells, which rapidly divide, need large
amounts of SPM to support cell division.25 Previous research
has shown that depleting SPM via host−guest complexation by
artificial receptors could induce the apoptosis of tumor
cells.20−22 In light of this, SPM has promise as a biomarker
in the current study.
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As evidence of concept, nitrogen mustard (NM), the first
effective chemotherapy drug against many forms of cancer,26,27

was chosen as a guest drug. A widely used macrocycle,
carboxylated pillar[6]arene (CP6A), served as a macrocyclic
receptor because of its excellent water-solubility and
appropriate size/charge with both NM and SPM (Figure
1).16,28−32 Robust complexation ability to NM is essential to
ensure that systemic side effects are avoided. In addition,
stronger binding to SPM is a prerequisite for competitive
replacement of bound NM. SPM trapped by CP6A was
expected to synergistically improve the antitumor efficacy. In
addition, overexpression of SPM in the tumor microenviron-
ment helped to trigger release of NM from the macrocyclic
cavity. Consequently, supramolecular chemotherapy embodied
in NM/CP6A can be employed to enhance chemotherapeutic
efficacy of NM and relieve the associated severe systemic
toxicity (Scheme 1).

■ RESULTS AND DISCUSSION
In this investigation, the complexation behavior between host
(CP6A) and guests (NM and SPM) was first investigated by
1H NMR spectroscopy. Figure 1 shows the spectra of NM with
and without CP6A in deuterated phosphate-buffered saline

(PBS) at pH 7.4. In the presence of an equivalent amount of
host, the proton signals for Ha, Hb, and Hc of NM were found
to exhibit remarkable upfield shifts and broadening effects in
comparison with free NM (Δδ = −0.31 to −0.37 ppm). This
indicated that these protons were encapsulated by CP6A and
shielded from the electron-rich macrocyclic cavity by the
formation of a host−guest complex. CP6A also showed
complex behavior similar to that of SPM (Figure S1). The
resonance peaks related to SPM, especially for Hd and He,
substantially shifted upfield (Δδ = −0.48 ppm for Hd and
−0.39 ppm for He) and coupled with broadening phenomen-
on, reaveling a host−guest complex of SPM/CP6A. In
addition, geometry optimization of NM/CP6A and SPM/
CP6A was performed by a MM2 minimized molecular model
(Figure S2). The above results led us to suggest that NM was
entirely encapsulated within the macrocyclic cavity, and the
middle methylenes of SPM were immersed in the cavity of
CP6A in its axial orientation.
The association constants (Ka) of CP6A with NM and SPM

were quantitatively measured by fluorescence titration tests.
First, the continuous variation method (Job’s plot) was utilized
to prove that complexation behavior of the host−guest
complex was consistent with a 1:1 binding stoichiometry
(Figure 2a,b). Following a mixture with NM, fluorescence
intensity of CP6A increased gradually, probably because the
conformation of CP6A was fixed and intramolecular rotation
was restricted upon guest binding. The Ka value of NM/CP6A
was measured to be (2.28 ± 0.15) × 104 M−1 using standard
curve fitting protocols (Figure 2c). Robust binding to NM was
essential to ensuring that off-target leaking was avoided in the
body. Compared to the Ka value of SPM/CP6A [(3.06 ± 0.48)
× 107 M−1, Figure 2d], stronger complexation ability would
endow SPM with potency to competitively replace NM from
the NM/CP6A complex. To further investigate whether NM
could be efficiently released from the NM/CP6A complex by
competitive replacement with SPM, 1H NMR titration were

Figure 1. Partial 1H NMR spectra (600 MHz) of (a) NM (5.0 mM), (b) NM (5.0 mM) with CP6A (5.0 mM), and (c) CP6A (5.0 mM) in
deuterated PBS at pH 7.4.

Scheme 1. Chemical Structures of CP6A and NM
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conducted to characterize the process of competitive binding
at physiological pH (7.4). A series of SPM varying from 0.5 to
2.0 equiv was quantitatively added into NM/CP6A (2.0/2.0
mM). As shown in Figure S3, with the increase of SPM, the
proton peaks related to NM gradually shifted downfield and
became clear. While the signals of the protons on SPM
underwent upfield shift, suggesting that SPM occupied the host
cavity of CP6A. These results revealed a complete release of
NM from NM/CP6A because the binding affinity of SPM with

CP6A was 3 orders of magnitude higher than that of NM with
CP6A.
Prior to therapeutic efficacy studies, the toxicity of CP6A in

human normal mammary epithelial (MCF-10A) and breast
adenocarcinoma (MCF-7) cells was investigated via CCK-8
assays. CP6A showed remarkably low cytotoxicity during 48 h
of incubation periods. For instance, cell viability was kept at
97.30(±1.92) and 96.81(±1.86)% after treatment with 100
μM CP6A for MCF-7 and MCF-10A cells (Figure S4).
Furthermore, changes in weight and behavior of mice were

Figure 2. (a) Job’s plot for CP6A with NM in 10 mM PBS at pH 7.4 (λex = 290 nm, λem = 330 nm, [CP6A] + [NM] = 8.0 μM). (b) Job’s plot for
CP6A with SPM in 10 mM PBS at pH 7.4 (λex = 290 nm, λem = 330 nm, [CP6A] + [SPM] = 2.0 μM). (c) Associated titration curve of CP6A (1.00
μM) with NM consistent with a 1:1 binding stoichiometry (λem = 330 nm, λex = 290 nm for the fluorescent titration test). (d) Associated titration
curve of CP6A (1.00 μM) with SPM consistent with a 1:1 binding stoichiometry (λem = 330 nm, λex = 290 nm for the fluorescent titration test).

Figure 3. (a) In vitro antitumor activity of NM/CP6A and comparison with NM after incubation for 48 h in the MCF-7 cell line. (b) Cytotoxicity
in MCF-10A cells incubated for 48 h. Data shown are the mean ± SD for n = 5. Significant differences were assessed using the two-way ANOVA
with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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monitored for 15 days after intravenous administration of 42
mg·kg−1 CP6A and related data were recorded at predeter-
mined intervals to investigate the biocompatibility of CP6A
(Figure S5). In comparison with mice administered PBS, a
similar weight fluctuation curve was seen for mice treated with
CP6A. In addition, after treatment with CP6A, mice exhibited
slight differences in their physical, social, and dietary behaviors.
These favorable findings indicated that CP6A could be safely
applied to subsequent biological evaluations.
Next, the in vitro cellular inhibition efficiency of NM/CP6A

was investigated in the same MCF-7 and MCF-10A cells,
where cells incubated with free NM were used as controls.
Concentration-dependent cell death was observed in all
groups, as shown in Figure 3a,b. The half-maximum inhibition
concentration (IC50) of NM in the MCF-7 cell line was
determined to be 18.08 μM (Table S1). In comparison, NM/
CP6A presented stronger antitumor potency than free NM.
The remarkable improvement in antitumor potency was
ascribed to the replacement of NM from the CP6A cavity
via confronting overexpression of SPM in the tumor
microenvironment and trapping SPM to restrict its normal
physiological effects by the formation of a stable host−guest
SPM/CP6A complex. Moreover, via direct encapsulation, the
toxicity of NM/CP6A in MCF-10A cells was found to be
significantly reduced. This was because cytotoxicity is always
concentration-dependent, and host−guest complexation can
reduce the concentration of free toxic drugs. SPM levels in
non-neoplastic cell lines are often less than those in tumor cell
lines, and a low concentration of SPM was inadequate to
thoroughly replace NM via competitive binding.
Furthermore, in vivo, the therapeutic efficiency of NM/

CP6A was evaluated by a subcutaneous xenograft mouse
model of breast adenocarcinoma. The tumor volume of mice

administered PBS after 15 days increased by approximately
6.66 times from initial volume. Mice treated with both NM and
the NM complex exhibited a certain amount of tumor growth
inhibition (Figure 4a). In comparison with the PBS group, the
NM group showed 42.75% inhibitory efficacy. Administration
of NM/CP6A resulted in more efficient inhibition of tumor
proliferation (87.61%). In addition, the normalized tumor
weight was measured to assess the efficacy of NM/CP6A
(Figure 4b). The tumor weight of mice treated with PBS (0.82
± 0.04 g) was 70.83% greater than that of mice treated with
NM (0.48 ± 0.18 g) and 331.58% greater than that of those
treated with NM/CP6A (0.19 ± 0.06 g). The results of a
Kaplan−Meier analysis revealed that the median survival of
tumor-bearing mice administered NM/CP6A was significantly
prolonged (over 35 days) when compared to those that
received PBS and free NM (17 and 23 days, respectively;
Figure 4c). In addition, pathological slice staining and
immunohistochemical assay were carried out to assess the
treatment outcomes of different formulations (Figure S6).
Hematoxylin and eosin (H&E)-stained tumor tissue of mice
administered PBS presented unbroken cellular structures,
indicating a rapid growth state. In comparison with the PBS
group, both free NM and NM/CP6A groups exhibited a
degree of necrocytosis. Remarkably, cellular edemas and
nuclear shrinkage were observed in the mice that were
administered NM/CP6A. Moreover, the results of the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay verified that administration of NM/CP6A
resulted in more severe cell apoptosis. In clinical settings, NM
can induce several toxicity-related side reactions. In this study,
weight fluctuation of mice after treatment with various
formulations was used as a representation of side effects. The
body weights of mice administered free NM increased and

Figure 4. In vivo antitumor efficacy studies. (a) Tumor growth curves of the MCF-7 xenograft mice in the groups dealed with PBS, NM, and NM/
CP6A (mean ± SD, n = 3). (b) Normalized tumor weight 15 days after treatment with PBS, NM, and NM/CP6A (mean ± SD, n = 3). (c) Survival
rate of mice bearing MCF-7 tumors after different treatments (n = 10 mice per group). (d) Changes in body weight of MCF-7 xenograft nude mice
after different treatments (mean ± SD, n = 3). Significant differences were assessed in (a), (b), and (d) using the one-way ANOVA with multiple
comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001.
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then decreased. For comparison, the mean body weight of the
NM/CP6A group increased from 20.29 ± 0.40 to 26.20 ± 0.69
g, and weight trends were similar to mice that were
administered PBS (Figure 4d). Taken together, these results
supported the conclusion that the complexation of NM with
CP6A could enhance the chemotherapeutic efficacy of NM
and decrease its associated severe systemic toxicity in vivo.

■ MATERIALS AND METHODS
Materials. All reagents were purchased commercially and

used without further purification unless otherwise noted.
Carboxylated pillar[6]arene (CP6A) was synthesized and
purified according to a previously reported procedure.28 NM
was purchased from Aladdin (Shanghai, China). Spermine
(SPM) was purchased from Innochem (Beijing, China).
Dulbecco’s modified Eagle medium (DMEM) was purchased
from Thermo Fisher Scientific. Fetal bovine serum (FBS),
penicillin-streptomycin, and PBS were purchased from Gibco
(Thermo Fisher Scientific). Cell counting kit-8 (CCK-8) was
purchased from Dojindo Co., Ltd. (Shanghai, China). Human
breast adenocarcinoma (MCF-7) and normal human mam-
mary epithelial cells (MCF-10A) were obtained from the Cell
Bank of the Chinese Academy of Sciences.

Instruments. 1H NMR data were recorded on a Bruker
Advance 600 MHz spectrometer. Fluorescence spectroscopic
studies were carried out using a FL 6500 fluorescence
spectrophotometer, PerkinElmer, Inc. Cytotoxicity studies
were performed on SpectraMax M5 plate reader, Molecular
Devices.

Cells and Animals. MCF-7 and MCF-10A cells were
cultured in DMEM supplemented with 10% FBS, 1%
penicillin, and 1% streptomycin. The cells were then incubated
at 37 °C under 5% CO2 and 90% relative humidity and
passaged every 2 days.
Six-week-old female BALB/c nude mice were purchased

from SPF Biotechnology Co. Ltd. (Beijing, China) and
maintained at 25 °C in a 12 h light/dark cycle with free
access to food and water. Mice were allowed to acclimate to
the environment for at least 1 week before the experiments.
Animal experiments were approved by the ethics and welfare
review of laboratory animals at Beijing Tongren Hospital
Affiliated to Capital Medical University (TRLAWEC2022-
2096) and adhered to the ARRIVE guidelines.

NMR Spectroscopy. Samples for 1:1 1H NMR spectra
were prepared in pH 7.4 deuterated phosphate buffer (10
mM). All NMR spectra were acquired at 298 K in the solution
state.

Fluorescence Titration. To determine the association
constant between the host (CP6A) and the two guests (NM
and SPM), direct fluorescence titration of CP6A (1 μM) with
various concentrations of NM and SPM was carried out in 10
mM PBS at pH 7.4, as previously reported.33

In Vitro Cytotoxicity. The relative cytotoxicity of the
samples against two cell lines (MCF-7 and MCF-10A) was
assessed using the CCK-8 assay according to the manufac-
turer’s instructions. MCF-7 and MCF-10A cells were seeded
into 96-well plates at a density of 8000 cells/well in 100 μL of
DMEM supplemented with 10% FBS, 1% penicillin, and 1%
streptomycin and then cultured for 24 h in 5% CO2 at 37 °C.
Several formulations were dissolved in PBS and diluted to the
required concentration and then added to the cell-containing
wells which were further incubated at 37 °C under 5% CO2 for
48 h. Subsequently, 10 μL of CCK-8 was added into each well,

and the mixture was incubated for another 1 h. Absorbance of
the plates was measured at 450 nm by using a plate reader:

= A A
A A

Viability(%) b

0 b

The above A represented the optical density of the drug-
containing sample. Ab represented the optical density of the
cell-free sample, and A0 represented the optical density of the
drug-free sample.

In Vivo Antitumor Efficacy. Subcutaneous xenograft mice
models of breast adenocarcinoma were employed to evaluate
the therapeutic efficiency of NM/CP6A in vivo, and model
mice were affordable and available in our lab. A total of nine
six-week-old female BALB/c nude mice were purchased.
During the experiment, the animals had good housing and
husbandry, and suffering was reduced in accordance with
humanitarianism.
A total of 5 × 105 MCF-7 cells in 200 μL of saline were

inoculated subcutaneously into the right dorsal flanks of the
mice. When the mean tumor volume reached approximately
200 mm3, the day was set as day 0. Nine BALB/c nude mice
were randomly divided into three groups. The PBS group, free
NM group (4 mg·kg−1), and NM/CP6A group (4/42 mg·
kg−1) were subjected to intravenous (iv) injection in mice at
different time points (on days 0, 3, 6, 9, and 12). After the
treatment, tumor volumes and weights for each mouse were
recorded at different time points. On day 15, the mice were
sacrificed by cervical dislocation, and the tumors were
separated from the animals and weighed:

= ×L W
Volume (mm )

2
3

2

The above L represented the largest tumor diameter, and W
represented the smallest tumor diameter.

■ CONCLUSIONS
In conclusion, our study findings have elucidated an available
and generalizable approach for supramolecular chemotherapy
using host−guest complexation of a cationic chemotherapy
medication, NM, by a well-matched macrocycle, CP6A.
Complexation by CP6A was found to relieve toxicity of NM
in MCF-10A cells. The stronger association of the SPM/CP6A
complex helped to replace NM in the macrocyclic cavity.
Remarkably, NM/CP6A showed better antitumor potency due
to the competitive release of NM by high-concentration SPM.
Furthermore, the simultaneous trapping of SPM could exert a
synergistic therapeutic effect. The current study proved that
direct complexation is a prospective strategy to enhance
chemotherapy outcomes, and pillararene derivatives could
serve as ideal modules to bring potential benefits for other
chemotherapy medications.
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