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Based on the host—guest interaction between a CPT-conjugated
prodrug amphiphile (CPT-ss-Py) and a water-soluble pillar[5]arene
(P5), a GSH-responsive supramolecular chemotherapeutic drug
(P55 CPT-ss-Py) was fabricated. Through this supramolecular for-
mulation, internalization and anticancer efficacy were greatly
increased.

Being able to modify the pharmacokinetic properties of drugs,
improve the therapeutic efficacy and reduce side effects, nano-
medicines have been attracting more and more attention from
scientists over the past few years.' The first generation of
nanomedicines have already obtained widespread clinical
approval during the last couple of decades, from liposomal
doxorubicin (Doxil) in 1995 to liposomal irinotecan (Onivyde)
in 2015.> Even though several active anti-tumor drugs have
been fabricated into the approved nanomedicines in the clinic,?
there are still a number of drugs exhibiting remarkable pre-
clinical anti-tumor activity urgently needed to be developed
into nano-formulations. Camptothecin (CPT), an effective DNA
topoisomerase I inhibitor, has been proven to possess outstanding
anticancer activity, yet is unable to be applied in clinical trials
owing to its severe side effects and low solubility.* Because of
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medium polarity and an inherently planar structure that can
induce strong n-n stacking effect, CPT is also not easily encapsu-
lated in the hydrophobic core of nanoparticles.> Hence, continuing
efforts should be made towards highly efficient CPT delivery,
especially focusing on nanoscale drug delivery systems (DDSs).
Owing to their high drug-loading ability, no premature/leaky
drug release and simple manufacturing process, scientists have
paid a great deal of attention to polymer-drug conjugates in
recent years. Several polymer-drug conjugates have been investi-
gated in clinical trials, such as dextran-doxorubicin in phase I,
polyglutamate-paclitaxel in phase III, N-(2-hydroxypropyl)methacryl-
amide copolymer-CPT in phase I, etc.° However, uncontrollable
modifications and inefficient drug release are still the great
challenges for their clinical translation. Supramolecular chem-
istry is based on intermolecular interactions, namely on the
connection of two or more building blocks which are linked
together through non-covalent interactions.” Benefiting from
a dynamic and reversible nature, supramolecular architec-
tures possess outstanding stimuli-responsive properties and
near-infinite possibilities. Among a variety of non-covalent
interactions, such as n-n stacking interactions, charge-transfer
interactions, electrostatic interactions, hydrogen bonds and
host-guest interactions,® host-guest interactions are drawing
an increasing amount of attention. By making use of supra-
molecular formulations, some limitations impeding polymer-drug
conjugates for clinical applications could be solved efficiently. For
example, easy functionalization can be achieved for supramolecular
chemotherapeutic systems through simple modification of each
building block. Premature drug release is inhibited during blood
circulation and the loaded drugs are specifically released at tumor
sites triggered by tumor microenvironment abnormalities, such as
PH, enzymes, redox and temperature. As an indispensable part of
host-guest interactions, macrocyclic host molecules usually consist
of crown ethers,” calix|n]arenes,™ cyclodextrins,"" cucurbit[r]urils**
and pillar{njarenes.”> Among them, pillar{z]arenes have become
popular macrocyclic hosts in supramolecular chemistry since 2008
arising from their highly symmetrical and rigid structures, fruitful
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Scheme 1 (a) Structures of chemicals (G, PS5, CPT-cc-Py, CPT-ss-Py and
P55 CPT-ss-Py) and (b) schematic diagram for the formation of therapeutic
supramolecular amphiphile P5>CPT-ss-Py.

host-guest chemistry and sophisticated functionalizations.'* Their
unique properties endow them with outstanding abilities to selec-
tively couple different types of guests, providing opportunities to
establish smart supramolecular DDSs.

Herein, we develop a therapeutic supramolecular amphi-
phile (P5>CPT-ss-Py) using a pillar[5]arene-based host-guest
molecular recognition motif constructed from a pyridinium salt
derivative (G) and a water-soluble pillar[5]arene (P5), mainly
driven by cation-t and hydrophobic interactions (Scheme 1). Dif-
ferent from CPT-ss-Py that forms large aggregates, P5> CPT-ss-Py
self-assembles into supramolecular nanoparticles (SNPs) with a
mean diameter of about 150 nm in aqueous solution, which is
favorable for cellular endocytosis. After the SNPs are internalized by
cancer cells, the high-concentration glutathione (GSH) inside cancer
cells rapidly cleaves the disulfide bond of CPT-ss-Py, resulting
in the release of active CPT through a GSH-triggered cascade
reaction. Through this supramolecular strategy, the inter-
nalization of CPT-ss-Py is significantly increased and the anti-
cancer efficacy of CPT is greatly maintained.

'H NMR spectroscopy was used to study the host-guest
complexing action between pillar[5]arene (P5) and the model
compound (N-decylpyridinium bromide, G). As shown in
Fig. 1b and ¢, when equimolar amounts of P5 and G were
mixed in solution, changes of chemical shift of the protons on
G were observed. For example, the signals corresponding to the
protons H,_. of G displayed obvious upfield shifts (Fig. 1b and c),
providing convincing evidence for the host-guest interaction
between P5 and G. The reason for the change in chemical shift
was that protons H, . were situated in the cavum of P5 and
screened by the electron-rich aromatic ring upon generation of
the inclusion complex from P5 and G."” Moreover, the signals
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Fig. 1 Partial 'H NMR spectra (D,O, room temperature, 400 MHz): (a) P5
(2.00 mM); (b) P5 (2.00 mM) and G (2.00 mM); (c) G (2.00 mM).

related to protons H;_, on P5 also showed apparent chemical shift
changes induced by the host-guest complexation (Fig. 1a and b).
On the other hand, Nuclear Overhauser effect correlation signals
between H; of P5 and H,, He and H,,, of G were observed (Fig. S9,
ESIt), further suggesting that G was threaded through the cavum
of P5, coinciding with the results acquired from "H NMR investi-
gations. Isothermal titration calorimetry (ITC) experiment was
conducted to obtain thermodynamic energy information for the
inclusion complexation between P5 and G. As can be seen in
Fig. S10 (ESIT), the K, value of P5O5G was determined to be
(2.00 & 0.30) x 10* M~" and the complexation stoichiometry is
1:1. The driving forces of this supramolecular system should be
ascribed to the combined actions of n-m stacking interactions,
hydrophobic interactions and cation-n interactions between the
electron-deficient G and electron-rich P5.'® Besides, the entropy
and enthalpy changes were also acquired from the ITC experiment
(AH® < 0; TAS® > 0), demonstrating that this host-guest inclusion
complexation was driven by a favorable enthalpy change assisted
by entropy (Fig. S10, ESIt).

With this molecular recognition motif in hand, we further
used it to establish a supramolecular amphiphile and studied the
relevant self-assembly behavior in water. CPT-ss-Py containing a
GSH-cleavable disulfide bond was employed as a therapeutic
guest, where the anticancer drug CPT acted as the hydrophobic
part and the pyridinium salt unit worked as the hydrophilic head.
By measuring concentration-dependent conductivity, the critical
aggregation concentration (CAC) of CPT-ss-Py was calculated to be
about 1.72 x 10~ °® M (Fig. 2a). In the presence of host molecule P5,
the supramolecular amphiphile P5>CPT-ss-Py was formed, in
which triethylene glycol-functionalized pillar[5Jarene head acted
as the hydrophilic part and the disulfide bond-containing CPT
prodrug chain served as the hydrophobic portion. The CAC of
P55 CPT-ss-Py increased to 3.21 x 10 ° M because of the for-
mation of the stable host-guest complex between P5 and CPT-ss-Py
(Fig. 2b). It should be noted that partial host-guest complexation
could change the CAC values and morphologies of the self-
assemblies by altering the curvature of the membrane.'*%1*7
Transmission electron microscopy (TEM) assisted in the
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Fig. 2 The concentration-dependent conductivity of (a) CPT-ss-Py and
(b) PS> CPT-ss-Py. TEM images of the sheet-like structure formed from
(c) CPT-ss-Py and nanoparticles self-assembled from (d) P5> CPT-ss-Py
and (e) PS> CPT-cc-Py. (f) DLS size distributions of nanoparticles self-
assembled from P55CPT-cc-Py and P55 CPT-ss-Py. (g) Drug release
profiles of PS> CPT-ss-Py and P55 CPT-cc-Py with different concentra-
tions of GSH.

identification of the self-assembly morphologies of CPT-ss-Py and
P55 CPT-ss-Py. As can be seen in Fig. 2c, CPT-ss-Py alone self-
assembled into sheet-like structure (>2 pum) in water driven by
the n-n stacking interactions between CPT tails. However, upon
addition of P5, the sheet-like structure transformed into petal-
shaped nanoparticles with diameters of about 130 nm (Fig. 2d).
Dynamic light scattering (DLS) experiments were performed to
measure the size of the nanoparticles. The average diameter of the
self-assembled nanoparticles of P5> CPT-ss-Py was measured to
be 152 nm (Fig. 2f), in good accordance with the TEM image.
As a control, the TEM and DLS characterization experiments of
P5 5 CPT-cc-Py were also conducted. As can be seen in Fig. 2f, the
average diameter of P55 CPT-cc-Py was 127 nm, which is consistent
with TEM image (Fig. 2e).

In the human body, the concentration of intracellular
GSH (1-10 mM) is much higher than that in common body
fluids outside cells (20-40 pM), such as plasma. Moreover, the
concentration of intracellular GSH in cancer cells is much
higher than that in normal cells.'® In order to avoid side effects
on normal cells and maintain the anticancer efficacy, disulfide
bond was incorporated into this supramolecular amphiphile.
The drug release profiles of P5>CPT-ss-Py under different
GSH concentrations were evaluated, where the non-cleavable
P55 CPT-cc-Py was used as a control. As shown in Fig. 2g, in the
absence of GSH, only 8.8% CPT was released from P55 CPT-ss-Py
within 24 h, indicating these SNPs were very stable under physio-
logical condition. However, 50.3% and 95.9% CPT were released
from P55 CPT-ss-Py SNPs respectively, in the presence of 1.0 and
10.0 mM GSH, confirming the GSH-triggered disassembly of the
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Fig. 3 Confocal images of Hela cells incubated with (a) CPT-ss-Py and
(b) PS> CPT-ss-Py for different time periods. Cytotoxicity against (c) HelLa
and (d) A549 cells incubated with different concentrations of CPT,
CPT-cc-Py, CPT-ss-Py, P55 CPT-cc-Py and P55 CPT-ss-Py for 24 h.

SNPs. As expected, only 7.2% CPT was released from CPT-cc-Py
after 24 h, which further demonstrated the GSH-responsive feature
of P55 CPT-ss-Py.

The internalization behavior of P5>CPT-ss-Py SNPs was
further studied by confocal laser scanning microscopy (CLSM)
using HeLa cells. As shown in Fig. 3b, slight blue fluorescence
arising from CPT was observed in the cytoplasm after 1 h
incubation, demonstrating that P5 5 CPT-ss-Py SNPs were inter-
nalized by HeLa cells. With the incubation time extended to 24 h,
the blue fluorescence increased significantly, indicating the endo-
cytosis of SNPs by HeLa cells occurred in a time-dependent
manner. Furthermore, there was obvious purple fluorescence in
the overlapped image, suggesting P5 > CPT-ss-Py SNPs colocalized
with lysosomes after entering into tumor cells. On the contrary,
there was no clear blue fluorescence in the cytoplasm for CPT-ss-Py
group even after 24 h incubation (Fig. 3a), because the size of the
aggregates was too large. These data emphasized that this supra-
molecular modification played a significant role in increasing
cellular uptake and the consequent anticancer efficacy.

Then the therapeutic efficacy of SNPs fabricated from
P55 CPT-ss-Py was assessed by 3-(4’,5'-dimethylthiazol-2'-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay against HeLa,
A549 and B16F10 cells, wherein the cells were treated with
various concentrations of free CPT, CPT-cc-Py, CPT-ss-Py,
P55 CPT-cc-Py and P55 CPT-ss-Py. As can be seen in Fig. 3c,
compared with P5>5CPT-cc-Py, P55CPT-ss-Py was able to
induce obvious cell death, indicating that the intracellular

This journal is © The Royal Society of Chemistry 2018
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reducing environment of tumor cells played an important role
in the CPT release from SNPs. The ICs, value of P55 CPT-ss-Py
against HeLa cells was 423 ng mL ™", which could rival that of
the anticancer drug CPT (137 ng mL™ '), much lower than those
of CPT-ss-Py and CPT-cc-Py, demonstrating that the high-
efficiency supramolecular chemotherapeutic drug P5 > CPT-ss-Py
and the cleavable disulfide bond of CPT-ss-Py are vital for excellent
anticancer efficacy. It is worth noting that negligible influence on
the relative cell viability was observed with concentrations of
CPT-cc-Py and CPT-ss-Py ranging from 10 to 100 ng mL ™. The
reason was that the size of the sheet-like structures was too large
such that they were hardly internalized by cells, which was proved
by CLSM studies. A similar phenomenon was also observed for the
other two types of cancer cell lines, namely A549 (Fig. 3d) and
B16F10 (Fig. S11, ESIt), further indicating the robust anticancer
behavior of P55 CPT-ss-Py.

In summary, a therapeutic supramolecular amphiphile was
constructed based on a host-guest molecular recognition motif, in
which a neutral water-soluble pillar{5]arene (P5) acted as the host
and a CPT-conjugated pyridinium salt (G) worked as the guest.
Benefiting from supramolecular formulation, P5> CPT-ss-Py self-
assembled into stable SNPs with an average diameter of 152 nm in
aqueous solution. In a high GSH environment, the disulfide bond
was cleaved, resulting in the fast release of active CPT in cancer
cells. CLSM experiments proved that these SNPs effectively
enhanced the CPT uptake. MTT experiments revealed that not
only was the efficacy of SNPs greatly maintained, but also they
could perform well in other kinds of cancer cells, demonstrating
the role of SNPs is a broad-spectrum one. The current study
supplies a novel supramolecular method for the fabrication of
stimuli-responsiveness DDSs, which has great potential for appli-
cations in cancer treatment.
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