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The construction of multistimuli-responsive nanoaggregate has become one of the increasingly significant
research topics in supramolecular chemistry. We herein reported the pH- and glutathione dual-responsive su-
pramolecular assemblies fabricated by the disulfide-containing pillar[4]arene and tetraphenylethylene de-
rivatives possessing different alkyl chains in length. Morphological characterization experiments showed the
binary supramolecular assemblies formed well-defined nanoparticles, which could facilitate their endocytosis in
cells. More remarkably, due to the compact nanostructures and the existence of acidifiable carboxyl group and
bioreducible disulfide linkage in pillar[4]arene, the obtained nanoaggregates presented high drug-loading effi-
ciency and sustained drug release behaviors, as well as the targeted fluorescence imaging ability in cancer cells.
Thus, it can be envisioned that such microenvironment-adaptable supramolecular nanoassemblies featuring dual
stimuli-responsiveness and fluorescence-imaging abilities may be developed as more appealing nanosystems for

the therapy of refractory disease.

1. Introduction

Despite the fact that numerous known and newly discovered mole-
cules have exhibited great potentials for disease diagnoses and treat-
ments, the lack of potent delivery carriers and desirable targeting
abilities at the intended sites of action eventually leads them to the
failure in clinical trials and application. To this end, the advent of
macrocycle-based supramolecular chemistry has provided a sturdy tool
to enhance biocompatibility and therapeutic efficacy of many hydro-
phobic drugs and bioactive molecules in a highly controllable man-
ner.' ™ The dynamic and reversible characteristics of noncovalently
chemical bonds can confer smart chemistry and stimuli-responsiveness
to supramolecular nanoconstructs, which have been developed as a
feasible approach to fabricate environmentally adaptable nano-
assemblies for the treatments of many life-threatening diseases, such as
cancers. In this context, due to their immense advantages of molecular
recognition and robust assembly, supramolecular amphiphiles represent
one of the most promising nanoassemblies with fascinating topological
structures, including nanoparticles (NPs), vesicles, micelles, nanosheets,
and nanorods.”° Consequently, considerable endeavors have been
devoted to exploring their biological functions in drug delivery, bio-
medicines, and advanced therapeutics using various types of amphi-
philic components, such as small molecules, macrocyclic receptors, and

polymeric macromolecules.'® '?

Compared to normal ones, there are many characteristics that are
peculiar to malignant cells, which can be viewed as ideal biological
stimuli and enable us to design more intelligent nanomedicines and
implement more effective nanotherapeutics.13 For example, due to the
overproduction of acidic metabolites in the process of glycolysis, the
tumor environment is weakly acidic (= 6.5) than normal tissues (x=7.4),
by which carboxylate anionic groups can be conveniently converted into
carboxylic acids.'*'® Meanwhile, the dysfunction of glutathione (GSH)
regulation can cause the overexpression of GSH in cancer cells, by which
disulfide bonds can be selectively reduced to free thiols.'”'® Therefore,
the synergistic combination of these intrinsic features of cancer cells,
such as weakly acidic environment and high GSH concentration in
tumor cells, can often be used to design advanced drug delivery
systems.'2°

In this work, by virtue of the naturally occurring biochemical stimuli
in the cancer cells (i.e. low pH and bioreducing environment), two kinds
of supramolecular amphiphiles were successfully constructed by the
noncovalent communication between the water-soluble carboxylated
cyclic tetramer possessing disulfide bonds (1)>' ?® and the quaternary
ammonium salts possessing tetraphenylethylene (TPE) group (TPENC,,
n = 6 and 12).2*? Benefiting from the acidifiable carboxylate groups
and the reduction-sensitive disulfide bonds in 1, specific disaggregation
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of the obtained amphiphilic nanoassemblies and the concomitant drug
release could be concurrently achieved in response to the slightly acidic
and GSH-overexpressed microenvironment inside the cancer cells. More
interestingly, strong fluorescence emission was realized in the intact
supramolecular amphiphiles through the aggregation-induced emission
(AIE) pathway. Comparatively, the fluorescence emission could be
seriously weakened as soon as the amphiphilic superstructures were
disrupted, thus realizing in-situ monitoring of drug delivery and release
process in both inanimate milieu and cancer cells. Hence, this study not
only demonstrates the superiority of multistimuli-responsive supramo-
lecular amphiphiles in the targeted delivery of therapeutic agents but
also manifests that the assembly-enhanced photoluminescence can be
utilized as a feasible method in monitoring the drug release process.?® >

2. Results and discussion

The construction of supramolecular TPENC,@1 (n = 6 and 12)
amphiphiles and their multistimuli-responsive drug delivery of doxo-
rubicin (DOX) are depicted in Scheme 1. The negatively charged
disulfide-containing pillar[4]arene 1 could bind to the positively
charged TPENC, through multiple electrostatic interactions. The
carboxylate anionic groups of 1 and the quaternary ammonium sites of
TPENC, served as the hydrophilic parts, while the aromatic backbones
of 1 and TPENC, served as the hydrophobic parts. The assembly-induced
aggregation between 1 and TPENC, could readily form amphiphilic
supramolecular NPs by lowering the critical aggregation concentration
(CAC) of TPENC,,.>® For example, no aggregation was observed for free
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TPENCg below 100 pM (Figs. 1a-b and S11-S12), whereas the CAC value
sharply decreased in the presence of 1 at 5 pM (Fig. 1a). The molecular
assembling properties of TPENC,, with 1 were further confirmed by the
changes in optical transmittance, which is a reliable characterization
method to evaluate the formation of amphiphilic assemblies. In our case,
no obvious change of optical transmittance was observed in the TPENC,
alone; however, the optical transmittance at 650 nm dramatically
decreased upon increasing the concentration of TPENC,, and the
appearance of points of inflection indicated the formation of large-sized
aggregates in solution.> Meanwhile, no turbidity or precipitation was
observed under our experimental condition. Accordingly, the CAC
values of TPENCg@1 and TPENC;,@1 were obtained as 36.9 and 41.8
pM, respectively (Figs. 1b and S13). Moreover, when the concentration
of 1 was fixed, it is found that the optimal molar ratios of TPENCg@1
and TPENC;,@1 were determined as 5:1 and 6:1 respectively (Figs. S14
and S15). The bulky TPE group could impede the quaternary ammonium
head of TPENC, from the efficient electrostatic attraction with the
carboxylate anionic group of tetramer 1, which is contributed to the
optimal mixing ratios unequally available to the charge ratio (8:1). In
addition, the hexyl-bearing quaternary ammonium salt (NCg) was cho-
sen as the reference to check if there is any host-guest interaction be-
tween TPENC; and 1. Although the proton peaks of NCg were passivated
upon addition of 1 in the 'H NMR spectrum, no correlation peak was
observed by means of rotating-frame Overhauser effect spectroscopy
(ROESY, Figs. S16 and S17). Therefore, no obvious host-guest interac-
tion is involved but electrostatic attraction is believed as the main
driving force in the formation of these supramolecular amphiphiles.
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Scheme 1. Schematic illustration of the assembling and disassembling of the DOX-loaded TPENC,,@1 (n = 6 and 12) supramolecular amphiphiles in response to
acidic environment and over-expressed GSH. The green squares are denoted as the decomposed 1 after reduction by GSH.
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Fig. 1. (a) Optical transmittance of 1 (20 pM) with TPENCg at different concentrations in PBS (pH = 7.2) at 25 °C. (b) Dependence of the optical transmittance at
650 nm on the TPENCg concentration in the presence of 1 (20 pM) in PBS (pH = 7.2) at 25 °C. DLS data and TEM images of (c, e) free TPENCg and (d, f)

TPENC@1 assembly.

Furthermore, the transmission electron microscopic (TEM) images
showed that the sizes of free TPENCg and TPENC; 5 were obtained as 25
and 30 nm, respectively (Figs. 1lc and S18). In comparison, the aggre-
gation of TPENC¢@1 and TPENC;2@1 gave large-sized NPs with di-
ameters of ca. 100 and 460 nm, respectively (Figs. 1d and S19). The
spherical aggregates of TPENC,@1 could be classified as a type of su-
pramolecular NPs, since there was no definite evidence to prove whether
they were hollow or solid. Nevertheless, the suitable assembling sizes
may facilitate their endocytosed into cells. Meanwhile, the dynamic
light scattering (DLS) data also showed that the average hydrodynamic
diameters increased to 455 and 1041 nm when TPENCg and TPENC; 5
were mixed with 1 in aqueous solution, respectively (Figs. le—f and
S20-S21). The relatively larger sizes obtained in the DLS experiments
are reasonable, because the contribution of hydrodynamic diameter
should be considered in aqueous environment. Based on these obser-
vations, a reasonable self-assembling mechanism on the formation of
supramolecular NPs may be elucidated as follows: free TPENC, cannot

spontaneously aggregate into large-sized nanoassemblies at lower con-
centration. Comparatively, upon addition of tetramer 1, one 1 and
several TPENC, molecules formed multi-layered and well-defined ag-
gregates with an alternating shell structure arising from the multiple
electrostatic and hydrophobic interactions.

Subsequently, the stimuli-responsive properties of these obtained
amphiphiles were studied. Owing to the acidifiable carboxylate anion
group and cleavable disulfide linkage, the disulfide-containing pillar[4]
arene 1 could undergo structural transformation in the acidic and
reducing environments, which would eventually lead to the specific
disaggregation of supramolecular NPs. As discerned from Fig. 2a, when
the pH value was adjusted to 6.5 or excess GSH was added into the so-
lution of supramolecular NPs, the optical transmittance increased to a
great extent (Fig. 2a). Indeed, it is shown that 17.8% of tetramer 1 was
pronated at pH = 6.5 by potentiometric titration (Fig. S22). In addition,
no obvious fluorescence emission was observed in the dilute solution of
free TPENCq. However, the addition of 1 could efficiently induce the
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Fig. 2. (a) Optical transmittance of TPENCg (green line), TPENCs@1 (blue line), TPENCs@1 + GSH (black line) in PBS (pH = 7.2) and TPENCs@1 (pH = 6.5) in
water (red line) at 25 °C ([TPENCg] = 30 pM, [1] = 5 pM, and [GSH] = 200 pM); (b) Fluorescence emission spectra of TPENCg (green line), TPENCs@1 (blue line),
TPENCs@1 + GSH (black line) in PBS (pH = 7.2), and TPENC¢@1 at pH = 6.5 in water (red line) at 25 °C ([TPENCg] = 30 uM, [1] = 5 pM, and [GSH] = 200 pM, Aex
= 330 nm). TEM images and DLS data of (c, e) TPENCs@1 + GSH and (d, f) TPENCs@1 at pH = 6.5; (g) The Tyndall effect and (h) photographs of (i) TPENGs, (ii)
TPENCe@1, (iii) TPENCs@1 + GSH, and (iv) TPENC¢@1 (pH = 6.5) under light irradiation at 365 nm.

aggregation of TPENCg in a compact form, thus achieving its typical
fluorescence emission of TPE core cantered at 460 nm in PBS (Fig. 2b).
In contrast, under the weakly acidic and reducing condition, the fluo-
rescence emission was seriously quenched, accompanied by the reap-
pearance of small-sized NPs in the TEM images and DLS data (Fig. 2¢c-f).
Only the TPENC¢@1 group gave an obvious Tyndall effect and strong
blue-green fluorescence emission under the light irradiation, which
could be conveniently observed by the naked eyes (Fig. 2g and h).

Similar experimental observations were obtained using TPENC;s
(Figs. S23-S28). As discerned from Fig. S24, TPENC;5 alone showed
distinct fluorescence emission at 475 nm, due to the strong tendency of
self-aggregation with long hydrophobic alkyl chain. As a result,
compared to TPENC;,@1 NPs, more remarkable fluorescence emission
enhancement was observed in the case of TPENCs@1. Thus, benefiting
from the favorable noncovalent interactions, the aggregation of TPENC,
can be greatly promoted with assistance of 1 and more importantly, the
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dissociation of supramolecular NPs can be achieved with desirable pH-
and redox-responsive capabilities. With the dual responsive supramo-
lecular amphiphiles in hand, their drug loading and release behaviors
were explored using DOX as the drug model, because DOX can be readily
located at the hydrophobic region of the TPENC,@1 NPs. The drug
encapsulation and loading efficiencies were calculated as 36.4% and
4.9% for TPENCs@1 and 32.4% and 4.3% for TPENC;,@1, respectively
(Figs. 3a-b and §29-532).%5%6 Moreover, the drug release behaviors of
TPENC¢@1 in vitro were also investigated. By comparing the drug
release profiles under different conditions, it is found that only 35.3%
DOX was released from the binary supramolecular NPs in the neutral
solution, whereas the release rates were dramatically accelerated and
more drugs were released under the acidic or GSH-expressed condition
in 6 h. More gratifyingly, DOX could be completely released when acid
and GSH co-existed in the solution of TPENC¢@1 in the same period of
time (Fig. 3c and d). The UV-vis absorption spectral changes versus time
were recorded in Figs. S33 and S34. Apparently, these obtained supra-
molecular amphiphiles possessed good drug encapsulation, loading ef-
ficiencies, and desired multi-stimuli responsiveness toward redox and
pH changes, which would facilitate the controlled and targeted drug
delivery and release in the cancer cells, as described below.

Given the more suitable assembling size, better stimuli-responsive
characteristics, and relatively higher drug-loading capacity, the drug
release behaviors of TPENCe@1 NPs were investigated toward the

(@),
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normal and cancer cells. Due to the microenvironment of cancer cells,
the supramolecular amphiphiles could readily lead the rapid drug
release of DOX in the cancer cells (A549 cell line). Bright red fluores-
cence arising from the released DOX and faint blue-green fluorescence
arising from the disaggregated TPENCg could be observed. In contrast,
in the normal cells (293T cell line), the obtained supramolecular am-
phiphiles maintained their integrity and no drug could escape from the
compact NPs. Therefore, the bright red fluorescence of DOX and the
strong blue-green fluorescence of TPENCg could be observed at the same
time and they had good overlap with each other in a single cell (Figs. 4a
and S35). Moreover, the toxicity of the supramolecular NPs was tested.
As can be seen from Fig. 4b and c, the drug-free NPs showed no signif-
icant cytotoxicity for both cells, but only the DOX-loaded ones could
dramatically reduce the viability of cancer cells. In comparison, DOX
alone did not show significant cytotoxicity, probably due to the rela-
tively shorter incubation time in our case. Meanwhile, supramolecular
nanodrugs are known to possess improved abilities of internalization
and accumulation in cells compared to the parent drugs at the same
dose.*” Accordingly, the half-maximal inhibitory concentration (ICso) of
the DOX-loaded NPs was calculated as 4.2 pg/mL for the A549 cells.
Similar cell-targeting ability was also observed by using BEAS-2B cells as
the normal control (Fig. S36). These experimental results jointly
demonstrate that benefitting from the characteristic environments in
cancer cells, our obtained NPs could specifically delivery and release
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Fig. 3. UV-vis absorption spectra of (a) TPENC¢s@1 NPs and (b) TPENC;,@1 NPs before and after loading DOX. In vitro release profiles of DOX by (c) drug-loaded
TPENCs@1 NPs and (d) drug-loaded TPENC;,@1 NPs in the absence of GSH in PBS (pH = 7.2) (black line), in the presence of GSH in PBS (pH = 7.2) (blue line), in
the acidic aqueous solution (pH = 6.5) (red line) and acid and GSH co-existed (green line) in the aqueous solution at 25 °C.
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Fig. 4. (a) Confocal microscopic images of A549 and 293T cells after incubation with DOX-loaded TPENCs@1 NPs for 12 h ([DOX] = 5 pg mL L. Relative cellular
viabilities of (b) A549 and (c) 293T cells after the treatment with free and DOX-loaded TPENCs@1 NPs, respectively, after incubation in 24 h.

anti-cancer drugs into cancer cells but cause no adverse effect toward
normal cells. Meanwhile, the drug release process could be conveniently
monitored by the changes of fluorescence emission intensity of
nanocarriers.

3. Conclusions

In conclusion, two supramolecular amphiphiles were successfully
constructed by the multiple noncovalent interactions between the
disulfide-pillar[4]arene (1) and tetraphenylethylene (TPE) derivatives
containing quaternary ammonium salts, which showed dual pH- and
redox-responsive drug release behaviours. Co-assembly of 1 and TPENCg
formed supramolecular NPs in neutral solution and exhibited blue-green
fluorescence at 478 nm via the characteristic AIE pathway. The anti-
cancer drug DOX loaded in the binary TPENC¢@1 supramolecular NPs
could be specifically and rapidly released in the cancer cells due to their

mild acidic and over-expressed GSH environments. More significantly, it
is also found that the drug release process was highly associated with the
disaggregation of supramolecular NPs and the decrease in fluorescence
emission intensity. To be envisioned, the advanced drug loading and
delivery efficiency combined with the in-situ monitoring of drug release
can eventually lead to the potent chemotherapy for dramatically
inhibiting tumor growth, thus demonstrating our tumor
microenvironment-adaptable nanosystems as new promising candidates
for oncological treatments in the future.
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