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Introduction

Supramolecular nanoparticles constructed from
pillar[S]arene-based host—guest complexation
with enhanced aggregation-induced emission for
imaging-guided drug deliveryf

Dahai Liu, 22 Jianshi Du,® Shaolong Qi,® Mengyao Li,? Jianfeng Wang,*”
Meihan Liu,*¢ Xianlong Du,® Xinyu Wang,® Bichen Ren,? Dan Wu® and Jie Shen () *'

Fluorophores with aggregation-induced emission (AIE) characteristics have attracted more and more
attention due to their unparalleled advantages in terms of sensitivity and photostability, and have been
extensively utilized for disease diagnosis and therapy. However, it remains challenging to restrict the
intramolecular rotation of the AIE luminogens (AlEgens) both in solution and aggregated states. Herein,
we utilize host—guest chemistry to achieve this meaningful goal by using a carboxylate-modified
pillar[5]larene H as a supramolecular host and an AlEgen containing a tetraphenylethene core G as a
guest. The AIE effect of the fluorophore is effectively enhanced upon the formation of an inclusion host—guest
complex Ho G, and the fluorescence of HoG is much more intensive than that of free G. Supramolecular
nanoparticles (SNPs) with high emission are prepared from H> G using a nanoprecipitation method, which can
be used as a fluorescent probe for living cell imaging showing superior photostability against laser excitation.
Intriguingly, the formed SNPs act as nanocarriers to encapsulate doxorubicin (DOX) to deactivate both the
fluorescence of SNPs and DOX caused by the energy transfer relay (ETR) effect, which is mediated by Forster
resonance energy transfer and aggregation-caused quenching. The release of loaded DOX after cellular
internalization interrupts the ETR effect to light up the silenced fluorescence, thus allowing in situ visualization
of drug release. More importantly, the anticancer efficacy of the loaded drug is greatly maintained using this
sophisticated supramolecular system, showing promising potential in imaging-guided drug delivery.

aggregation-caused quenching (ACQ) effect whose emissions are
significantly quenched at high concentration or in the aggregate

Fluorophores, such as cyanine, 2,1,3-benzothiadiazole, rhodamine,
fluorescein and boron-dipyrromethene dyes with bright emission
have been demonstrated as promising fluorescent probes and even
therapeutic agents for biological and biomedical applications.'®
Typically, these fluorophores work in very dilute states due to the
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state, arising from the formation of excimers and exciplexes in
the condensed phase mainly triggered by the intermolecular n-n
stacking and hydrophobic interactions.”™® As a consequence,
their fluorescence signals are easily photobleached when harsh
laser beams are applied as the excitation light sources, which
greatly undermines their sensitivity and poses formidable
hurdles for further utilization."*° In sharp comparison to the
ACQ effect, novel organic luminogens with an extraordinary
aggregation-induced emission (AIE) behavior have been devel-
oped and attracted wide attention over the past few years.>'
With tetraphenylethene (TPE) and hexaphenylsilole being typical
examples, these AIE luminogens (AIEgens) are poorly emissive in
solution while become intensely fluorescent on molecular
aggregation.”®*** The mechanism behind this phenomenon is
involved in the restriction of intramolecular rotation (RIR) of the
aromatic rings, which is exactly opposite to the ACQ systems.>**°
More importantly, the AlEgen-based fluorophores exhibit
unique advantages in photostability that are more resistant to
laser irradiations.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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For some special biomedical and theranostic applications
requiring fluorophores with high sensitivity and contrast, it is
extremely important to fabricate new AIEgens whose fluores-
cence brightly emits even in dilute solution. We anticipated
that encapsulating AIE-type chromophores within a rigid cavity
would provide a sophisticated strategy to effectively restrict the
phenyl rotation at the molecular level, thus achieving the AIE
effect. Macrocycles including cyclodextrins, cucurbiturils, calix-
arenes and pillararenes are brilliant supramolecular hosts with
the ability to wrap guest molecules in their inner cavity upon
the formation of inclusion complexes,*’ ™ providing feasible
platforms to reduce the intramolecular rotation of the AIEgens
by taking advantage of non-covalent interactions. Benefiting
from their highly symmetrical and rigid pillar architectures,
versatile functionalizations, and fantastic host-guest recogni-
tions, pillar[r]arenes have attracted more and more attention
from scientists since their discovery.>*™>* Fruitful supramole-
cular systems, including supramolecular polymers, sensors,
liquid crystals, molecular machines, drug delivery systems,
metal-organic frameworks and theranostic agents, have been
successfully constructed by exploiting their outstanding
properties.”>®' However, the fabrications of AIE-based nano-
materials with multiple functions exploiting the pillar[n]arenes-
based platforms is scant.

Herein, we prepare supramolecular nanoparticles with
enhanced AIE effect by employing pillar[5]arene-based host-
guest complexation and further utilize them as fluorescent
nanocarriers for imaging-guided drug delivery (Scheme 1). A
pillar[5]arene modified by one carboxylate group (H) is used as
a supramolecular host and a TPE-cored chromophore contain-
ing a pyridine (G) as a supramolecular guest. The fluorescence
intensity of G significantly bursts by restricting the intra-
molecular rotation of G upon the formation of the inclusion
complex HOG mainly driven by the proton transfer-assisted
electrostatic interactions. Through a nanoprecipitation
method, supramolecular nanoparticles (SNPs) possessing
bright emission are obtained, of which photostability is
remarkably high. More interestingly, a dual-fluorescence-
quenched ternary system SNPs@DOKX is constructed by loading
an anticancer drug doxorubicin (DOX) into the SNPs caused by
the energy transfer relay (ETR) effect, which is mediated by
Forster resonance energy transfer (FRET) from the SNPs to DOX
followed by the ACQ effect. Triggered by low intracellular pH,
the loaded DOX molecules effectively release from the
SNPs@DOX, and thus the silenced fluorescence is fully recov-
ered by interrupting the ETR effect. Benefiting from the AIE
effect and non-covalent interactions, this supramolecular sys-
tem will possibly be applied in imaging-guided drug delivery,
allowing visualization of the drug release in real-time.

Results and discussion

"H NMR spectroscopy was utilized to study the host-guest
recognition between H and G (Fig. 1). In order to eliminate
the influence on the chemical shifts caused by the protonation
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and deprotonation during host-guest complexation, we utilized
M and deprotonated pillar[5]arene (H') as model compounds
so that the non-covalent interactions could be monitored
by detecting the chemical shift changes before and after com-
plexation. Compared with the proton signals of free M, apparent
changes in chemical shifts related to the protons on M were
observed upon the addition of H’ (Fig. 1a and b). The signals of
protons H, and Hy displayed an upfield shift after host-guest
complexation (Ad = 0.283 and 0.061 ppm for H. and Hy,
respectively), indicating that the guest deeply penetrated into
the cavity of H' and these protons were shielded by the electron-
rich cyclic structure upon the formation of an inclusion
complex.®” In addition, a broadening effect was observed for
these peaks caused by the complexation dynamics (Fig. 1b).
In addition, slight chemical shift changes were also observed
for the peaks related to the protons H; and H;- (Ad = 0.008 and
0.014 ppm for H; and Hj;~, respectively), which was caused by the
host-guest complexation. 2D NOESY NMR spectroscopy was
used to reveal the topological structure and relative position of
the building blocks in the host-guest complex H' >M (Fig. 1d).
Intensive nuclear Overhauser effect correlations between the
peaks of protons (H,_) and protons (H; and H;-) were observed,
which further indicated that M penetrated into the cavity of the
cyclic pillar[5]arene host through host-guest interactions.

In order to reveal the complexation thermodynamic behaviors
and binding affinity of HD G, an isothermal titration calorimetry
(ITC) experiment was conducted (Fig. 2). The association constant
was measured to be (1.27 & 0.10) x 10* M~ with a 1: 1 complexa-
tion stoichiometry. Moreover, the changes in enthalpy and entropy
were also calculated from ITC measurement to be —14.1 k] mol*
and 31.2J mol " deg ', respectively, which indicated that the host-
guest recognition was driven by advantageous entropy changes
with the assistance of enthalpy.®® Direct evidence for the
formation of HOG came from electrospray ionization mass
spectrometry, in which a peak at m/z 1204.4 was detected
corresponding to [H>G + HJ*, which confirmed the 1:1 com-
plexation between H and G (Fig. S7, ESIt). For H and G, the
proton from the carboxylic acid group on H could transfer to
the pyridine unit on G in the principle of undergoing an acid-
base reaction, thus forming stable electrostatic interaction
between H and G that mainly drove the formation of a host-
guest complex.

After establishment of the host-guest complexation, the
photophysical properties of free G and H>G were studied.
The AlEgen-based guest G displayed a classical AIE effect.
The fluorescence intensity of G was extremely weak in acetone
where it was well dissolved. It should be noted that the
emission of G in acetone significantly improved in the presence
of H attributed to the host-guest interactions (Fig. 3a and b).
Under a UV lamp at 365 nm, the yellow emission of the solution
G lighted up in the presence of H (Fig. 3b), further supporting
the proposed mechanism shown in Fig. 3a. Gradually enhan-
cing the volume fraction of water (f,,) in the mixture of acetone
and H,O from 0 to 80 vol%, the fluorescence intensity of G at
550 nm increased slowly. A dramatic enhancement of the
fluorescence intensity was monitored by further improving
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Scheme 1 (a) Chemical structures and cartoon representations of G, M, and H. (b) The fabrication of SNPs@DOX using SNPs as drug nanocarriers and
cartoon illustration of imaging-guided drug delivery. SNPs are prepared from the host—guest complex H> G through a nanoprecipitation method. After
cellular endocytosis, the dual-fluorescence quenched nanoparticles SNPs@DOX are transported into the lyso/endosome, where the loaded drug
releases from SNPs due to the protonation of DOX in an acidic microenvironment, thus recovering the fluorescence.

the f,, value from 80 to 98 vol% (Fig. 3e). This phenomenon was
consistent with other classical AIE dyes. Excitingly, the AIE
property was maintained by the formation of HO>G and a
complexation-triggered enhancement of the AIE effect was
achieved (Fig. 3c and Fig. S8, ESIt). As shown in Fig. 3e, the
fluorescence intensity of HoG was always much higher than
that of G at the same f,, values. The emission intensity of HD G

1420 | Mater. Chem. Front., 2021, 5, 1418-1427

was around 2.8 times that of free G when f, reached 98%
(Fig. 3c). The mechanism behind the complexation-enhanced
AIE effect was that the intramolecular rotation of G was signifi-
cantly restricted by the formation of a [2]psedorotaxane-type
structure (Fig. 3a). The nonradiative decay channels of the
AlEgen-based guest were effectively blocked, thus bursting
the fluorescent emission. In addition, the hydrophobicity of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig.1 Partial *"H NMR spectra (400 MHz, acetone-de/D,O = 1:1, room
temperature) of (@) M (1.00 mM), (b) H' (1.00 mM) and M (1.00 mM), and
(c) H' (1.00 mM). (d) Partial NOESY NMR spectrum (400 MHz, acetone-de/
D,0O =1:1, room temperature) of H' >M (5.00 mM).

the AIE-active fluorogen was remarkably increased by incorporating
hydrophobic H into this supramolecular complex, which was also
favourable to promote the AIE effect by improving the aggregation
of HOG in aqueous solution.

In order to improve the stability of the host-guest complex
for biomedical applications, SNPs were prepared through a nano-
precipitation method by slowly adding the acetone solution of
HDOG into water under sonication. As shown in the transmission
electron microscopy (TEM) image, spherical nanoparticles with
a diameter ranging from 50 to 110 nm were observed (Fig. 3d).
The average diameter of these nanoparticles was determined by
dynamic light scattering (DLS) to be 87.3 + 7.9 nm (Fig. 3f), in
good agreement with the result obtained from TEM. The stability
of the SNPs in the physiological environment was evaluated by
DLS measurements, and negligible changes in mean diameter
were detected in PBS within 24 h (Fig. S9, ESI{), ensuring the
biomedical applications of SNPs.

The internalization pathways of the SNPs were investigated
by using various endocytosis inhibitors. Cellular uptake of SNPs
by U87MG cells was significantly blocked at 4 °C, demonstrating
that the cellular uptake was energy-dependent. Additionally,
the endocytosis of SNPs was greatly inhibited in the presence
of amiloride-HCl (AMD), chlorpromazine (CPZ) or genistein
(Gen). Pre-treatment of the cells with AMD, CPZ or Gen resulted

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 2 ITC data of the host—guest complexation between H and M at
298.15 K.

in 23.7%, 51.1% or 22.9% reduction in the cellular internaliza-
tion (Fig. 4a), respectively, which indicated that the SNPs were
internalized mainly through the clathrin-mediated endocytic
pathway with the assistance of macropinocytosis- and caveolae-
mediated uptake.®>®* These internalization pathways allowed SNPs
to undergo an endo/lysosomal transportation for intracellular
delivery. A 3-(4’,5'-dimethyl-2'-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) assay was utilized to assess the cytotoxicity of
SNPs. Incubation with H, G, or SNPs for 24 h led to ignorable
influence on relative cell viability against both cancerous US7MG
and normal HEK293 cells (Fig. S10 and S11, ESIt), a convincing
indicator of excellent biocompatibility of these building blocks and
the supramolecular complex for biomedical use.

Confocal laser scanning microscopy (CLSM) was utilized to
reveal the cellular internalization of SNPs and trace their
intracellular location. As shown in Fig. 4b, yellow fluorescence
was observed in the cytoplasm after 4 h incubation with SNPs, and
the signal was well-overlapped with the red fluorescence from
LysoTracker Red (LysoRed), suggesting that SNPs mainly accumu-
lated in lyso/endosomes after endocytosis. More intriguingly, the
SNPs displayed superior photostability under laser excitation
during cell imaging. CLSM images indicated that the fluorescence
of SNPs was greatly maintained after 30 scans, and only 5.8%
signal loss was determined (Fig. 4c and d). In sharp comparison,
the fluorescence signal of LysoRed almost vanished after 15 scans
with a signal loss as high as 78.4% (Fig. 4c and Fig. S12, ESI¥),
because LysoRed was easily quenched at low working concen-
tration by laser excitation. For SNPs, although their outermost
layer was possibly photobleached upon exposure to a laser,

Mater. Chem. Front., 2021, 5,1418-1427 | 1421
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Fig. 3 (a) Cartoon representation of complexation-induced AIE enhancement by restricting the intramolecular rotation of G. (b) Fluorescence spectra of
G (100 pM) and Ho G (100 pM) in acetone. Inset: The photos of the corresponding solution under UV lamp. (c) Fluorescence spectra of G (5.00 pM) and
H> G (5.00 uM) in aqueous solution. (d) TEM image of SNPs prepared from H> G. (e) Plots of the emission intensity at 550 nm versus f,, of the aqueous
mixtures containing G (5.00 pM) and Ho> G (5.00 pM), respectively. (f) DLS result of the solution containing SNPs.
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Fig. 4 (a) Cellular internalization of SNPs in the absence and presence of
various inhibitors. (b) CLSM images of U87MG cells after 4 h incubation
with SNPs. (c) Signal loss of fluorescent emission of SNPs and LysoTracker
Red with increasing number of scans. (d) CLSM images of U87MG cells
stained with SNPs with increasing number of scans (the number of scans is
shown in the upper right corner).

the nanoparticle structure helped to avoid photo-oxidization due
to the resistance of oxygen diffusion into the cores, thus signifi-
cantly improving the photostability of SNPs.

Considering the hydrophobicity of this binary supramolecular
system, SNPs could be further utilized as nanocarriers to

1422 | Mater. Chem. Front., 2021, 5, 1418-1427

encapsulate anticancer drugs driven by n-n stacking and hydro-
phobic interactions between the drug and H>G. Indeed, DOX
could be encapsulated into SNPs to form a ternary delivery
system (SNPs@DOX) with a drug loading content of 26.7%.
Negligible changes in morphology were observed after loading
DOX (Fig. S13, ESIt), and only a slight increase in the mean
diameter was detected for SNPs@DOX with an average dia-
meter of 104 nm (Fig. S14, ESIT). The successful encapsulation
was further confirmed by zeta potential measurements, in
which the zeta value increased from —7.8 mV for SNPs to
23.2 mV for SNPs@DOX (Fig. S15 and S16, ESIT).

Interestingly, a huge overlap was detected between the absorp-
tion of DOX and the emission of SNPs (Fig. 5a), suggesting that a
FRET process could take place in SNPs@DOX, in which the
AlEgen G worked as a fluorescent donor and anticancer drug
DOX acted as an acceptor. As shown in Fig. 5b, the emission
intensity at around 550 nm corresponding to the characteristic
fluorescence of SNPs weakened upon the gradual addition of
DOX. The disappearance of the AIE behavior in the presence of
DOX arose from the FRET from TPE-based fluorogens to DOX,*®
because the intermolecular distance between G and DOX was
close in the hydrophobic core of SNPs@DOX. Additionally, the
fluorescence of DOX self-quenched due to the ACQ effect, which
was fundamentally caused by the n-n stacking of DOX molecules
with a rigid planar structure. Therefore, a dual-fluorescence-
quenched drug delivery system was constructed on the basis of
the ETR effect, which was mediated by the FRET and ACQ effects.

The neutral DOX in SNPs@DOX could be protonated in an
acidic intracellular environment, facilitating its release from

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 (a) Absorption and fluorescence emission spectra of SNPs and DOX. (b) Fluorescence spectra of SNPs in the presence of different amounts of DOX.
(c) Drug release curves of SNPs@DOX under different pH values. (d) Fluorescence recovery of SNPs@DOX after 8 h incubation under different pH values.
(e) Relative cell viability of SNPs@DOX against various cell lines at different concentrations after 24 h incubation. (f) Apoptosis analysis of the U87MG cells
treated with different formulations. (g) CLSM images of the U87MG cells incubated with SNPs@DOX for 1 h, 4 h and 8 h, respectively. Scale bars = 25 pm.

the nanoformulation to activate its anticancer capability. In
order to mimic the pH gradient from the bloodstream to the
intracellular endo/lysosome, the release behaviors of DOX from
SNPs@DOX were measured at pH 7.4, 6.0, and 5.0, respectively.
Fig. 5c indicated that the release profile was pH-dependent. The
ternary system was quite stable at pH 7.4, and only 18.2% of the
loaded DOX was released within 24 h incubation. The release
rate and amount greatly accelerated in an acidic environment,
and 67.5% of the loaded DOX was released from SNPs@DOX at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

pH 6.0 and 95.4% at pH 5.0 within the same period. More
importantly, the ETR effect between SNPs and DOX was inter-
rupted accompanied by the release of DOX, thus recovering the
fluorescence of the SNPs (Fig. 5d). Therefore, the drug release
process could be traced in real-time by detecting the magnitude
and location of the energy transfer-dependent fluorescent
variations, allowing imaging-guided drug delivery.

CLSM was used to study the internalization and in situ drug
release behaviour of SNPs@DOX. After 1 h of incubation with

Mater. Chem. Front., 2021, 5,1418-1427 | 1423
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SNPs@DOX, yellow fluorescence from SNPs and red fluores-
cence from DOX was found in the cytoplasm of the U87MG cells
(Fig. 5g). The fluorescence signals became much more intensive
by extending the incubation time to 4 h, which demonstrated
that the loaded DOX successfully escaped from SNPs@DOX.
Attributed to the nucleus-targeting ability of DOX, the released
anticancer drug entered into the cell nucleus, as evidenced by
the colocolization of blue fluorescence from DAPI and red
fluorescence from DOX. The fluorescence intensity of SNPs
and DOX further increased after 8 h incubation, and most of
the drug translocated into the nucleus where its anticancer
activity took place. After being internalized by the cancer cells,
SNPs@DOX was transported into the endo/lysosomes with a
relatively low pH, where the neutral DOX could be protonated
into the cationic state, leading to the release of loaded DOX from
SNPs@DOX. As a result, the silenced fluorescence “woke up” by
interrupting the ETR effect between the SNPs and DOX.

The MTT assay was employed to evaluate the anticancer
efficacy of SNPs@DOX, and free DOX was chosen as a control.
Significant growth inhibition was observed for various cancer
cell lines treated with SNPs@DOX at a high DOX concentration,
including HeLa, U87MG, HepG2, and A549 cells. According to
the MTT assay, the half maximal inhibitory concentrations
(IC50) of SNPs@DOX were calculated to be 2.14 + 0.17, 1.80 +
0.11, 2.88 + 0.20, and 1.96 £ 0.14 pM against HeLa, U87MG,
HepG2, and A549 cells, respectively. The anticancer efficacy of
SNPs@DOX was comparable to that of free DOX, whose ICs,
values were 3.25 £ 0.28, 1.77 £ 0.14, 2.63 £ 0.18, and 1.53 +
0.10 uM against HeLa, U87MG, HepG2, and A549 cells, respec-
tively (Fig. S18, ESIT). The quantities of living cells, apoptosis
cells, and necrosis cells were determined after the US7MG cells
were administrated with free DOX and SNPs@DOX. The corre-
sponding apoptotic and necrotic cell counts in these two thera-
peutic groups were very close, in good agreement with the results
obtained from the MTT assay. Similarly, SNPs could be used as
feasible nanocarriers to load other hydrophobic anticancer drugs,
such as camptothecin and paclitaxel. Compared with the free
drugs, the potency of these supramolecular drug delivery systems
was greatly maintained benefiting from the non-covalent inter-
actions (Fig. S19-S26, ESIT). These studies demonstrated that the
supramolecular system possessing AIE properties showed promis-
ing potential in imaging-guided drug delivery.®” %

Conclusions

In summary, we established a new host-guest recognition
between a carboxylate-modified pillar[5]arene H and a TPE-
based guest G. The intramolecular rotation of the aromatic
rings of G was effectively restricted after the formation of HOG,
in which the pyridine head deeply penetrated into the cavity of
H driven by the electrostatic interaction. Benefiting from the
complexation-enhanced AIE effect, highly emissive SNPs were
prepared, which could be used for living cell imaging with
excellent photostability. More interestingly, SNPs were able to
load DOX to afford a self-imaging drug delivery system.

1424 | Mater. Chem. Front., 2021, 5,1418-1427
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Mediated by FRET and ACQ effects, the fluorescence from SNPs
and DOX were both extinguished arising from the ETR effect.
The release of loaded DOX from SNPs@DOX woke up the
silenced fluorescence triggered in an acidic microenvironment,
which allowed the in situ detection of drug release in cells.
In vitro studies verified that the anticancer capability of the
drugs in the nanoformulations was effectively preserved using
this supramolecular nanomaterial. The present study provides
a novel supramolecular method for the construction of
imaging-guided drug delivery systems, which have great
potential applications in the field of cancer treatment.
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