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Abstract

Macrocycle-induced formation of pure organic supramolecular aggregates is a
challenge that has attracted considerable attention from researchers in the fields
of chemistry, biology, and materials science. In particular, aggregation induced by
water-soluble cyclodextrins and calixarenes, which are two classic of macrocycles
with a hydrophobic cavity and a hydrophilic external surface, has attracted interest
because these host molecules can form aggregates with guest molecules via var-
ious noncovalent interactions, including hydrophobic interactions, van der Waals
forces, hydrogen bonds, and electrostatic interactions. In this review, we focus
mainly on some impressive recent progress, both by our group and other groups,
on the construction of cyclodextrin- and calixarene-based organic supramolecular
aggregates, control of their topological morphology, and their use for biological
applications such as molecular recognition and bioimaging, photodynamic therapy,
light-harvesting energy transfer, and targeted drug delivery. We also discuss short-
comings of the current reported results and future prospects for the development of
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INTRODUCTION

Supramolecular chemistry is the study of the formation,
structure, and function of multimolecular complexes held
together by reversible noncovalent interactions within and
between the component molecules.['! Compared with cova-
lent bonds, the interactions involved in supramolecular
complexes—such as 7—m stacking interactions, hydrogen
bonding, electrostatic interactions, hydrophobic interactions,
metal-ligand coordination, and van der Waals forces—are
relatively weak.[>! Supramolecular chemistry is one of the
fastest growing areas of chemistry, and research in this field
has led to numerous achievements in molecular recognition,
molecular assembly, the development of molecular machines,
and so on.’] Most of the studies reported to date have
involved macrocyclic compounds, which are not only good
molecular receptors but also convenient building blocks for
molecular aggregates.'*!

Because macrocyclic compounds, such as crown ethers, !
cyclodextrins (CDs), ¢! calixarenes (CAs),!”! cucurbit[n]urils
(CB[n]s),[g] and pillar[n]arenes,[gl can be synthesized by

multifunctional organic supramolecular aggregates for use in various fields.

aggregate, calixarene, cyclodextrin, supramolecular chemistry

well-developed procedures in relatively high yields, can be
readily modified and tuned, and display excellent host—
guest properties, they have been used to construct mul-
tifarious functional supramolecular aggregates based on
host—guest interactions.['”] Because supramolecular host—
guest systems show dynamic molecular activity, reversible
assembly and disassembly, and responsiveness to external
stimuli, they have become important candidate materials for
the construction of smart nanomaterials with controllable
characteristics.[°® 11 In addition, supramolecular aggregates
that are sensitive to environmental stimuli such as light,[lz]
redox reactions,!'*] enzymes,['*] pH variations, > competi-
tive factors,!'% and temperature!'’! are crucial for nanotech-
nology and materials science research.

Of the various macrocyclic hosts that have been used for
construction of supramolecular aggregates, CDs and CAs
have made significant contributions.['*!81 CDs, which are
referred to as second-generation macrocyclic hosts (after
crown ethers), were first isolated in 1891 by Villiers from
enzymatically processed starch and were characterized in
1904 by Schardinger as being cyclic oligosaccharides.!'”!
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The three naturally occurring CDs—designated «-, -, and
y-CD—comprise, respectively, six, seven, or eight D-glucose
units linked by a-1,4-glycosidic bonds (Figure 1).[”° These
macrocycles have numerous solubility-enhancing hydroxyl
groups, which not only promote certain organic reac-
tions but also serve as convenient handles for derivati-
zation. In addition, the hydrophobic cavities of CDs can
bind ions and inorganic and organic molecules, includ-
ing biological molecules, both in aqueous solution and
in the solid state.’!! Therefore, CD-based catalysts,!*”!
drug delivery and controlled-release systems,'”*] molecu-
lar recognition systems, >*! artificial actuators,**>>! metal—
organic frameworks,[”®! room-temperature-phosphorescent
materials,!”’! and light-harvesting systems!*®! have proved to
be fertile research areas in chemistry, materials science, and
the life sciences.

CAs are referred to as third-generation macrocyclic
hosts. These molecules, which were named by Gutsche
for their three-dimensional structures (‘“calix™ is Latin for
“beaker”),[zg] are formed by ortho-condensation reactions
of para-substituted phenols with formaldehyde under alka-
line conditions.[’°! The dimensions of CA cavities depend
on the number of phenolic units, and CAs with an even
number of units (n = 4, 6, or 8) have been widely inves-
tigated because they are easier to synthesize and purify
(Figure 1).1°!1 CAs show good chemical stability, high melt-
ing points, adjustable cavity size, and other unique physic-
ochemical properties, and can be readily functionalized.!*?!
However, their utility is greatly limited by their poor water
solubility, and much effort has therefore been devoted to fab-
ricating CA derivatives with positively or negatively charged
groups.!**! Some of the resulting derivatives show high water
solubility, and most show low or no toxicity in vitro and in
vivo, making them potentially useful for applications in the
life sciences.[**]

In addition, numerous multicharged amphiphilic deriva-
tives of CDs and CAs have been synthesized as candidates
for macrocycle-induced aggregation.[*>] These derivatives
consist of a hydrophilic macrocyclic skeleton decorated with
hydrophobic alkyl chains and charged head groups, such
as sulfonate, carboxylate, and quaternary ammonium.!*°]
In amphiphilic supramolecular assemblies, the alkyl chains
of these molecules participate in hydrophobic interac-
tions, and the charged head groups provide anchor-
ing points that interact electrostatically with oppositely
charged guest molecules.[*’] Moreover, the cavities of these

multicharged macrocyclic hosts favor the inclusion of ionic
guest molecules with high size and shape selectivity.!*®]
The ability of these macrocycles to participate in both
hydrophobic and electrostatic interactions suggests that they
would combine usefully with various kinds of guests for the
preparation of functional materials.

In this review, we focus on some representative CD- and
CA-based supramolecular assemblies, with an emphasis on
their construction, structure, and applications. Specifically,
we review (1) the key components, structural motifs, and
stimulus responsiveness of various macrocyclic supramolecu-
lar assemblies; and (2) their applications for topological mor-
phology control, bioimaging, molecular recognition, targeted
drug delivery, light-harvesting energy transfer, and photody-
namic therapy (PDT).

CONTROL OF TOPOLOGICAL
MORPHOLOGY

Supramolecular aggregates are important not only for
fundamental research but also for their potential utility
as functional materials.[**] The functions and properties
of these aggregates depend on their topological mor-
phology, which is controlled by the arrangement of the
constituent molecules.[**! It has been proved that varia-
tion of the self-assembly conditions is a powerful method
for changing intramolecular interactions and molecular
stacking in aggregates, thereby allowing for control of
their supramolecular topology.[*>! Because amphiphilic
molecules are easy to prepare and show dynamic assem-
bly characteristics, rich structural variability, and stimulus
responsiveness and reversibility, their use as building
blocks has been extensively investigated.[*°! In addition,
the switchable morphology of supramolecular assemblies
has also attracted widespread interest because it allows
for the construction of a diverse array of supramolecular
architectures under the control of an external stimulus.!*’]
Many controllable supramolecular assemblies have been
constructed, including polyrotaxanes,[*®!  supramolec-
ular nanotubes,!*”! supramolecular nanowires,*] and
supramolecular nanosheets.>'’ Among them, macrocycle-
based assemblies whose topological morphology can be
regulated display excellent application prospects.

For example, our group reported supramolecular self-
assemblies based on azobenzene-bridged permethyl-3-CD
and tetraarylporphyrins (Figure 2a).1*°! Because azoben-
zene derivatives can photoisomerize, these self-assemblies
interconvert between nanotubes and nanoparticles (NPs)
upon photoirradiation. Subsequently, we employed the
same strategy to construct tunable supramolecular assem-
blies composed of azobenzene-bridged bis(8-CD) and
adamantanyl-modified diphenylalanine (Figure 2b).[*’] Pho-
toisomerization of the azobenzene bridges from the trans
form to the cis form leads to bending of the cylindrically sym-
metrical structure, which in turn results in conversion of two-
dimensional nanosheets into one-dimensional nanotubes.
These two nanostructures can be reversibly and repeatedly
interconverted by photoirradiation at different wavelengths.
In addition, we have also reported tunable supramolecu-
lar nanoassemblies based on different hosts. For example,
because bipyridinium groups bind with high affinity to CB!7],
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(a) Azobenzene-bridged permethyl-3-CD (H) and tetraarylporphyrin (G) and their secondary assemblies.!*°! (b) Supramolecular assem-

blies of adamantanyl-modified diphenylalanine (Ada-FF) and azobenzene-bridged 8-CD (H).l“°1 (c) Construction of assemblies with diversiform topological

morphologies from AIE supra-amphiphiles.[*!]

CBB! pillar[s]arene, and tetrasulfonated crown ethers, we
were able to use a bipyridinium-modified diphenylalanine
derivative to construct assemblies with various topologies,
including fine nanofibers, nanorods, octahedron-like nanos-
tructures, helical nanowires, and rectangular nanosheets,
without the need for tedious chemical modifications.[>?]

In 2001, Tang and coworkers proposed the concept
of aggregation-induced emission (AIE), demonstrating that
aggregation can greatly boost the emission efficiency of a
silole, turning it from a weak luminophore into a strong
emitter.[7*] The increase in emission strength upon aggrega-
tion is due to restriction of intramolecular motion or rota-
tion, which suppresses nonradiative relaxation and actuates
energy release through radiative pathways. Therefore, chang-
ing the morphology of aggregates can somewhat affect their
AIE characteristics. Recently, Tang and coworkers reported
that bola-type supra-amphiphiles composed of 3-CD and
an AlE-active scaffold held together by host—guest inter-
actions controllably self-assemble into diversiform topolog-
ical morphologies (Figure 2¢).!*!! Specifically, by tuning
the solvent proportioning, the temperature, or both, these
investigators could obtain leaf-like lamellar structures, heli-
cal nanofibers, nanoribbons, nanofibers, vesicles, or toroids.
Moreover, the leaf-like lamellar structures performed well
as a light-harvesting antenna system, showing an energy-

(d) Supramolecular polyrotaxane network based on -CD and porphyrins

[42]

transfer efficiency of 94.2%. These results can be expected
to open up new avenues for the design, synthesis, and self-
assembly of supra-amphiphilic molecules with AIE functions
and to stimulate the development of functional nanomaterials
with properties that depend on topological morphology and
have applications ranging from biotechnology to stimulus-
responsive materials.

In addition, our group reported the fabrication of a
supramolecular polyrotaxane network by means of imine
condensation reactions between a B-CD/p-phthalaldehyde
inclusion complex and a porphyrin derivative (Figure 2d).!*?]
The -CD cavities efficiently prevent 77— stacking of the por-
phyrin molecules, and thus fluorescence emission in the solid
state is enhanced. The network was used as a heterogeneous
catalyst for photo-oxidation of dimethylanthracene, an oxida-
tion efficiency of 99% was achieved. This method for prepar-
ing supramolecular polyrotaxane networks can be expected
to be useful for the fabrication of photoactive functional
nanomaterials. Considering the above results, we found that
CDs have obvious advantages in the control of topological
morphology. The main reason may come from the simple
synthesis of CD derivatives, which could lead to multifar-
ious topological morphologies, including NPs, nanotubes,
nanowires, nanosheets, and vesicles, along with different
applications.
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MOLECULAR RECOGNITION
AND BIOIMAGING

In recent years, fluorescent supramolecular self-assemblies
have attracted considerable attention for applications in
molecular electronics, sensors, and drug delivery systems.!>*!
Fluorescent organic assemblies are of particular interest
because they can undergo various chemical modifications,
which makes them useful for molecular recognition and
imaging.[>>! Fluorescent supramolecular assemblies based
on macrocyclic compounds have been reported to display
improved fluorescence, high detection performance, benefi-
cial therapeutic effects, and so on.!'®°°] Many fluorescent
materials have been obtained by self-assembly of organic
small molecules. However, because some of these materials

lack near-infrared (NIR) emission, they cause nonnegligible
photodamage to biological samples, are subject to unaccept-
able interference from biomolecule autofluorescence, and
are therefore not suitable for biomedical applications.!>”]
However, these problems can be easily solved by using
supramolecular assembly strategies to tune the emission
of fluorescent molecules to achieve an NIR effect. For
example, our group reported supramolecular NPs that are
composed of an anthracene dye, CB[8], and amphiphilic
sulfonatocalix[4]arene and that emit in the NIR range
and can be used for lysosome-targeted cell imaging
(Figure 3a).°%] This two-macrocycle system shows two
stages of fluorescence enhancement. First, bonding of the
dye, which shows weak fluorescence at 625 nm, with CB[8]
generates nanorods that show slightly enhanced red-shifted



LIU ET AL.

(655 nm) fluorescence. A subsequent interaction with sul-
fonatocalix[4]arene generates NPs that show even stronger
fluorescence at 655 nm and can be used for NIR imaging.
These results demonstrate that a strategy involving the com-
bined actions of two macrocycles is useful for constructing
functional NIR supramolecular assemblies.

The detection sensitivity of small-molecule fluorescent
probes is limited, but their sensitivity can be improved by
covalently linking them to a macrocyclic compound in a
supramolecular assembly. We used this strategy to design
a f-CD-based supramolecular assembly for cellular bio-
thiol detection. CDs and their derivatives are known to
act as selective catalysts by forming hydrogen bonds with
guest molecules, which can drive a reaction in the desired
direction.l®}] One example of such a reaction is the Michael
addition, ®*! which is commonly used in systems for detec-
tion of reactive sulfur species in cells.[®] Hence, our group
developed a unique fluorescent supramolecular assembly for
high-efficiency dynamic sensing of biothiols in cancer cells
(Figure 3b).°1 We covalently linked a coumarin derivative
to f-CD and found that the resulting coumarin-modified (-
CD (rCP-BCD) displays higher thiol sensitivity than the par-
ent coumarin derivative because of the numerous hydroxyl
groups on $-CD. In addition, the rCP-BCD also provides a
hydrophobic cavity for encapsulating a cancer-targeting agent
(adamantane-modified cyclic arginine-glycine-aspartate pep-
tide), which allows for high-efficiency real-time monitoring
of biothiols in cancer cells.

In addition, we have also reported a photoresponsive
supramolecular assembly for use as a tunable photochromic
multicolor cell label and a fluorescent ink (Figure 3c).100]
Specifically, two 4-(anthracen-2-yl)pyridine-2,6-dicarboxylic
acid molecules are noncovalently encapsulated in the cavity
of one y-CD molecule, and subsequent coordination polymer-
ization of these host—guest complexes with Eu(IIl) generates
the photoresponsive assembly. Irradiation of the assembly at
365 nm leads to photocyclodimerization of the anthracene
units, which results in fluorescence emissions ranging from
cyan to red, depending on the irradiation time (0-16 min).
The assembly can be used to tag living cells with white fluo-
rescence and can also act as a tunable photochromic fluores-
cent ink. This strategy represents a new method for multicolor
biological imaging and information processing.

To minimize perturbation of biomolecular processes, NPs
for cellular imaging should be close to the size of proteins
(3-7 nm). With this in mind, Klymchenko and cowork-
ers prepared shell-cross-linked protein-sized NPs based
on a CA derivative (CX8TP) and cyanine dye derivatives
(Figure 3d).[°!] First, CX8TP amphiphiles, which bear four
alkyne groups, are self-assembled into micelles, which are
then covalently linked to PEGylated cyanine bis-azides. The
resulting high-brightness fluorescent micellar NPs, which
have diameters of approximately 7 nm, are stable in aqueous
and organic media and readily permeate cells, displaying
a high signal-to-noise ratio and no dye leakage. Thus, this
system is an excellent platform for the development of
bright protein-sized NPs for bioimaging by means of a
supramolecular assembly strategy.

AIE of solid-state fluorescent materials has been exten-
sively investigated, and numerous functional luminescent
materials have been developed for diverse applications.!%°]
However, because the aggregation states of AlE-active
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molecules strongly affect their emission patterns, control of
the assembly and morphology of such aggregates is of great
importance, and the necessary control has been achieved by
incorporation of macrocyclic elements into AIE systems. ©]
For example, in 2014, Tang and coworkers reported an
excellent demonstration of the use of host—guest interactions
between B-CD and an AIE molecule (tetraphenylethene)
to restrict the intramolecular motion of the latter.[°%] They
prepared fluorescent inclusion complexes that show excellent
and biocompatibility and thus have potential applica-
tions for cell imaging. Subsequently, Yang and coworkers
reported a pillar[5S]arene-based supramolecular polymer
that exhibits self-assembly—induced fluorescence emission
enhancement via an AIE mechanism.!'”] Taken together, the
above-described results indicate that the marriage of AIE
and supramolecular macrocyclic chemistry has utility for
the fabrication of smart functional materials with unique
fluorescence properties. ]

In 2020, Ding and coworkers reported CA-based
supramolecular AIE dots for ultrasensitive fluorescence-
imaging—guided cancer surgery (Figure 3e¢).[°%] In these
dots, which rely on host-guest complexation between
calix[S]arene and an AIE luminogen (AIEgen), the ther-
mal deactivation and intersystem crossing pathways of the
AlEgen are effectively inhibited, and as a result absorbed
excitation energy is dissipated mainly via the fluorescence
emission pathway. Consequently, generation of cytotoxic
reactive oxygen species is negligible, so in vivo side toxicity
during bioimaging is low. The in vivo signal-to-background
ratio (tumor-to-normal tissue) of the supramolecular AIE dots
is approximately 48.5, which is higher than the values for any
of the previously reported probes for fluorescence-imaging—
guided cancer surgery. This supramolecular strategy based
on CA-induced fluorescence enhancement can be expected
to serve as an ideal platform for developing advanced AIE
bioprobes.

In this part, we found that supramolecular assemblies
based on amphiphilic CAs have more applications for
bioimaging than CDs do. However, CD-based assemblies
show better molecular recognition abilities, and their use
could thus increase the sensitivity of small-molecule fluores-
cent probes, especially for the mechanism based on chem-
ical reaction rather than competitive displacement. It could
improve the sensitivity of the small molecule fluorescent
probe because of the numerous hydroxyl groups on the sur-
face of CD, after covalently linking a CD to a fluores-
cent probe, the formation of hydrogen bonds with a guest
molecule, or the probe itself could drive the reaction in the
desired direction. On the other hand, CA-based assemblies
tend to quench the fluorescence of dyes due to the photoin-
duced electron transfer effect by aromatic skeleton, but the
resultant assemblies could be used as a sensor by means
of dye competitive displacement mechanism for monitor-
ing amino acid, enzyme etc. Therefore, CD- and CA-based
assemblies have their own unique advantages, and will be
widely used in the molecular recognition.

CANCER THERAPY

Magnetic supramolecular assemblies based on water-soluble
macrocycles have been widely used in living systems. Such
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assemblies are noninvasive, wireless, and highly flexible,
and their magnetic cores respond sensitively to an external
magnetic field,!’>! which can be used to regulate their forma-
tion and dynamic change of assemblies in a biocompatible
way.[7%] By taking advantage of supramolecular interactions,
researchers have developed systems in which magnetic
components dynamically self-assemble into various nanos-
tructures. For example, Tseng and coworkers constructed
a drug release system based on adamantane-modified
supramolecular magnetic NPs (MNPs), adamantane-
grafted polyamidoamine dendrimers, 8-CD-grafted branched
polyethylenimine, adamantane-functionalized PEG, and Dox
(Figure 4a).l7°1 By means of a process involving host-guest
interactions, magnetic attraction, and hydrophobic forces,

these components self-assemble into supramolecular MNPs.
By virtue of the enhanced permeability and retention (EPR)
effect, the MNPs accumulate at tumor sites and release Dox
under the influence of an alternating magnetic field, which
triggers remarkable heat production by the MNPs. These
magnetothermally responsive supramolecular MNPs severely
damage tumor cells in vivo.

Our group has also reported magnetic supramolecu-
lar assemblies. Specifically, we constructed multistimulus-
responsive nanofibers based on iron oxide MNPs coated with
mitochondrion-targeting peptide (MitP) and S-CD-bearing
hyaluronic acid (HACD) for suppression of tumor invasion
and metastasis (Figure 4b).l”!1 Owing to the presence of the
polysaccharides and to host—guest interactions between the
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B-CD and the cyclohexyl groups of MitP, these components
form strong inclusion complexes that are held together by
multivalent binding between the MitP-MNPs and the HACD
and their directional aggregation can be controlled by a
geomagnetic field. In addition, nanofiber formation can be
regulated by photoirradiation in the presence of a photore-
sponsive arylazopyrazole carboxylate as a competitive guest
molecule. The nanofibers induce mitochondrial dysfunction
and intercellular aggregation, ultimately leading to specific
suppression of tumor cell invasion and metastasis in vivo
in the presence of a geomagnetic field and photoirradiation.
These findings indicate that this strategy has potential utility
for the intelligent design of bioinspired materials for cancer
therapy.

Subsequently, our group reported another type of mag-
netic supramolecular nanofibers for photothermal therapy.
These nanofibers are based on lipoic acid—modified inorganic
gold nanorods, MitP-MNPs, and HACD (Figure 4c).l”?] The
HACD endows the nanofibers with the ability to specifically
recognize HA-receptor—expressing cancer cells and facili-
tates the spontaneous formation of geomagnetism-sensitive
nanofibers held together by multiple hydrogen bonds and
host—guest interactions. Owing to the photothermal proper-
ties of the gold nanorods, NIR irradiation of cells treated with
the nanofibers induces severe mitochondrial damage and cell
death, and the nanofibers suppress invasion and metastasis by
tumor cells in vivo. This stimulus-responsive supramolecu-
lar strategy can be expected to facilitate the development of
novel cancer therapies.

We also reported biocompatible actin-cytoskeleton—
targeting multivalent supramolecular assemblies based on
HACD, iron oxide MNPs modified with actin-binding pep-
tide, and adamantane-modified polylysine (Figure 4d).[”3] In
the presence of a low-frequency alternating magnetic field,
the nanofibers severely disrupt the actin cytoskeleton, which

?
\<

SOﬁOJ

OH OH OH HO

SC4A

9

/ Inclusion
——

Self-assembly
/ a

TPE-PHO

HO
0,5 Hso $0,

UV irradiation /1/ N + Q@&

OH OH QH HO

SC4A-AnPy

(a) (PTX-AAP@PTX-CD)@MT ternary supramolecular assemblies. AAP, arylazopyrazole; MT, microtubule; PTX, paclitaxel.l”’! (b)
I (¢) Formation of photolyzable supramolecular amphiphilic assemblies! "]

leads to cell cycle arrest and the death of large numbers of
tumor cells both in vitro and in vivo without any obvious
toxicity to normal cells. The anticancer activity of these
assemblies indicate that this is an excellent strategy for
efficient cancer therapy. In addition, we also constructed
multicomponent supramolecular nanocarriers based on
nickel-NP-modified graphene oxide bearing covalently
grafted B-CD and MitP-grafted HA (Figure 4e).l’*] These
components form supramolecular assemblies after loading of
Dox because of host—guest interactions between 3-CD and
the cyclohexyl groups of MitP; the resultant assemblies not
only enhance the drug-loading capacity but also improve the
drug release efficiency when the assemblies are stimulated
by an alternating magnetic field because of the nickel. This
study demonstrates an efficient method for controlled drug
delivery and anticancer therapy.

Our group has also reported photocontrolled reversible
microtubule assemblies based on paclitaxel-modified 3-CD
and photochromic arylazopyrazole (Figure 5a).l”’] The mor-
phology of the microtubule self-assemblies is dramatically
affected by photoisomerization of the arylazopyrazole in
complex with the 8-CD, and formation of the assemblies can
induce pronounced changes in cell morphology and cell death
in vitro. This approach offers a convenient method for reg-
ulating fundamental biological processes, and our findings
provide new perspectives on strategies for the treatment of
diseases related to improper protein aggregation.

A similar strategy was also employed for the fabrication
of ternary CB-tubulin supramolecular assemblies via a syn-
ergistic combination of tubulin—tubulin heterodimerization,
polypeptide—tubulin interactions, and benzimidazolium—
CB([8] inclusion complexation.!*] Substantial cell apoptosis
and tumor ablation are observed in vivo owing to CB[8]-
induced intertubular aggregation. In addition, Wang and
coworkers employed a similar supramolecular host—guest
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strategy to induce mitochondrial aggregation and fusion
by using a system composed of CB[7]-grafted HA and
triphenylphosphonium- and adamantane-modified PEG.!®!]
This system has potential utility as a therapeutic for
mitochondrial fission associated with oxidative stress and
may open up new avenues for controlling mitochondrial
dynamics.

In an example of a marriage between an AlEgen and a
supramolecular macrocycle,!®?! Tang and coworkers used a
supramolecular cascaded substitution strategy to avoid the
dark cytotoxicity associated with photosensitizers. Specifi-
cally, these investigators developed a PDT-based tumor thera-
nostic by assembling sulfonatocalix[4]arene and pyridinium-
functionalized tetraphenylethylene as a photosensitizer via
electrostatic complexation, which effectively inhibits the dark
cytotoxicity of the photosensitizer (Figure 5b).l78] When the
photosensitizer is competitively displaced from the sulfona-
tocalix[4]arene cavity by 4,4’-benzidine dihydrochloride at
a tumor site, the dark cytotoxicity and photoactivity of the
photosensitizer are restored, and it displays efficient PDT
activity upon photoirradiation. In vivo tumor imaging and
effective therapy were achieved with this system, which does
not require tedious molecular synthesis and which offers a
new method for tuning photosensitizer behavior. In this part,
we found that it is easy to achieve CD-modified macro-
molecule because of the simple synthesis, such as 3-CD-
bearing HACD, which have been widely used to wrap around
different types of materials, including iron oxide MNPs,
adamantane-grafted polyamidoamine dendrimers, inorganic
gold nanorods. On the other hand, water-soluble CAs are
more inclined to directly assemble with guest molecules to
achieve significant changes in their performance.

OPTICAL BEHAVIOR RESEARCH

In a molecule-induced aggregation process, a host molecule
promotes self-aggregation of aromatic or amphiphilic guest
molecules by reducing their critical aggregation concen-
tration, improving their stability and compactness, and
regulating the degree of order in the aggregates.l®’! Our
group used such a process to construct supramolecular pho-
tolyzable assemblies composed of a sulfonatocalix[4]arene
host and a photodecomposable pyridinium-functionalized
anthracene (AnPy) guest (Figure 5¢).”’l Owing to host—
guest and 7—7 stacking interactions, the critical aggregation
concentration of AnPy in the assemblies is lower than that
of free AnPy. In addition, the rate of UV-irradiation—induced
decomposition of AnPy in the sulfonatocalix[4]arene assem-
blies is remarkably higher than that of free AnPy. Moreover,
in the presence of eosin Y as an exogenous photosensitizer,
the sulfonatocalix[4]arene—AnPy assemblies also exhibit effi-
cient visible-light-induced photolysis. This approach may be
useful for other photoresponsive self-assemblies and may find
applications in phototherapy and photodegradable materials.

Supramolecular artificial  light-harvesting  systems
(ALHSs) have found widespread applications in various
fields, including biological imaging and optoelectronics.!®*]
Many types of materials have been employed to fabri-
cate ALHSs, including organic nanocrystals,!®>! metal
complexes, ®]  metallacycles,'®’]  surface-cross-linked
micelles, ®®!  peptide-modulated chromophores,!®’! DNA

oligonucleotides,!”’!  organic—inorganic hybrids,[°'! and
polymers.[”?] In addition, a number of ALHSs based on
macrocycles such as cyclodextrins,!?®?3! pillar[n]arenes, **!
calix[n]arenes,!””! and cucurbiturils!”®! were recently
reported. For example, our group developed an efficient
ALHS platform involving supramolecular assemblies com-
posed of sulfato-3-CD and an oligo(phenylenevinylene)
derivative (Figure 6a).°8! The fluorescence of the
oligo(phenylenevinylene) in the assemblies is markedly
higher than that of the free compound, and we achieved
highly efficient fluorescence resonance energy transfer from
the oligo(phenylenevinylene)/sulfato-3-CD assemblies to
Nile red, accompanied by a high antenna effect (up to 32.5)
with a donor/acceptor ratio of 125:1. This supramolecular
assembly strategy is a convenient way to construct highly
efficient ALHSs that take full advantage of light energy.

In addition, Guo and coworkers reported an ALHS
based on amphiphilic calix[n]arenes (Figure 6b).[°°! In this
system, discrete addressability of the donor (8-anilino-1-
naphthalenesulfonic acid) and the acceptor (4,7-di(2-thienyl)-
2,1,3-benzothiadiazole) is achieved by means of cavity
encapsulation and bilayer entrapment, respectively. The
energy-transfer process can be fine-tuned by varying the
donor/acceptor molar ratio, and the system has potential util-
ity as a fluorescent ink with an encryption coding function.

Zhou and coworkers reported a highly efficient aque-
ous ALHS based on dandelion-like supramolecular poly-
mers, which have a spherical hyperbranched core and many
parachute-like arms (Figure 6¢).l”! Specifically, noncova-
lent host—guest interactions between a CD-terminated hyper-
branched multiarm copolymer host and many functionalized
adamantane molecules (each bearing three alkyl chain arms)
as guests result in hierarchical self-assembly of nanotubes via
sequential vesicle aggregation and fusion. This structure was
used to construct a chlorosome-like ALHS. In this system,
7—7 stacking between the donor molecules is effectively pre-
vented, and thus the distance between donor and acceptor is
kept to within the Forster radius; an energy-transfer efficiency
of >90% in water was achieved, making this system poten-
tially useful for the construction of an artificial photosynthe-
sis system.

Recently, Li and coworkers reported a supramolecular
ALHS based on sulfonatocalix[4]arene and a naphthyl-1,8-
diphenyl pyridinium derivative as a donor (Figure 6d).[°7]
Upon assembly with sulfonatocalix[4]arene, the donor shows
significant AIE enhancement, and the assemblies exhibit
an ultrahigh antenna effect (33.1) at a high donor/acceptor
ratio (250:1) toward Nile blue. The assemblies can be
used as a specific staining reagent in the Golgi appara-
tus. Other impressive applications of ALHSs in aqueous
environments have been reported. For example, Tang and
coworkers reported that a conjugated polymeric supramolec-
ular network based on AIEgen displays an ultrahigh antenna
effect,[””*] Wang and coworkers reported a supramolecular
ALHS for photochemical catalysis,!”®! and Diao and cowork-
ers reported stimulus-responsive light-harvesting complexes
with photocatalytic activity.”! In terms of optical behavior
regulation, the assemblies formed by CDs and CAs are evenly
matched. Importantly, the formation of assembly is more
dependent on the proportion of hydrophobic parts, which
could offer enough hydrophobic space for encapsulating dif-
ferent functional fluorescent materials.
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DRUG CARRIERS

Drug carriers can be used to solubilize, stabilize, or tar-
get the delivery of small-molecule or macromolecular
therapeutics.! "] Developments in nanotechnology have led
to a recent expansion in the number of new types of drug
carriers.!!%!) In particular, NPs, microparticles, and hydrogels
fabricated by means of self-assembly strategies have shown
biomedical significance.[”*"!0%] Self-assembly is a conve-
nient method for constructing multicomponent biomateri-
als with desired functions.!'”*! Such materials can be used
to overcome several of the known drawbacks of traditional
chemotherapeutics; for example, they can (i) improve drug
pharmacokinetics, (ii) prevent nonspecific interactions during
circulation in the blood, (iii) enhance the EPR effect, and (iv)
reduce side effects.!!0%]

Macrocyclic hosts are important building blocks for
the construction of stimulus-responsive supramolecular
self-assemblies that can serve as drug carriers. Host—guest
interactions are crucial for biomedical applications, which
can be used to construct complex self-assemblies with vari-
able morphology. Internal or external stimuli, such as pH
changes, reactive oxygen or sulfur species, photoirradiation,
and temperature changes can trigger transformations in
the morphology of self-assemblies and can trigger release
of encapsulated cargo.['”®! The morphology and stimulus
responsiveness of self-assemblies can be fine-tuned by
taking full advantage of host architectures and sizes. For

instance, Wang et al. reported the construction of binary
multistimulus-responsive supramolecular nanovesicles for
controllable released of Dox; the nanovesicles are based on
host—guest complexes between p-sulfonatocalix[4]arene and
an asymmetric viologen (MVC,,) (Figure 7a).['3] Reduc-
tion of the viologen in the nanovesicles to a radical cation
decreases the size of the vesicles (and reoxidation increases
their size); and other external stimuli, such as a temperature
increase or host—guest inclusion, can completely disrupt the
vesicles. Hence, these external stimuli can trigger efficient
release of cargo molecules, such as Dox; for example, warm-
ing of Dox-loaded vesicles can release the Dox molecules,
making this system potentially useful as a cancer therapeutic
that causes minimal damage to normal cells.

In addition, our group developed a system for targeted
drug delivery based on enzyme-responsive supramolecu-
lar vesicles comprising p-sulfonatocalix[4]arene as a host
and enzyme-cleavable myristoylcholine as a guest (Fig-
ure 7b).I'0°1 Complexation of p-sulfonatocalix[4]arene with
myristoylcholine leads to the formation of supramolecular
binary vesicles, which are dissipated with high specificity and
efficiency by cholinesterase. This strategy can be extended
to various other enzyme-triggered self-assembled materials,
showing that it is feasible for applications involving con-
trolled release at sites where specific enzyme are located.

Guo and coworkers proposed a novel strategy, referred
to as biomarker displacement activation, for targeted host—
guest—based phototheranostics in vivo (Figure 7c).[!07]



40 WI LEY LIU ET AL.
(a) n | 1 (b)
OH -
ﬂ Eﬁ%ﬂjm OO =% o
¥ ~ASQ -
sl @ g ¢ L0
LA A Myristoylcholine . @ @
e- Ekl\,_ 0 ;ND_CN'\'E\/\N\/\ Amphiphilic — < //9
q / OH tl)ﬁ OHHO Assembly Cholinesterase N P
.’V\/\/
e P Sl
N =N ’ < i
A Heat NQ-QN Sulfonatocalix[4]arene Binary Vesicle
C4AS
(C) (d) A G0 00 Be e Supramulecular
il \ therapeutic
‘} Y 302 monomer
o \ Co-assembly /
e S —— e
Ry 10 Supramolecular ,-
Off state BCD-CPT polymerization ‘J_ L " b
Pegylated nanocarrier ) po B w
Release QATP - =
NN NSNS Supramolecular polymers
o ' o
_NH O AAAAAS i 20,
PEGz0 PEG-12C < S
O
5 - *_o“’,;;f@
AT NH; &
(}C’“;“;“, = H:;:HN ' PR 0, $
A Supramolecular
GC5A-12C On state theranostic
nanoparticle
FIGURE 7 (a) Construction of a supramolecular binary vesicle based on host—guest complexation between p-sulfonatocalix[4]arene (C4AS) and

MVC,.11%] (b) Amphiphilic assemblies of myristoylcholine and sulfonatocalix[4]arene.l'*%] (c) PEGylated GC5A-12C nanocarrier for biomarker displace-
ment activation, whereby the fluorescence and photoactivity of a photosensitizer (PS) are annihilated by complexation with GC5A-12C and reactivated by
ATP displacement.!'97] (d) Orthogonal self-assembly of supramolecular polymers into supramolecular theranostic NPs by means of host—guest complexation

between camptothecin (CPT) and g-CDI?>3%]

This strategy involves the coassembly of a guanidinium-
modified calix[S]arene pentadodecyl ether host and a 4-
(dodecyloxy)benzamido-terminated methoxy PEG guest into
a pegylated nanocarrier. Subsequent loading of the nanocar-
rier with a photosensitizer completely inhibits the fluores-
cence and photoactivity of the photosensitizer (off state).
When the nanocarrier accumulates in tumor tissues by means
of the EPR effect, the photosensitizer is displaced by over-
expressed adenosine triphosphate (a biomarker), and this dis-
placement is accompanied by recovery of the fluorescence
and photoactivity (on state). Compared with the widely used
covalent activatable phototheranostics method, the noncova-
lent biomarker displacement activation strategy is superior,
in that, it uses currently approved photosensitizers, which
are released tracelessly with high fidelity; it is readily adapt-
able to other photosensitizers; and it allows for convenient
combination of photosensitizers to enhance photon utility in
the light window. Because this host—guest strategy should be
applicable to other ensembles and targets, various biomedical
applications can be envisaged.

Chen and coworkers reported supramolecular-polymer—
based NPs with high therapeutic performance and negli-
gible long-term immunotoxicity (Figure 7d).[>*% In these
NPs, a 8-CD host and a camptothecin guest are linked by a
glutathione-cleavable disulfide bond to form a prodrug (3CD-
camptothecin). The presence of 3-CD markedly increases the
solubility of camptothecin and effectively inhibits opening of
its lactone ring under physiological conditions, which allows
it to be used in intravenous formulations and maintains its
therapeutic efficacy. These NPs are stabilized by a combina-
tion of 77— stacking interactions, host—guest complexation,
and hydrogen bonds, and they exhibit excellent antitumor per-
formance with little systemic toxicity or long-term immuno-

toxicity; in addition, they showed antimetastasis activity in
vivo. In this part, CDs as the classic pharmaceutical excipi-
ents, definitely showed extensive application prospect, espe-
cially for delivering some translational medicines. On the
other hand, some water-soluble CA derivatives with posi-
tive or negative charge have better compatibility and lower
cytotoxicity than natural CAs, which are important prereq-
uisites for the application of calixarenes in supramolecular
medicine. Therefore, in this aspect, both CD derivatives and
water-soluble CA derivatives can serve as the excellent drug
carriers, which could effectively improve the utilization of
drugs.

SUMMARY AND OUTLOOK

In this review, we summarized some representative work
on CD- and CA-based supramolecular aggregates, focus-
ing on their construction and applications. Hydrogen bond-
ing involving the surface hydroxyl groups of CDs enhances
the stability of CD-based assemblies, and CD cavities can
encapsulate specific guest molecules, which is conducive
to the preparation of stable and multifunctional aggregates
with predictable properties. Supramolecular self-assembly of
water-soluble macrocyclic compounds is also a convenient
method for constructing functional NIR materials and real-
izing multichannel imaging in cells. Covalent bonding of -
CD to small fluorescent probes can markedly improve their
detection performance, and thus this strategy is effective for
the construction of highly sensitive fluorescent probes. In
particular, research on the combination of AIE molecules
and supramolecular macrocycles has resulted in considerable
progress, which may lead to the development of intelligent
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functional materials for enhancing PDT, improving biolog-
ical imaging, and improving light-harvesting energy trans-
fer. Magnetic components and macrocyclic compounds can
assemble into magnetic supramolecular assemblies that can
be controlled by magnetism and heat, making them promis-
ing as cancer therapeutics. Supramolecular macrocycles have
also been used to significantly improve the effects of targeted
therapy and EPR.

However, there are several shortcomings of the current
reported results. On the one hand, for the construction of
functional NIR materials mediated by supramolecular assem-
bly strategy, the AlEgen that act as guest molecules are nec-
essary because of the restriction of intramolecular motions
or rotations of these molecules. While, this supramolecular
strategy does not appropriate for majority ACQ (aggregation-
induced quenching) molecules. On the other hand, for molec-
ular recognition, the covalent linking CDs to fluorescent
probes is recommended to improve the detection sensitiv-
ity, this strategy definitely makes it difficult to separate
the target compounds because of their largely polarity. In
addition, for cancer therapy and drug delivery, the stability
of supramolecular assemblies need to be considered carefully
because many assemblies tend to disassemble in vivo.

From a personal point of view, the following aspects will
show good application prospect in the future. (1) The alliance
of AlEgen and supramolecular macrocyclic compounds such
as CDs, CAs, cucurbit[n]urils, pillar[n]arenes, and other
kinds of supramolecular macrocycles is undoubtedly a boom-
ing direction. The resultant supramolecular assemblies dis-
play outstanding optical performance, which not only can
enhance the fluorescent intensity and PDT effect of the
AlEgen, but also can create a variety of multifunctional mate-
rials. (2) By using the numerious hydroxyl groups of CDs,
covalently linking a fluorescent probe to a CD, the sen-
sitivity of detection can be improved obviously, not lim-
ited to Michael addition. (3) The NPs size-tunable strategy
induced by supramolecular macrocyclic compounds is an
interesting hot spot for specific tumor-targeted drug deliv-
ery. By using different kinds of macrocyclic compounds,
NPs with tunable size and shape will be controlled, not only
can effectively decrease the critical aggregation concentra-
tion of assemblies, but also can play different roles, including
enhancing penetration inside tumor, specific nuclear delivery,
targeting drug release, fast renal clearance, promoting cel-
lular uptake. In a word, supramolecular chemistry involves
the assembly of constituent molecules through noncovalent
interactions to form supramolecular aggregates that exhibit
new properties, including responsiveness to light, electric-
ity, magnetic fields, mechanical forces, and other stimuli.
The applications of supramolecular macrocyclic compounds
in emerging fields of research may point in new multidisci-
plinary directions. Rational design and applications of macro-
cyclic molecules are expected to lead to exponential growth
in this field. Aggregates containing supramolecular macro-
cyclic compounds will become powerful tools for responding
to challenges in energy production, environmental science,
materials science, and the life sciences, thus having a great
impact on our daily lives.
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