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Some host—guest complexes of cucurbit[n]uril (CB[n]) host molecules act as supramolecular
amphiphiles (SAs), which hierarchically self-assemble into various nanomaterials such as vesicles,
micelles, nanorods, and nanosheets in water. The structures and functions of the nanomaterials can be
controlled by supramolecular engineering of the host—guest complexes. In addition, functionalization at
the periphery of CBI[6] and CB[7] generates CB[n]-based molecular amphiphiles (MAs) that can also self-

Received 18th July 2019, assemble into vesicles or micelle-like nanoparticles in water. Taking advantage of the molecular cavities

Accepted 8th August 2019 of CBs and their strong guest recognition properties, the surface of the self-assembled nanomaterials
can be easily decorated with various functional tags in a non-covalent manner. In this feature article, the

two types (SAs and MAs) of CB-based amphiphiles, their self-assemblies and their applications for
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Introduction

Amphiphiles are molecules typically possessing both hydrophilic
and lipophilic moieties, such as polar heads and long alkyl tails,
as exemplified by phospholipids in nature. Amphiphiles in water
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nanotherapeutics and theranostics are presented with future perspectives.

tend to maximize contact between their hydrophilic moieties and
water molecules, while minimizing exposure of the lipophilic
moieties to water and optimizing interactions among molecules.
Thus, they eventually self-assemble into stabilized nanostructures in
aqueous solutions, such as membranes, vesicles, micelles, tubes,
and wires, depending on their molecular structures.” Rational
design of molecular and polymeric amphiphiles with well-
balanced hydrophilic and lipophilic moieties has facilitated
the development of various nanomaterials with different
chemical and physical functions.>* Typically, hydrophilic and
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lipophilic units are conjugated to each other through covalent
linkages to afford an amphiphile, which often results in low
yield via a multistep synthetic process. Furthermore, additional
synthesis is required not only for tuning the amphiphilicity of
molecules, but also for conferring functions on amphiphiles,
such as stimuli-responsiveness. Supramolecular chemistry provides
a new approach for developing new types of functional amphiphiles,
especially supramolecular amphiphiles (SA) composed of molecular
assemblies via non-covalent interactions including hydrogen bonds,
n-n interactions, electrostatic interactions, charge transfer inter-
actions, and host-guest interactions.”” Among them, host-guest
interactions have been exploited as a useful functional motif for
designing SAs since interactions between hosts and guests
are reversible, controllable, and responsive to environmental
changes.® Among well-known host molecules that form com-
plexes with guests, cucurbit{n]urils (CB[x], n = 5-8, 10, 13-15)%°
have great potential as SAs, since CB[n]s form exceptionally
strong and stable host-guest complexes in water, which is
beneficial to designing reliable supramolecular assemblies.'*™*
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Such unique host-guest interactions are mostly attributed to the
rigid molecular structure of CB[n]s, consisting of hydrophobic
cavities and two identical and symmetric carbonyl-laced portals.
Selected guests with positive charges can fit snugly into the
hydrophobic inner cavity via complementary charge-dipole inter-
actions with the carbonyl portals of CB[n]s, forming strong and
stable host-guest complexes with CB[n]s in water. For example,
CB[6] forms a stable 1:1 host-guest complex with alkylammonium
compounds such as spermine (spm) and spermidine (spmd) with
high binding affinity (K, = ~10"'-10"> M~ " in water)."> Similarly,
CB[7] efficiently accommodates ferrocenemethyl- (FcA) and
adamantyl-ammonium (AdA) in its cavity with remarkably high
binding affinity (K, = ~10">-10"> M~" in water)."®> Interestingly,
CB[8] can accommodate a pair of molecules such as methyl
viologen (MV) and 2,6-dihydroxynaphthalene (DHNp) in its cavity
to form a stable 1:1: 1 ternary host-guest complex. The interaction
among the three components (K, = ~10"* M2 in 10 mM sodium
phosphate buffer)*** is sufficiently strong to hold them together,
thereby promoting self-assembly of the ternary complex into
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nanostructures following careful supramolecular engineering of
host-guest complexes.'* Stimuli-responsive interactions between
the hosts and guests, facile tunability of the balance between
hydrophilicity and lipophilicity in amphiphiles by altering guest
molecules, and the availability of CB[n] homologues with different
sized cavities enable the preparation of different types of
self-assembled functional nanomaterials. Depending on the
combination of chemical components for SAs, the resulting
nanomaterials displayed useful properties and functions such
as efficient entrapment and controlled release of drugs and
morphological changes by external stimuli on demand, which
can be exploited in developing controlled drug delivery systems.

The discovery of synthetic routes for functionalization of
CB[n]s inspired the conjugation of various functional groups at the
periphery of CB[n]s to synthesize various CB[n] derivatives,*> >
including some exhibiting unexpected amphiphilicity.*" Interest-
ingly, amphiphilic CB[n] derivatives acting as molecular building
blocks self-assemble into nanostructures in water, such as vesicles
and micelle-like nanoaggregates, depending on the functionalities
of the conjugated molecules.*®** Presumably due to the molecular
structures of amphiphilic CB[#n] derivatives possessing functional
groups at the periphery of hollowed barrel-like host molecules,
which are different from conventional amphiphiles comprising
well-defined polar and hydrophobic units, the supramolecular
assemblies of amphiphilic CB[#] derivatives have robust structures
with good dispersibility in water. In addition, unlike the assemblies
formed by CB[n]-based SAs in which the cavity of CB[r] is already
occupied by guests, self-assembled structures of the molecular
amphiphiles (MAs) retain accessible CB[#x] cavities on the surface
which can be further exploited to introduce additional function-
alities via strong and stable CB[n]-based host-guest interactions.
Thus, self-assembled nanostructures formed by amphiphilic CB[z]
derivatives can be used as multifunctional theranostic materials
by introducing various functional moieties to the surface in a
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non-covalent manner not only for targeting and imaging of
cancer cells, but also for enhancing dispersibility of the material
in biological conditions.

Taking advantage of the controllability and stimuli-responsive-
ness of CB[n]-based SAs (Fig. 1a) and the structural features of
amphiphilic CB[n] derivatives (Fig. 1b), CB[n]-based amphiphiles
have great potential as useful building blocks to develop smart
functional nanomaterials. In this feature article, we divide the
CB[n]-based amphiphiles into two categories - (a) SAs and (b) MAs
(Fig. 1), and introduce their supramolecular assemblies and
bioapplications with future perspectives.

CBIn]-based supramolecular
amphiphiles (SAs)

SAs are non-covalent assemblies of molecules exhibiting amphi-
philicity. Non-covalent host-guest interactions between CB[n]s
and their guests have been utilized to prepare SAs that can
subsequently self-assemble into functional nanomaterials. In this
section, formation of CB[n]-based SAs and their hierarchical self-
assemblies are introduced. In 2001, we reported accommodation
of MV and DHNp inside the CB[8] cavity resulting in a 1:1:1
hetero-ternary complex in water.’® Later, the host-guest inter-
action was exploited as a key motif for intermolecular inter-
actions to the formation of not only interesting supramolecular
assemblies including polyrotaxane, molecular necklaces and
rotaxanes dendrimers, but also hierarchical self-assemblies
including vesicles and micelles.""*”™*" Specifically, when the
ternary complex is formed with a MV derivative having a long
aliphatic chain (C12 and C16 for MV-C12 and MV-C16, respectively),
the host-guest complex acts as a SA consisting of a polar head and a
hydrophobic tail (CB[8] and an alkyl chain, respectively) that
spontaneously assembles into vesicles (Fig. 2). Transmission and
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Fig. 2 Formation of vesicles with a ternary complex of MV-C12 (or
MV-C16), DHNp, and CB[8] as a SA. (a) TEM image of vesicles formed by
MV-C12, DHNp, and CBI8]. (b) TEM and (c) SEM images of vesicles formed
by MV-C16, DHNp, and CBI[8]. TEM and SEM images adapted from ref. 25
with permission from Wiley-VCH.

scanning electron microscopies (TEM and SEM) revealed that small
vesicles with an average diameter of 20 nm are formed by a ternary
complex made of CB[8] with DHNp and MV-C12 (Fig. 2a), whereas
larger complexes with a diameter ranging from 400 to 950 nm are
formed by another ternary complex with MV-C16 instead of MV-C12
(Fig. 2b and c). It seems that a longer alkyl tail in the SA induces a
larger membrane curvature, resulting in larger vesicles. These
results and the associated analysis suggest that vesicles can be
formed as hierarchical self-assemblies with SAs through CB[8]-
based host-guest interactions, and their size can be controlled by
a simple alteration of the guest of CB[S§].

Scherman and colleagues subsequently reported vesicles
made from another CB[8]-based ternary complex that act as a
guest-responsive cytotoxic nanomaterial.>® In this study, an
amphiphilic ternary complex was formed by the inclusion of a
CT complex between pyrenylimidazolium-conjugated hexameric
peptide (PyIm-GGGKKK) and MV-conjugated C18 (MV-C18)
inside CB[8]. This SA eventually self-assembles into vesicles with
an average diameter of 200 nm, as confirmed by TEM and dynamic
light scattering (Fig. 3). The PyIm unit in PyIm-GGGKKK serves as
a fluorescent probe that can indicate the assembly and disassembly
of the CT complex by quenching and dequenching of the fluores-
cence signal, respectively. The guest can be exchanged due to the
dynamic nature of the host-guest interactions. Treatment with
DHNp as an electron donor guest that competes with the PyIm
moiety leads to the release of PyIm-GGGKKK into the culture media
through the formation of a different ternary complex with DHNp
and MV-C18 in CB[8]. This guest exchange induces the rupture of
vesicles, converting them into insoluble particles due to significantly
reduced amphiphilicity of the ternary complex. The release of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Self-assembly of a ternary complex of MV-C18, Pylm-GGGKKK,
and CBI8] as a SA into vesicles, and disruption of vesicles upon treatment
with competitive guests.

hydrophilic PyIm-GGGKKK from the ternary complex into the
media is immediately detected by the simultaneous appearance of
fluorescence from the PyIm moiety. When treated with AdA, a larger
guest than DHNp, vesicles also collapse since AdA occupies the
cavity of CB[8] alone and releases both the guests (MV-C18 and
PyIm-GGGKKK) from CB[8], resulting in the enhancement of the
fluorescence signal from the released PyIm-GGGKKK. Overall, the
release of guests from the ternary complex followed by the collapse
of vesicles can be controlled by a dynamic guest exchange and
visualized by fluorescent signal changes. Fluorescent nanomaterials
with structural controllability on demand are useful for the delivery
of drugs into cells. Cell experiments were performed using these
vesicles, and their disruption was observed inside the cells using
a confocal laser scanning microscope following treatment with
competitive guests (DHNp and AdA) by visualizing the fluores-
cent signal accompanying the release of PyIm-GGGKKK from
the ternary complex. Cytotoxicity assays revealed that these
vesicles are more cytotoxic when treated with AdA than with
DHNp, probably due to a greater release of cytotoxic MV-C18
into the media. This study demonstrated that utilization of a
CB[8]-based SA formed via well-designed, sensitive, and dynamic
host-guest interactions can yield novel nanotherapeutic systems
that not only release drugs on demand upon treatment with
competitive guests, but also exhibit altered fluorescent signals
that facilitate visualization of drug release inside living cells. The
use of the ternary complex with a pair of PyIm and MV inside
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CB[8] was later extended to the formation of thermo-responsive
vesicles by conjugation of a temperature-sensitive poly-N-isopropyl-
acrylamide (PNIPAAm) to MV, forming a CT complex with
PyIm-GGGKKK inside CB[8].>° Upon increasing the tempera-
ture to 37 °C, the ternary complex self-assembles into vesicles
via enhanced hydrophobicity of the PNIPAAm moiety acting as
a hydrophobic tail in the SA. These vesicles formed at 37 °C are
coated with GGGKKK peptides, which is beneficial for entrap-
ping temperature-sensitive proteins such as basic fibroblast
growth factor (bFGF).

In the following year, Jin and Ji developed another CB[8]-based
ternary complex that acts as a supramolecular block-copolymer
amphiphile to spontaneously form micelle-like nanoaggregates.*!
In this study, indole and MV derivatives were used as an electron
donor and acceptor, respectively, to form a CT complex inside
CB[8]. Amphiphilicity in the ternary complex was achieved by
exploiting hydrophilic and lipophilic linear polymers such as
poly-lactic acid (PLA) and polyethyleneglycol (PEG) conjugated
to indole (ID-PLA) and MV (MV-PEG), respectively (Fig. 4a).
Although the structure of the supramolecular assembly in the
micelle-like nanoparticles is yet to be clearly characterized, the
core of the particle is hydrophobic enough to efficiently entrap a
drug such as doxorubicin (DOX) inside. Reduction-responsive
dissociation of the CT complex triggers transformation of the
micelles into larger particles up to 1 pm in diameter upon
treatment with a reducing agent such as sodium dithionite
(Na,S,0,), mostly due to aggregation of hydrophobic PLA dis-
sociated from the SA under reducing conditions. This redox-
responsive behavior of host-guest interactions facilitates the
reduction-responsive release of DOX loaded inside the particles.
In a later study, pH-responsive release of DOX was also demon-
strated with another micelle-like nanoaggregate ~150 nm in
size formed by the ternary complex of a CT pair,*® naphthalene
conjugated to PEG (Np-PEG), and MV linked to DOX through an
acid-labile hydrazone bond (MV-DOX, a prodrug) inside CB[8]
(Fig. 4b). After the particles are internalized into cells, the
prodrug localized inside the self-assembled particles is released
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as a drug (DOX) in acidic organelles (lysosomes; pH ~ 5.0-5.5),
where the hydrazone moiety is cleaved. A conceptually similar
work was reported by Tang, Chen and colleagues.** They used a
brush copolymer having tetraphenyl ethane (TPE) and MV moieties
as guests forming a ternary complex with PEG-conjugated
naphthalene inside the CB[8] cavity. This CB[8]-based ternary
complex also acts as a SA forming micelle-like nanoparticles.
The fluorescence signal of TPE was quenched upon loading
DOX inside the nanoparticles; the disassembly of SNPs through
intracellular reducing agents and low pH environment allowed
visualization of the drug release inside cancer cells. Moreover,
the authors provided in vivo results showing enhanced drug
efficacy to cancer-bearing mice with their DOX-loaded nano-
particles compared to free DOX, demonstrating the potential of
the CB[8]-based nanomaterial as a promising nanotherapeutic
technology. Recently, Huang, Luo and colleagues reported a
light responsive ternary complex as a SA formed by two guests
inside CB[8]; a MV derivative and a trans-azobenzene derivative
conjugated to a tris(n-dodecyloxy)benzyl unit.”> The SA was
found to form vesicles entrapping DOX. UV light induced trans
to cis isomerization of the azo moiety facilitates dissociation of the
guest from the host-guest complex; thus the DOX-loaded vesicles
were eventually ruptured to release DOX inside cancer cells.

CB[8]-based ternary complexes as SAs can be systematically
designed to tune the morphology, size, and function of self-
assembled nanomaterials by altering hydrophilic and lipophilic
moiety-conjugated guests using host-guest chemistry as discussed
above. In addition, the stimuli-responsiveness and negligible
toxicity of CB[8]"* offer great potential for CB[8]-based SAs as novel
building blocks to provide functional nanomaterials for storage of
sensitive biomolecules such as proteins, and efficient entrapment
and controlled release of hydrophobic drugs.

Host-guest complexes between guests and CB[7] can also act
as SAs that spontaneously organize to form nanomaterials in
water. Recently, Nau and colleagues reported a SA consisting of
a 1:1 host-guest complex between pyridinium-conjugated
anthracene (AnPy) and CB[7], which forms solid nanoparticles
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Fig. 4 Schematic illustration of the formation of micelles with CB[8]-based SAs. (a) Reduction- and (b) pH-sensitive drug release.
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Fig. 5 Proposed molecular assemblies of SAs formed by (a) AnPy@CBJ[7]
and (b) AnPy@CBI[8], with their TEM images. TEM images are reproduced
from ref. 43 with permission from The Royal Society of Chemistry.

with diameters ranging from 400 to 1000 nm in water (Fig. 5a).*
When AnPy interacts with CB[7] (AnPy@CB[7], K, ~ 10* M),
the pyridinium moiety is included in CB[7] while the anthrace-
nyl unit is located outside CB[7]. The authors reported that
anthracenyl units from different AnPy molecules interact with
each other via n-n stacking, which is believed to be critical
for the formation of nanoparticles with AnPy@CB[7]. Unlike
AnPy@CB[7], AnPy interacts with CB[8] (AnPy@CB[8], K, ~
10° M~ ") in water to self-assemble into nanorods up to a few
micrometers in length and ~ 700 nm in width. Since CB[8] has a
larger cavity than CB[7], it can accommodate both anthracenyl
and pyridinium units in the cavity; hence it was proposed that
complexation of pyridinium and anthracene residues from
different molecules inside CB[8] facilitates the formation of
supramolecular polymeric chains that interact with each other
through the outer surface of CB[8] to form nanorods (Fig. 5b).
This study demonstrated that different self-assembled nano-
structures can be prepared by simple mixing of an appropriate
host molecule with a guest.

In 2013, Zhang and colleagues developed a non-linear SA
formed from a tetranaphthalenylmethylpyridinium-conjugated
porphyrin (TPOR) and CB[7].*® Each naphthalenyl moiety on
TPOR is included in the cavity of CB[7] (K, ~ 10" M "); hence
four CB[7]s come together to form a complex with a single
TPOR molecule (CB[7],/TPOR; Fig. 6). TPOR possesses four
positive charges on its pyridinium and acts as an amphiphile
itself, forming nanoparticles in water (Fig. 6a) with significant
fluorescence quenching due to close stacking between TPOR
molecules. Furthermore, CB[7],/TPOR complexes act as SAs
and self-assemble into nanosheets (Fig. 6b) that emit strong
fluorescence, unlike nanoparticles formed by TPOR alone. In
this case, CB[7]-based host-guest chemistry plays an important

This journal is © The Royal Society of Chemistry 2019
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role not only in altering the self-assembled structure of
TPOR from nanoparticles to nanosheets, but also in suppres-
sing the stacking of TPOR by introducing bulky units such
as CB[7].

Porphyrins have been widely used as photosensitizers to
generate highly reactive singlet oxygen upon light irradiation,
causing cytotoxicity and severe damage to cellular components.
However, porphyrins typically suffer from unwanted stacking
between molecules, which significantly reduces the efficiency
of singlet oxygen generation in photodynamic therapy. CB[7],/
TPOR-based nanosheets with TPOR suffer less from unwanted
stacking and serve as an efficient photosensitizer to kill Gram-
negative Escherichia coli bacteria more efficiently than nano-
particles formed by closely stacked TPOR, suggesting that
CB[7]-based SAs are superior for photocytotoxicity. In addition,
when treated with AdA, CB[7] is released from CB[7],/TPOR to
form a host-guest complex with AdA that has a much stronger
binding affinity to CB[7] (K. ~ 10" M~ ") than the naphthalenyl
unit, resulting in the conversion of nanosheets back to nano-
particles, and consequent quenching of fluorescence emission.
The guest-responsive transformation of nanostructures and
changes in optical properties suggest that this SA formed by
host-guest interactions between a porphyrin derivative and
CB[7] can be exploited as a smart functional nanomaterial.
Furthermore, in addition to antibacterial action, this system
can be utilized for anticancer treatment.

In a later study, Isaacs and colleagues carefully designed a
conjugate of CB[6] to CB[7] (CB[6-7]), and used it as a double-
cavity host molecule to generate SAs formed from a host-guest
complex with 1,6-diammoniumhexane-conjugated C18 alkyl
chain (DAH-C18) and 1-adamantanemethylammonium-conjugated
PEG5000 (AAMA-PEG; Fig. 7). Since CB[6-7] has two different
cavities in each molecule, it can accommodate the same or
different guests to form homodimer or heterodimer complexes,
respectively. The linear DAH moiety can be included in both
cavities, and CB[6-7] forms a homodimer complex with two

Chem. Commun., 2019, 55, 10654-10664 | 10659
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Fig. 7 Proposed supramolecular assemblies of host—guest complexes of
CB[6]-[7] with (a) DAH-C18 (a homodimer form) and (b) DAH-C18 and
AdA-PEG (a heterodimer form), with their SEM images. SEM images are
reproduced from ref. 29 with permission from The Royal Society of
Chemistry.

DAH-C18 molecules (DAH-C18,@CB[6-7]) and spontaneously
self-assembles into a connected network structure through
hydrophobic interactions between the long alkyl chains
(Fig. 7a). The AAMA moiety is larger than DAH and cannot form
a complex with CB[6], but it fits well inside the CB[7] cavity.
When DAH-C18 and AAMA-PEG are added at a 1:1 ratio, a
heterodimer complex ([DAH-C18 + AdMA-PEG]@CB[6-7]) is
formed with 1 eq. of CB[6-7] as a SA, and this hierarchically
self-assembles into micelle-like particles with an average dia-
meter of 125 nm (Fig. 7b). Furthermore, hydrophobic inter-
actions induced by the C18 unit in the SA play a crucial role in
forming a hydrophobic core with hydrophilic PEG moieties
exposed to water on the surface of the molecule. Since CB[7]
has higher binding affinity to AdMA (K, ~ 10'* M) than to
DAH (K, ~ 10" M "), treatment of the DAH-C18,@CB[6]-[7]
network with AAMA-PEG (1 eq.) induces the exchange of DAH-
C18 bound in the cavity of CB[7], causing self-sorting of AdMA-
PEG that converts DAH-C18,@CB[6]-[7] into [DAH-C18 + AdMA-
PEG]@CB[6]-[7], resulting in morphological transformation
to nanoparticles. This work demonstrated the ability of a
double-cavity host molecule to control the morphology of
nanostructures using guest-specific formation of dynamic SAs
based on a supramolecular self-sorting concept.
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CBI[n]-based molecular amphiphiles
(MAs)

Functionalization of CB[n] allows fine-tuning of the solubility of
CB[n] derivatives. For example, CB[6] is not soluble and pre-
cipitates in water. However, conjugation of hydrophilic groups
to CB[6] enables CB[6] derivatives to act as MAs that form self-
assembled nanomaterials such as vesicles®*** and micelle-like
nanoparticles®® with good dispersibility in water. Interestingly,
functionalization takes place at the periphery of CB[n] to
generate unconventional amphiphiles with flexible functional
arms at the periphery of a rigid CB[n]. The molecular structures
of amphiphilic CB[n] derivatives are different from those of
conventional amphiphiles possessing two different well-defined
units such as a polar head and a long lipophilic tail. Given the
structural features of amphiphilic CB[n] derivatives, interesting
and useful self-assembled functional nanomaterials can be
prepared. In this section, various amphiphilic CB[n] derivatives,
their self-assemblies, and their bioapplications are discussed.
In 2005, we reported the synthesis of the first amphiphilic
CB[n] derivative, namely, a tetraethylglycol (TEG)-tethered CB[6]
derivative (TEG-CB[6]) formed via a thiol-ene photoreaction
between thiolated TEG and perallyloxylated CB[6] (Fig. 8a).>* It
is not possible to define hydrophilic and hydrophobic moieties
in TEG-CB[6]. However, TEG-CB[6] was revealed to be an amphi-
phile in water that self-assembles into enclosed membrane
structures such as vesicles (CB[6]VCs) with average diameter
ranging from 30 to 1000 nm and a shell thickness of 6 nm
(Fig. 8). After extrusion of CB[6]VCs through a membrane with
200 nm pores, the average diameter of the vesicles was changed
to 170 nm with the same membrane thickness due to the
dynamic nature of a self-assembled membrane (Fig. 8c). The
packing structure of TEG-CB[6] in the shell is not yet clearly
understood. Given that the hollow structure of CB[6]VCs is not
disrupted even after treatment with a strong surfactant such as
Triton X-100, the packing structure of TEG-CB[6] is likely to be
sufficiently robust to avoid interference from conventional
surfactants. In addition, the membrane of CB[6]VCs includes
a number of cavities of CB[6]s that form a strong and stable
host-guest complex with linear polyammonium compounds
such as spm and spmd with a high binding affinity (K, ~
10''-10"> M™"). Thus, a large number of functional tags con-
jugated to spm or spmd can be introduced onto the surface of
CB[6]VCs easily in a non-covalent manner, as confirmed by
confocal laser scanning microscopy analysis of CB[6]VCs coated
with fluorescein isothiocyanate-conjugated spm (FITC-spmd@
CB[6]VCs; Fig. 8d). CB[6]VCs with a robust membrane made
from a large number of TEG-CB[6] can be utilized as a multi-
valent scaffold for enhanced molecular recognition of a binding
ligand to its target protein, such as sugars to lectins. For example,
the binding constant of o-mannose-conjugated spmd-coated
CB[6]VCs (Man-spmd@CB[6]VCs) to Concanavalin A (ConA, a
lectin for o-mannose recognition) was three orders of magnitude
stronger than that of Man-spmd, as quantified by surface
plasmon resonance experiments, clearly demonstrating that
CB[6]VCs can serve as a novel multivalent scaffold for enhanced

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Formation of CB[6]VCs, and their non-covalent surface modification. (a) Synthetic scheme of TEG-CBI6]. (b) Chemical structures of FITC-spm
and Man-spmd. (c) TEM image of CB[6]VCs. (d) Confocal laser scanning microscopy image of FITC-spmd@CB[6]VCs. TEM and confocal laser scanning
microscopy images are reproduced from ref. 32 with permission from American Chemical Society.

molecular recognition. Furthermore, various different functional
tags can be introduced onto the scaffold through simple mixing of
different functional spmd-linked tags to afford multifunctional
nanomaterials.

Following this, we developed reduction-sensitive amphiphilic
CB[6] derivatives (HEG-SS-CB[6]) by insertion of a disulfide bond
between CB[6] and hexaethyleneglycol (HEG) arms. HEG-SS-CB[6]
also acts as a MA in water, spontaneously forming vesicles
(SSCB[6]VCs; Fig. 9). Repeated extrusion of SSCB[6]VCs through
a membrane with 200 nm pores generates uniform vesicles of
170 nm in diameter and a membrane thickness of 6 nm (Fig. 9c),
very similar in size and morphology to CB[6]VCs formed by
TEG-CB[6] without disulfide linkages.>*

Leakage of drugs loaded within typical lipid-based vesicles
before reaching a target site can cause unwanted side effects,
potentially killing normal healthy cells. The robust membrane
of SSCB[6]VCs does not collapse under physiological condi-
tions; hence the inner space entrapping drugs remains intact,
and the reduction-responsiveness of the MA allows cleavage
inside cells, and easy surface modification with a functional tag
conjugated to spm (or spmd), as demonstrated for folate-conjugated
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spmd (folate-spmd). Thus, SSCB[6]VCs can serve as a reduction-
sensitive cancer-targeted drug delivery vehicle. This was confirmed
experimentally by confocal laser scanning microscopy of live
cells under various conditions with vesicles such as folate-
spmd@SSCB[6]VCs loaded with DOX, as well as SSCB[6]VCs
without folate-spmd or folate-spmd@CB[6]VCs. HeLa cells treated
with SSCB[6]VCs did not display a significant fluorescent signal,
but cells treated with folate-spmd@SSCB[6]VCs did (Fig. 9d),
indicating a folate targeting effect for selective cellular uptake into
cancer cells. In addition, fluorescent signals were observed in HeLa
cells treated with folate-spmd@CB[6]VCs, indicating accumulation
in the cytosol as dots, unlike the evenly distributed signals inside
the nuclei of cells treated with folate-spmd@SSCB[6]VCs, indicating
a robust membrane structure for amphiphilic CB[6]-based vesicles,
and an important role for disulfide linkages in amphiphilic CB[6]
for releasing drugs inside cells. Since the surface of SSCB[6]VCs can
be decorated with two different functional tags, such as folate-spmd
and FITC-spm, targeting ligands for cancer cells and image probes
can be visualized by confocal laser microscopy, and SSCB[6]VCs can
serve as a multifunctional platform for cancer-targeted imaging and
drug delivery.

|+
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Fig. 9 Formation of SSCBI[6]VCs and their non-covalent surface modification and targeted drug delivery into a Hela cell (a) Synthetic scheme of
HEG-SS-CBI6]. (b) Chemical structures of FITC-spm and folate-spmd. (c) TEM image of SSCBI[6]VCs. (d) Confocal laser scanning microscopy image of a Hela
cell treated with DOX-loaded SSCBI6]VCs. TEM and confocal laser scanning microscopy images are reproduced from ref. 34 with permission from Wiley-VCH.
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Conjugation of 6-mercaptohexanol with perallyloxylated CB[6]
through thiol-ene photoreaction affords hexanol-terminated
CB[6] (HOC6-CB[6]; Fig. 10a).*® Unlike TEG-CB[6] and HEG-SS-
CB[6], both of which form vesicles, HOC6-CB[6] self-assembles
into micelle-like nanoparticles (CB[6]NPs) with an average dia-
meter of ~190 nm (Fig. 10b). Functionalities at the periphery of
CB[6] in HOC6-CB[6] are much more hydrophobic than those in
TEG-CBJ[6]; hence HOC6-CB[6] is likely to induce the formation
of nanoparticles with a hydrophobic core that can entrap

1
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Fig. 10 Formation of CB[6]NPs, and their non-covalent surface modification
and targeted drug delivery into a KB cell. (a) Synthetic scheme of HOC6-
CBI[6]. (b) TEM image of CBI6INPs. (c) Confocal laser scanning microscopy
image of cells treated with FITC-spm and folate-spmd-coated CB[6]NPs
containing Nile Red. TEM and confocal laser scanning microscopy images
are reproduced from ref. 33 with permission from The Royal Society of
Chemistry.
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hydrophobic dyes and anticancer drugs such as Nile Red and
paclitaxel, respectively. CB[6]NPs also have a number of CB[6]
cavities on their surface; hence CB[6]NPs can be non-covalently yet
stably coated with functional tags conjugated to spm (or spmd),
forming nanomaterials made of amphiphilic CB[6] derivatives.
Efficient release of hydrophobic molecules such as Nile Red inside
cancer cells after selective cellular uptake of (FITC-spm and folate-
spmd)@CB[6]NPs containing Nile Red was visualized by confocal
laser scanning microscopy (Fig. 10c), demonstrating the potential
of CB[6]NPs for the targeted delivery of hydrophobic drugs for
cancer treatment.

Very recently, even a single short arm such as an allyloxy unit
was shown to significantly contribute to the amphiphilic nature
of CB[7] derivatives. For example, a monoallyloxylated CB[7]
derivative (MA-CB[7]) was serendipitously discovered to act as a
MA in water, and form a vesicular structure (CB[7]VCs) with an
average diameter of 210 nm and a membrane thickness of 3 nm
(Fig. 11b(i)).>> Supramolecular assemblies of MA-CB[7] within
membranes are not yet fully understood. Various techniques
have been applied to investigate molecular interactions, such as
'H NMR and high-resolution mass spectrometry, and the results
suggest that oligomeric assemblies of MA-CB[7] are formed
through intermolecular interactions between allyloxy groups
and the portals of different MA-CB[7] molecules, and the
resulting assemblies further interact to enclose the membrane
and form a vesicle. Since CB[7]VCs entrapping DOX can be
internalized into cancer cells such as HeLa cells, as observed by
confocal laser scanning microscopy (Fig. 11d), CB[7]VCs can be
used as a vehicle for drug delivery. Interestingly, MA-CBJ[7] is
highly susceptible to thiolate molecules such as glutathione
(GSH) that convert it into less amphiphilic GSH-conjugated
CB[7] (GSH-CBJ[7]) via thiol-ene reactions under light irradiation,
resulting in disruption of CB[7]VCs (Fig. 11b(ii) and c). GSH is an
endogenous biomolecule present in the cytosol in millimolar
concentrations. Thus, CB[7]VCs can be collapsed to release DOX

(o} Femtosecond
laser (720 nm)

Thiol-ene

£o o 80
OTOH photoreaction gﬁ/J(N’\N)kN/N;%%O
N g t

Glutathione

MA-CB[7] (GSH)

Loss of amphiphilicity

Laser irradiation (720 nm)

Hoechst 33258 Overlapped

Fig. 11 (a) Schematic illustration of CB[7]VC formation from MA-CB[7], their non-covalent surface modification and targeted drug delivery into a Hela
cell. (b) TEM images of (i) CB[7]VCs under cryo-conditions and (ii) collapsed CB[7]VCs upon UV irradiation under GSH conditions, (c) light responsive
conjugation of GSH to MA-CB[7], confocal laser scanning microscopy images of Hela cells treated with DOX-loaded CB[7]VCs (d) without and (e) with
laser (720 nm) irradiation. TEM and confocal laser scanning microscopy images are reproduced from ref. 35 with permission from Wiley-VCH.
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inside cancer cells upon irradiation with light (Fig. 11e). In this
study, photoreaction between an allyloxy and a thiol was effi-
ciently induced by the two-photon effect from a femtosecond
laser (720 nm), and this proved beneficial for the stimuli-
responsive release of drugs since it uses cytocompatible near-
infrared (NIR) light that can penetrate deeper into tissues with
less light scattering than UV light. This implies potential
applications for CB[7]VCs as on-demand light-responsive drug
delivery vehicles that can be used for deep tissue treatment. In
addition, like the surface of CB[6]VCs, CB[7]VCs can be coated
with functional tags conjugated to a guest of CB[7] such as FITC-
conjugated adamantylammonium (FITC-AdA) using stable
host-guest chemistry between CB[7] and AdA (K, ~ 10" M™").
Like CB[6]VCs, CB[7]VCs are likely to widen the choice of smart
functional materials for targeted cancer imaging and controlled
release and delivery of drugs.

More recently, Wang and colleagues developed micelle-like
nanoparticles formed using an emulsion method with a mixture
of perallyloxylated CB[6] and polyvinyl alcohol, by adapting the
thiol-ene photoreaction between allyloxy groups on CB[6]-based
nanoparticles and endogenous GSH as a means of drug release
inside cancer cells.”” In this study, the hydrophobic drug
paclitaxel loaded in the hydrophobic interior of nanoparticles
was released selectively inside cancer cells upon irradiation with
UVA (present in natural sunlight). Negligible cytotoxicity of the
nanomaterial itself and more enhanced cytotoxicity against
cancer cells such as melanoma B16 cells than against normal
cells illustrates the on-demand release of drugs from nanomaterials
in cancer cells upon irradiation by UVA. These results indicate great
potential for CB-based self-assembled nanomaterials as a novel
light-responsive platform for delivery and controlled release of
therapeutics into cancer cells.

Summary and outlook

As described above, CB[n]-based host-guest complexes acting
as SAs self-assemble into micelle-like nanoparticles, vesicles,
nanosheets, and nanorods. Depending on the combination of
host and guest molecules, self-assembled nanomaterials can be
responsive to external stimuli such as temperature, pH, acidity,
and redox state, thereby transforming their structures into
disrupted or other nanostructures. Facile exchange of guests
bound to CBs with competitive guests provides another opportunity
to tune self-assembled nanostructures and their functions in a
simple non-covalent manner. Nanomaterials with these features
have potential as smart functional materials for targeted imaging,
controlled release and delivery of drugs, and photodynamic therapy.
Additionally, conjugation of appropriate functional groups to the
periphery of CB[n] affords amphiphilic CB[#] derivatives as CB[n]-
based MAs that self-assemble into vesicles or micelle-like nano-
particles. Due to the difficulty in defining hydrophilic and
lipophilic units in CB[n]-based MAs, understanding their supra-
molecular packing structures formed within nanomaterials
remains challenging. However, CB[6] derivatives with better
hydrophilic functional groups on their periphery, such as TEG

This journal is © The Royal Society of Chemistry 2019
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and HEG, tend to assemble into vesicles with a robust membrane
structure, and other types of amphiphilic CB[6] derivatives with
less hydrophilic functional groups such as hexanol assemble into
micelle-like nanoparticles with a solid hydrophobic core. By
introducing stimuli-responsive chemical linkages such as disulfide
bonds into the amphiphile structure, reduction-responsive self-
assembled nanomaterials can be developed as smart drug delivery
vehicles that release drugs only after being internalized into cells.
Surprisingly, MA-CB[7], which has a single short, hydrophobic
functionality (allyloxy group) on its periphery, is still amphiphilic
and forms CB[7]VCs. High susceptibility of the allyloxy group to
endogenous GSH under light irradiation can transform MA-CB[7]
into GSH-CB[7], enabling CB[7]VCs to act as on-demand light-
responsive drugreleasing nanomaterials inside cancer cells. The
large number of CB[6] and CB[7] cavities on the surface of nano-
materials can be exploited by coating the surface with various
functional tags conjugated to selected guest molecules (linear
polyammonium and adamantyl (or ferrocenemethyl) ammonium
for CB[6] and CBJ[7], respectively) to simultaneously achieve efficient
targeting and imaging.

Recently, the host-guest interaction between CB[6] and spmd
was revealed to be sufficiently stable to endure the extremely
dynamic conditions found in the blood stream, as confirmed by
efficient targeted imaging of cancers in mice with intravenously
injected CB[6]-based polymer nanocapsules with targeting
ligand-spmd and imaging dye-spmd coated on its surface.*®*°
The host-guest interaction between CB[7] and AdA is likely to
have similar or even higher stability in animal models since the
binding affinity of CB[7]-AdA is two orders of magnitude higher
than that of CB[6]-spmd. CB-based materials reported in the
literature exhibit negligible toxicity toward cells, even in animals
such as Caenorhabditis elegans and mice.***

Current knowledge suggests that CB-based self-assembled
nanomaterials can be practically useful for targeted cancer
imaging and delivery of drugs. Other types of interesting
supramolecular amphiphiles can be afforded by conjugating
CB[n] to other host molecules (e.g., cyclodextrins, calixarenes,
pillararenes, etc.). These may self-assemble into various supramole-
cular structures showing useful functions including sensing, delivery
and controlled release for diagnosis and therapy. Furthermore,
combining the unique features of host molecule-based supramole-
cular nanomaterials with those of well-established systems such as
polymer-based nano-emulsions and metal organic polyhedron-type
molecular cage frameworks as recently demonstrated by Wang*” and
Isaacs,”® respectively, may yield a new class of smart functional
nanomaterials for nanotherapeutics and theranostics. To date, most
biological studies with CB[n]-based nanomaterials have been
focused on fundamental in vitro experiments and preliminary
in vivo applications. It is clearly visible that the CB-based
biotechnology is progressing towards translational research
for effective and practical applications.
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