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Recent progress in macrocyclic amphiphiles
and macrocyclic host-based supra-amphiphiles
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Macrocycle-based amphiphiles, including macrocyclic amphiphiles and macrocyclic host-based supra-
amphiphiles, are a class of amphiphiles which are capable of self-assembling into multidimensional

assemblies with defined nanostructures. By involving host—guest recognition, these amphiphiles can be

tailored to fabricate new topological structures and fulfill multiple applications. Compared with covalent-
bonded traditional amphiphiles and polymeric amphiphiles, the introduction of host—guest interactions
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facilitates the design, synthesis and controllability of these amphiphilic systems. Moreover, host—guest
interactions usually possess stimuli-responsive properties, which further endow self-assemblies of macrocycle-
based amphiphiles with fantastic functions. In this review, we summarize recent progress in macrocyclic

amphiphiles and macrocyclic host-based supra-amphiphiles, with a focus on novel functions and applications

rsc.li/frontiers-materials

1. Introduction

Self-assembly systems, prepared from simple molecules or
macromolecules connected by non-covalent interactions,
can offer new functions wholly different from those of their
individual parts.’ Self-assemblies exist widely in nature: cell
membranes, folding proteins, DNA, microtubules, and so on.”
Among these bio-structures, biological membranes consisting
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of self-assemblies of these amphiphiles.

of amphiphilic phospholipids show critical importance to
living organisms. The amphiphilic properties of these mole-
cules make them self-assemble into bilayers by turning the
hydrophilic phosphate groups to the aqueous medium, and the
hydrophobic alkyl chains toward the inside of the bilayers.?
The natural arrangements and self-assemblies of phospholipids
have attracted a lot of attention from scientists focusing on
amphiphiles. Conventionally, amphiphiles are a class of compounds
containing both hydrophilic and hydrophobic groups connected
by covalent bonds.* In aqueous media, amphiphiles commonly
self-assemble into well-defined structures, such as nanoparticles,
micelles, nanosheets, nanorods, and vesicles, which can be
applied in numerous fields.”> The morphologies and applications
of self-assemblies formed by amphiphiles are determined not
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only by the interactions of hydrophilic-hydrophobic balance and
steric hindrances but also by the external conditions (pH, tempera-
ture, concentration, or ionic strength)::’g'6 In a biomimic manner,
various amphiphiles have been rationally designed and synthesized
to construct bioactive structures in order to achieve complex applica-
tions, typically nanoparticles and vesicles for drug/gene delivery in
cancer theranostics.”¥

The studies based on amphiphiles have been developed and
extended to polymers,” which are termed as polymeric amphi-
philes. Compared with the self-assemblies formed by small
amphiphilic molecules, the self-assemblies of polymeric amphi-
philes have better sustainability and more controllable size due
to the stronger hydrophilic-hydrophobic interactions and slower
rate of dissociation and molecular exchange. These properties
have endowed polymeric amphiphilic self-assemblies with
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unique applications, including bio-macromolecular delivery,
catalysis, sensors, and templated synthesis of nanodevices.®?
Nevertheless, the design, synthesis and separation of covalent-
bonded polymeric amphiphiles are extremely difficult and
time-consuming, greatly limiting their applications.
Supramolecular chemistry, arising from the discovery of
crown ethers in the 1960s, has been awarded the Nobel Prize
twice.” It mainly studies complexes or assemblies formed by
recognition between building blocks through non-covalent
bonds, such as hydrogen bonding, hydrophilic-hydrophobic
interactions, n-n stacking and electrostatic interactions.'® The
dynamic and reversible nature of non-covalent interactions has
attracted lots of attention from scientists in the fields of
chemistry, materials science, biology and engineering. Enligh-
tened by supramolecular chemistry, supramolecular amphiphiles,
which are the combination of supramolecules and traditional
amphiphiles, have been a research hotspot for decades. Among
them, macrocycle-based amphiphiles exhibit distinctive properties
not only in unique topological structures but also in self-assembly
behaviours."" Two main kinds of macrocycle-based amphiphiles
are well-known:'> macrocyclic amphiphiles and macrocyclic host-
based supra-amphiphiles (Fig. 1, here using pillar[5]arene as a
model macrocycle). Macrocycle-based supra-amphiphiles are con-
structed on the basis of non-covalent interactions, in which the
hydrophilic and hydrophobic parts are attached by various non-
covalent interactions, avoiding complicated covalent synthesis or
monomer modifications.”® A macrocyclic amphiphile contains
both hydrophilic and hydrophobic groups in one macrocycle but
on respective sides of the macrocycle. The cavities of macrocyclic
amphiphiles can be used to recognize specific guests via inclusion
complexations in order to fabricate new topological structures.'*
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Fig. 1 Cartoon illustrations: a macrocyclic host-based supra-amphiphile
(left); a macrocyclic amphiphile (right). Pillar[5]arene derivatives are used
here as examples.
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Compared with traditional amphiphiles, various functional
groups and multiple components endow macrocycle-based amphi-
philes with excellent self-assembly ability in constructing multi-
dimensional and hierarchical materials for different applications,
typically for bio-related applications such as cargo delivery, cell
imaging and controlled release. Some of the important examples
in biochemistry are mentioned in the following parts. Further-
more, the reversible and dynamic characteristics of host-guest
interactions endow supramolecular amphiphiles with awesome
stimuli-responsiveness, which promotes their applications in
sensing, transmission and other smart materials."> Considering
the advances of macrocycle-based amphiphiles, the related studies
not only enrich the field of supramolecular chemistry but also
benefit the development of functional self-assemblies and smart
nanodevices.

As more and more scientists contribute to the expansion of
macrocycle-based amphiphiles, though we have published
reviews in this field,'® we herein summarize the results in the
recent two years with a main focus on novel functions and
applications of self-assemblies of these amphiphiles. The cited
references are not limited to the recent two years, but the
examples that are thoroughly discussed are recent progress
and these examples are not overlapped with previous reviews
we have published. The studies in the field of amphiphiles are
commonly concerned with novel molecular structures, controll-
able self-assembled morphologies and behaviours, multiple
stimuli-responsiveness, functional materials and biomedical
applications. The following discussions about macrocycle-
based amphiphiles are categorized by calixarenes, cyclodextrins,
cucurbiturils and pillararenes since these macrocycles have been
widely studied. The studies based on other macrocycles,'” albeit
excellent, are not discussed in detail here.

2. Cyclodextrin-based macrocyclic
amphiphiles and supra-amphiphiles

Cyclodextrins (CDs) were discovered in 1891 by Villiers and the
first CD structure was reported by Schardinger in 1903, which
was conceived as a toroidal shape containing p-glucose units
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connected by a-1,4-glucosidic linkers with a narrow rim hav-
ing primary hydroxyl groups and a wide rim having secondary
hydroxyl groups.’® The commonly discussed CDs are o-, B-,
and vy-cyclodextrins consisting of six, seven and eight
p-glucopyranose units, respectively. The detailed structures
and sizes are listed in Fig. 2a. Due to the existence of the
hydroxyl groups, the exterior of the CD cavity is highly polar-
ized, whereas the interior of the cavity is non-polarized,
allowing CDs to be feasible hosts for non-polarized guests in
supramolecules.’’*'® In host-guest chemistry, non-covalent
interactions involved in CD-based complexes are mainly van
der Waals interactions and hydrophilic-hydrophobic interac-
tions between the non-polarized inner cavity of CDs and the
hydrophobic groups of the guests. The classic guests for CDs
are shown in Fig. 2b. The binding affinities and selectivities
between CDs and specific guests are determined by the cavity
size of each CD.?° Notably, adamantine (ADA) derivatives are
frequently used to fabricate B-CD-based host-guest systems,
and the association constant (K,) between ADA and B-CD is
measured to be 4 x 10* M~".>" Moreover, the complexation
between CDs and guests can be adjusted by external stimuli,
such as temperature, pH, redox, light and competitive mole-
cules, which paves the way to construct stimuli-responsive
materials. Taking advantage of their simple synthesis, high
guest affinity and controllable complexation, supramolecular
amphiphiles based on CDs have been well-established and
applied in stimuli-responsive systems. Compared with artifi-
cial macrocyclic hosts, CDs can be obtained from natural
products possessing excellent biocompatibility, low cytotoxi-
city and biodegradability, making them ideal building blocks

property a-CD p-CD 7-CD
no. of glucose units (1) 6 A 8
empirical formula (anhydrous) C36HgoO30 Ci2H70035 CysHg0O40
molecular wt 972.85 1134.99 1297.14
min internal diameter (a) (A) 44 5.8 74
max internal diameter (b) (A) 57 7.8 9.5
diameter of outer 13.7 15.3 16.9

periphery (c) (A)

height of torus (h) (A) 7.8 7.8 7.8
cavity volume (A3) 174 262 427

@ N =
\ =
@ Ferrocene

Azobenzene

£

Phenyl Adamantane

Adamantane

Fig. 2 (a) Chemical structures and size data of typical cyclodextrins and
(b) chemical structures of typical guest molecules for cyclodextrins.
Adapted with permission from ref. 17a. Copyright 2015 American Chemical
Society.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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for the fabrication of nanomedicines. Indeed, CD-based
supramolecular amphiphiles have been widely used in
biochemical systems including drug/gene delivery systems,
bio-responsive systems and novel therapeutics.*>

2.1 Cyclodextrin-based drug delivery systems

Various clinic drugs including paclitaxel (PTX), doxorubicin
(DOX), phenytoin and aliskiren show outstanding effects in
anti-cancer, anti-seizure and anti-hypertension therapies but
suffer from poor water solubility, which limits their applica-
tions. In order to improve their pharmaceutical uses, new
methods to enhance their solubility are required.”**>* In early
studies, CDs and their derivatives have been used as hosts to
encapsulate drug molecules to form host-guest complexes,??%?
Compared with free drug molecules, the bioavailability and
stability of the inclusion complexes were higher, and yet the
solubility of the drugs had fairly limited improvement. Not only
solubility, but also specificity should be considered, because
chemotherapeutic drugs, especially anti-cancer drugs, usually
have undesirable side effects (fatigue, nausea, etc.).>! To
promote the targeted therapeutic capacity, nanocarrier approaches
of drug delivery have been developed. Platforms such as lipo-
somes, micelles, nanoparticles and dendrimers have been
involved.?® In pursuit of effective, simple and biocompatible
carriers for drug delivery, supramolecular amphiphiles have
been taken into consideration. As expected, using self-assemblies
of supramolecular amphiphiles exhibits excellence in favour of
enhanced solubility of hydrophobic drugs, prolonged circulation
time of drugs in the blood, and high tumor accumulation and
controlled release of drugs.

Many scientists make contributions to this field. For example,
Xie et al. fabricated supramolecular amphiphile-based binary
vesicles by using B-CD and the PTX dimer (1), and the vesicles
showed abilities of reversible morphology transformation and
drug delivery (Fig. 3).>° From proton nuclear magnetic resonance
(*H NMR), the host-guest recognition between B-CD and 1 was
confirmed. The complexation stoichiometry ratio of f-CD and 1
was determined to be 2:1 by UV-vis spectroscopy. Due to the
formation of a supra-amphiphile of the B-CD/1 inclusion
complex, highly ordered morphologies of aggregations were
observed by transmission electron microscopy (TEM), scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
The B-CD/1 complex self-assembled into nanovesicles (NVs) with
hydrophilic 8-CD layers in an aqueous medium with an average
diameter of 230 nm. Considering the o-amylase induced digestion
of CDs and a competitive guest (adamantanamine hydrochloride,
2) caused disassembly of B-CD/1, the B-CD/1 NVs transformed into
nanoparticles (NPs) formed by 1 upon addition of a-amylase or
2,%” arising from the disassociation of the host-guest complexa-
tion. Besides, these morphological transformations were reversi-
ble if excess B-CD were added again. Compound 1 in the NVs not
only served as building blocks for constructing NVs but also acted
as an anti-cancer therapeutic drug. Notably, the hollow cavities
and the 1 layers of NVs could further encapsulate both hydrophilic
and hydrophobic molecules to achieve synergistic efficacy, and
the supra-amphiphilic nature of NVs benefited controlled release

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 3 (a) Schematic representation of the formation of vesicles for
controlled release. (b) Confocal laser scanning microscopy (CLSM) images
of HepG2 cells incubated with DOX@B-CD/1 nanovesicles. Adapted with
permission from ref. 26. Copyright 2017 American Chemical Society.

triggered by external stimuli (¢-amylase or 2). After encapsulating
DOX in B-CD/1 NVs (DOX@B-CD/1 NVs), the evaluation of the
cellular uptake and the cytotoxicity of DOX@p-CD/1 NVs demon-
strated the active endocytosis through the endo/lysosomal path-
way and higher cytotoxicity compared with free NVs. In this work,
the solubility of PTX was enhanced by CD-based recognition
rather than covalent modification, and the PTX dimer was used
as a building block to form vesicles. This work has opened
a gate for the application of CD-based supra-amphiphiles in
drug delivery.

2.2 Cyclodextrin-based stimuli-responsive materials for
detection and sensing

Stimuli-responsive supramolecular materials have been paid a
lot of attention for decades, and their wide applications in
sensors and smart functional self-assemblies have been well-
established. Unlike traditional covalent-linked materials,
supramolecular materials involving non-covalent interactions
have better performances in rapid, reversible and specified
responsiveness as well as in avoiding complicated covalent
synthesis. External stimuli such as pH, light, temperature and
even compounds have been used in these systems.”® Among
these stimuli, additional compounds, typically biochemical
compounds, are of special interest because biochemical
compound-responsive systems with high sensitivity, fast results
and specificity facilitate diagnostics, environment monitoring,
drug discovery and food safety.>®

Enzyme-responsive supra-amphiphiles are a class of non-
covalent connected amphiphiles that undergo macroscopic
transitions triggered by specific enzymes. Due to the key roles
of enzymes in health and disease, enzyme-responsive materials

Mater. Chem. Front., 2018, 2, 2152-2174 | 2155
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Fig. 4 (a) Schematic representation of the enzyme-responsive supra-
amphiphile. (b) UV-vis spectra of 3 with varying concentration. (c) Fluores-
cence spectra of 3 before and after adding cyclodextrins. Adapted with
permission from ref. 31. Copyright 2016 American Chemical Society.

are frequently exploited.’® Zhang et al. reported an amylase-
responsive system by supramolecular recognition between
B-CD and a naphthalene-containing guest (Fig. 4a).>' A covalent
bola-type amphiphile (3) was synthesized, and 3 preferred to
self-assemble in water by stacking its hydrophobic parts. When
the concentration of 3 increased, the formation of aggregates
was suggested by the red shift of the n-n* transition absorption
band in UV-vis spectra (Fig. 3b). Meanwhile, the fluorescence of
naphthalene was quenched because of aggregation. Interest-
ingly, the fluorescence could be significantly enhanced by
adding CDs, and the enhancements triggered by size-matched
a- and B-CD were more effective than that of the overlarge y-CD
(Fig. 4c). The recovery of fluorescence was due to the increase of
free naphthalene moieties from the nonemissive aggregated
state by host-guest complexation. Due to the dynamic char-
acteristic of supra-amphiphiles, the supra-amphiphilic 3/f-CD
system exhibited amylase-responsive properties. B-CD was
hydrolyzed along with the fluorescence quenching of the
naphthalene fluorophore when exposed to amylase. The rele-
vant mechanism was introduced as the disassociation of the
3/B-CD supra-amphiphile and the formation of the nonemissive
aggregated state of 3 after adding the enzyme. This system had
a potential application in quantitive determination of the
activity of a-amylase.

In addition to enzymes, carbohydrates are well-known mole-
cules involved in cell adhesion and communication, embryo
growth, regulation of protein functions, cancer metastasis and
so on.”? Thus, there is an increasing demand for developing
carbohydrate-responsive systems and correlative sensors. For
recognizing and binding carbohydrates, boronic acids, which
can covalently yet reversibly bind 1,2- or 1,3-diols, are con-
sidered as synthetic lectins. The design strategy includes a well-
chosen “reporter”, such as alizarin red S (ARS), which displays
a remarkable change in absorption or emission when it is
connected or disconnected to boronic acids.

2156 | Mater. Chem. Front., 2018, 2, 2152-2174
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Fig. 5 (a) Schematic representation of the formation of bilayer vesicles
with sensing ability. (b) Fluorescence spectra of titration of Alizarin Red S
(ARS) with 4. (c) Fluorescence titration of 4 with fructose in the presence of
ARS and bilayers vesicles (B-CDV). Adapted with permission from ref. 33.
Copyright 2017 John Wiley and Sons.

Recently, Ravoo et al. prepared a carbohydrate-responsive
self-assembly based on the macrocyclic amphiphile f-CD and
host-guest chemistry (Fig. 5a).>* According to previously
studies, macrocyclic amphiphilic B-CD (5) self-assembled into
bilayer vesicles (B-CDV) in an aqueous medium. Besides,
the surfaces or the components of the vesicles could be
decorated by host-guest recognition.>® Therefore, an adamantane-
containing guest molecule (4) was chosen in order to form inclusion
complexes with 5 and immobilize the boronic acid on the
surface of B-CDV. Additionally, the strength of interaction
between 4 and carbohydrate (p-fructose and b-glucose)
increased with the increase of pH. These effects were caused
by the enhanced nucleophilicity of the diol in base conditions
and the high pK, of carbohydrates. The “reporter” in this
system was ARS, whose fluorescence was dramatically
enhanced when it was associated with boronic acid due to
the suppression of intramolecular proton exchange. There-
fore, the fluorescence of ARS increased in the presence of 4
(Fig. 5b). Interestingly, in the presence of B-CDV, the binding
for 4 and ARS was reinforced, and stronger fluorescence of
ARS was observed as a result of high local concentrations
of ARS and 4 on the surfaces of f-CDV. In the titration of
carbohydrates into a solution of 4/ARS coated B-CDV, the
fluorescence of ARS decreased because the carbohydrates
bound 4 and liberated ARS (Fig. 5¢). By involving amphiphilic
B-CD, self-assembled vesicles could be simply prepared. Moreover,
the host-guest recognition enriched ARS on the vesicle surfaces,
resulting in higher fluorescent intensity and sensitivity. These
results are helpful for the design and development of carbohydrate
sensors and even more sophisticated self-assembled materials
using supramolecular amphiphiles.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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2.3 Cyclodextrin-based self-assemblies for photodynamic
therapy and cell imaging

Photodynamic therapy (PDT) is a promising therapeutic
modality against tumors with minimum invasiveness, low cost
and satisfactory anti-tumor outcomes.*> Conventional therapeutics
such as chemo- and radiation therapies always suffer from drug
resistance, cumulative toxicity and inevitable side effects. However,
these drawbacks can be avoided by PDT.** During the PDT
process, three key elements are involved: a photosensitizer (PS),
light irradiation and produced reactive oxygen species (ROS). The
main ability of PS is to transfer the energy of light irradiation to
surrounding oxygen molecules in the tissue to produce ROS. Upon
the stimulation of ROS, cell apoptosis and necrosis are triggered
resulting in cell death.?” Therefore, scientists have been dedicated
to the discovery of efficient PSs for a long time. Porphyrin
derivatives such as 5-(4-hydroxyl phenyl)-10,15,20-triphenyl-
porphyrin (TPP) are a class of novel PSs with unique abilities
to generate ROS. Nevertheless, due to the severe n-n stacking
between hydrophobic porphyrin rings, the fluorescence and the
generation of ROS are completely inhibited.*® To solve the
problem, although numerous methods have been applied to
disperse the porphyrin moieties, for example porphyrin-
coupled nanovesicles,* there still remain challenges in designing
and constructing stable, efficient and bioavailable porphyrin-
containing systems.

The self-assemblies of supramolecular amphiphiles are con-
sidered as awesome nanocarriers for porphyrin derivatives
because porphyrin units can be enriched in the hydrophobic
regions of the self-assemblies without hampering photosensi-
tivity. Enlightened by this principle, Huang et al. applied self-
assemblies of supra-amphiphiles formed by polyethylene glycol
(PEG) modified B-CD (6) and carborane derivatives (7) as
nanocarriers for porphyrins in PDT (Fig. 6).*° Carborane, which
has a spherical shape, ideal size and hydrophobic surface, was
introduced into the system as an appropriate guest for §-CD
with a high association constant. Two supra-amphiphiles,

- —_
Host-guest M S Self-
6 complexation 8 assembly
_._/\/\ ———
7 9 ) "
TPPin water \\\\\\U (///¢ AP ‘

)

302 N
\ * Photodynamic therapy ,_\5?” -
\ f//{' "\t\\
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s:s\k AV
S :
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Fig. 6 Schematic representation of the formation of supra-amphiphiles
and the mechanism of the PDT process. Adapted with permission from
ref. 40. Copyright 2017 Royal Society of Chemistry.
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namely two complexes of 8 and 9 with 2:1 and 1:1 binding
stoichiometries, respectively, were prepared, and both supra-
amphiphiles self-assembled into NPs in an aqueous medium by
turning hydrophilic PEG chains towards water. The NPs were
capable of encapsulating TPP to boost the PDT efficiency by
prohibiting TPP aggregation, and TPP@9 NPs showed excellent
stability and water dispersibility. In vitro studies indicated
TPP@9 NPs exhibit negligible cytotoxicity to normal human
cells in the dark. Upon light irradiation, TPP@9 NPs showed
higher phototoxicity against HepG2 and HeLa cells than free
TPP at low drug concentration. Besides, confocal laser scanning
microscopy (CLSM) indicated that the efficacy of cellular uptake
of TPP@9 NPs was higher than free TPP aggregates, which was
a distinct advantage of supra-amphiphiles. More importantly,
the hydrophobic parts of self-assemblies provided proper
cavities for hydrophobic TPP, and this prevented TPP aggrega-
tion. The self-assembly promoted PDT not only enriched the
families of supra-amphiphiles but also exhibited new applica-
tions of CD-based supramolecular systems.

Cell imaging is a versatile method to observe cell morphology
and study biological processes, which requires the development
of fluorescent materials. Ultra-small fluorescent nanostructures
which have non-linear optical activity provide a broad range of
applications such as imaging of biological matter.*' The main
types of ultra-small non-linear optical materials are constructed
by dendrimers and polymer dots through covalent synthesis.*?
Supramolecular self-assembly offers an alternative approach in
such an area with simple preparation and dynamic charac-
teristics.** Stuparu and co-workers reported precise and well-
dispersed fluorescent dots prepared by cyclodextrin-based
self-assembly and applied them in cell imaging (Fig. 7a).**
The host-guest recognition between hydrophilic y-CD and
hydrophobic dimethylaniline-containing corannulene (10) was
used to fabricate supra-amphiphiles. The dimethylaniline
group on 10 promoted intramolecular charge transfer (ICT),
which enhanced the optical activity of corannulene, and the
hydrophobic corannulene could be encapsulated by y-CD via
hydrophobic interactions. Thus, green luminescent ultra-small
dots (2.5-5 nm) formed by the supra-amphiphilic y-CD/10
complex were observed, and these luminescent dots displayed
an acid-responsive property. When 10 was protonated, the
dimethylaniline groups became cationic and hydrophilic, and
the amphiphilicity of the complex was retarded, resulting in the
destruction of ultra-small dots. The optical studies revealed
that a two-photon up-conversion process participated in the
emission mechanism (Fig. 7b). For achieving bio-application,
v-CD/10 dots were further applied in cell imaging. The fluores-
cence of MCF-7 cells incubated with y-CD/10 dots was recorded
using two-photon microscopy, and the resultant images
demonstrated the good intracellular distribution of the dots
in the cytoplasm (Fig. 7c). The donor-acceptor moiety in the
guest molecule ensured bright luminescence and two-photon
activity, and the CD-based host-guest interactions rendered
the nanostructures water dispersibility and biocompatibility.
This work established a novel supra-amphiphile as a two-
photon bio-imaging agent which showed the wide application
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Fig. 7 (a) Schematic representation of the formation of green emissive
dots. The inset photograph is the fluidic device during performance and
illuminated with 365 nm UV irradiation. (b) Two-photon excited emission
of y-CD/10 dots in water. (c) Two-photon microscopy images of the
MCEF-7 cell line incubated with y-CD/10 dots. Adapted with permission
from ref. 44. Copyright 2017 Royal Society of Chemistry.

of cyclodextrin-based supramolecular chemistry in the biolo-
gical field.

3. Calix[n]arene-based macrocyclic
amphiphiles and supra-amphiphiles

Calix{n]arenes are macrocyclic hosts which were developed
during the 20th century.*” Their cyclic structures consist of
phenol units and methylene bridges. Commonly, the methylene-
linkers at meta-positions endowed calixarenes with basket-like
conformations and well-defined cavities, which have abilities to
encapsulate proper guests.*>>“*® The modification of calixarenes
has been the focus for many decades in calixarene chemistry,
because both the upper and lower rims of calixarenes can be
functionalized. The functional groups in modified calixarenes
are selected for enhancing their solubility in different media,
promoting their affinities to target guests, fulfilling complicated
applications, or even self-assembling to regular polyhedra.*’
Apart from basic calix{n]arenes, their analogues including oxa-
calixarenes, thiacalixarenes, azacalixarenes and resorcinarenes
have been well studied. Due to the wide range of the calixarene
families, calix[n]arenes are considered as the third generation of
macrocyclic hosts after crown ethers and CDs.

In an early report, Regen et al. prepared calix[6]arene-based
vesicles by adding a tetrahydrofuran solution of bare
calix[6]arene into water.*® From then on, the fabrication of
amphiphiles using calix[n]arenes has received a lot of attention
because the rigid and conic structures of calixarenes not only
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Fig. 8 Chemical structures of calix[4larene and water-soluble p-sulfonato-
calix[n]arenes.

ameliorate the stabilities of self-assemblies but also benefit the
formation of high-curvature aggregations of amphiphiles.
Therefore, various kinds of self-assemblies including vesicles,
nanosheets, nanoparticles and nanotubes involving calixarene-
based supramolecular amphiphiles have been developed.*®
Among these amphiphiles, water-soluble p-sulfonatocalix[n]arenes
(SCXn, n = 4-8) are particularly versatile building blocks in con-
structing supra-amphiphiles owing to their electron-rich cavities
and negative charges (Fig. 8).>° Endowed with high solubility, guest/
cation affinity and biological compatibility, sulfonatocalix{n]arenes
have been utilized in various fields.” Besides, the self-assembled
morphologies could be altered by changing the number of phenol
units and external stimuli.

3.1 Sulfonatocalix[n]arene-based supramolecular
amphiphiles with tunable self-assembly morphologies

BiczoOk et al. reported a supra-amphiphilic sulfonatocalix[6]arene
(SCx6) and 1-methyl-3-tetradecyl-imidazolium bromide
(C14mim*Br~) complex which could self-assemble into NPs in
an aqueous medium, and the diameters of NPs increased with
NaCl concentration.>” Besides, the NPs transformed into supra-
molecular micelles (SMs) at high NaCl concentration. In order to
figure out how the macrocyclic size influenced the self-assembly
morphologies, Biczok further investigated the self-assembly
behaviours of SCXn (n = 4, 8) and C;;mim'Br~ (11) complexes
(Fig. 9).>® SCX4 and 11 self-assembled into NPs or coagulation
species in different SCX4/11 molar ratios. In contrast to SCX6/11
NPs, the NPs formed by the SCX4/11 complex were barely
influenced by the changes of the NaCl concentration. When
SCX8 was used instead of SCX4, the self-assembled NPs displayed
tunable morphologies with different SCX8/11 molar ratios and NaCl
concentrations. For example, once the molar ratio dropped below
6.8 (such as 3.9), the NPs transformed into SMs with the increase of
the NaCl concentration. Deeper understanding of the transforma-
tion was achieved by isothermal titration calorimetry (ITC). It was
found that SCX4 promoted the formation of NPs at a suitable
SCXn/11 molar ratio, whereas the self-assembly of SCX8/11 into NPs
was dominated by an endothermic process, and the transformation
from NPs to SMs was an exothermic process. The enthalpy of SCX8/
11 NPs increased in the presence of NaCl, making the transforma-
tion to SMs more favourable. This work not only described the effect
of the macrocyclic size on self-assembly, but also introduced a
supra-amphiphilic system with controllable morphologies, which
have potential applications in stimuli-responsive systems and smart
materials.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018


https://doi.org/10.1039/c8qm00314a

Published on 19 september 2018. Downloaded on 16/10/2025 23:22:13.

Review
SO3 /CH3
N
) . & ©
OH n N
CiaH2g
SCXn 1
2
$ Cygmim*
9
L8 — ——» nanoparticle
SCX4
b
$ o supramolecular
3 % micelle
‘\5 nanoparticle

Fig. 9 Schematic representation of different self-assemblies formed by
different p-sulfonatocalix[n]larenes (SCXn, n = 4 or 8). Adapted with
permission from ref. 53. Copyright 2017 American Chemical Society.

3.2 Sulfonatocalix[n]arene-based supramolecular
amphiphiles with photo-responsiveness

Apart from the morphological transformation, SCXn have been
applied in stimuli-responsive systems by using their host-guest
interactions. Light is considered as a clean, efficient and
convenient stimulus to regulate molecular structures, aggrega-
tion behaviours and other properties.’® In the field of photo-
responsive systems, light-triggered chemical reactions attract
lots of attention because of the low cost and rapidity. Photo-
lysis, which refers to the compound being able to decompose
under light irradiation, has been applied in the fabrication of
degradable or stimuli-responsive materials.>>>® By employing
supramolecular amphiphiles in photolyzable systems, novel
photo-responsive materials with multiple functions and struc-
tures could be obtained.

Liu et al. fabricated a photolyzable supra-amphiphilic system
using SCX4 and an anthracene derivative (12).>’ SCXn are
frequently used to associate cation guests via m-n interactions
and electrostatic interactions. SCX4 and 12 formed a 1:1 supra-
amphiphile and self-assembled into NPs with an average
diameter of 266 nm (Fig. 10a). By forming a host-guest complex
with SCX4, the fluorescence of 12 was enhanced due to the
inhibition of photoinduced electron transfer (PET).>® It’s known
that photolyzable 9-alkoxy-substituted anthracene can be
activated by UV light followed by reacting with oxygen to
generate anthraquinone and alkanol.>® To estimate the photo-
lysis efficiency, the absorption of 12 was measured, and only a
small amount of 12 degraded under irradiation with UV light at
365 nm for 30 min. However, the absorption of 12 in SCX4/12
significantly decreased within the same irradiation time, demon-
strating the self-assembly of SCX4/12 promoted the photolysis of
12. Additionally, the photolysis of SCX4/12 self-assembly occurred
much faster in oxygen atmosphere than in argon (Fig. 10b).
SCX4/12 NPs disassembled after UV irradition, which was
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Fig. 10 (a) Schematic representation of the photolyzable supra-
amphiphilic system. (b) The absorbance of the SCX4/12 assembly at
368 nm upon irradiation for different amounts of time. (c) The absorbance
of the SCX4/12 assembly at 368 nm in the absence and presence of eosin
upon irradiation at 520 nm for different amounts of time. Adapted with
permission from ref. 57. Copyright 2017 American Chemical Society.

ascribed to the formation of anthraquinone precipitation and
hydrophilic alkanol. This photolysis process was also achieved
by visible light in the presence of Eosin Y (ESY) as an auxiliary
photosensitizer (Fig. 10c). The possible reason for the photo-
lysis enhancement was assumed as the self-assembly of supra-
amphiphile SCX4/12 not only providing a hydrophobic core to
elongate the lifetime of singlet oxygen but also promoting the
contact between 12 and singlet oxygen in confined NPs. More-
over, the designed supra-amphiphile system also inhibited the
fluorescence quenching of 12, which facilitated the photosen-
sitization. This self-assembly promoted photolysis offers a
promising strategy in the field of photo-responsive systems
and the photodegradation of pollutants.

3.3 Calix[n]arene-based macrocyclic amphiphiles for optical
materials

With the advantage that both the upper and lower rims of
calixarenes can be functionalized, calixarenes with both hydro-
philic and hydrophobic groups located on respective sides,
which are termed as macrocyclic amphiphilic calixarenes, are
promising to synthesize. Due to the surfactant nature of these
modified calixarenes, they conveniently self-assemble into
various nanostructures such as vesicles and nanoparticles.
Moreover, the high guest affinity of calixarenes endows the
self-assemblies with multiple functions.

To achieve tunable photoluminescent materials, light-
harvesting systems are exploited for generating energy migration-
involving multiple fluorescent emissions.*® Because traditional
covalent bond linked donor/acceptor luminophores suffer from
sophisticated synthesis or limited controllability, the design
of photoluminescent materials based on supramolecular self-
assembly is attractive. Non-covalent interactions not only
organize donor/acceptor luminophores in specific binding envir-
onments but also allow the systems to be controllable.®" In this
regard, Guo et al reported macrocyclic amphiphile-based
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Fig. 11 (a) Schematic representation of the formation of the broad-
spectrum tunable photoluminescent materials. (b) Fluorescence spectra
of the 14/15 assembly in PBS buffer with different concentrations of 16,
Jex = 369 nm. (c) The luminescent color changes of the 14/15 assembly
with different concentrations of 16 in PBS buffer. Adapted with permission
from ref. 62. Copyright 2016 John Wiley and Sons.

broad-spectrum tunable photoluminescent materials (Fig. 11a).%>
Both of the two amphiphilic calixarenes (13 and 14) prepared by
them self-assembled into vesicular aggregates in water, and 14
assemblies were more stable. Compared with free guest 15, the
complex displayed enhanced fluorescence, which was ascribed to
the host-guest complexation-induced restriction of the intra-
molecular rotation of the fluorophore. The strong fluorescence
allowed 15 to be a donor candidate in fabricating donor/acceptor
luminophores. Considering the spectrum overlap, a hydrophobic
benzothiadiazole derivative (16) was chosen as an acceptor, and
the acceptors were confined in the hydrophobic layers of the self-
assemblies, which endowed the system with the Forster resonance
energy transfer (FRET) phenomenon from 15 to 16. Notably, in
phosphate buffered saline (PBS), the energy transfer efficiency
(®er), the number of 15 chromophores in one light-harvesting
unit (n) and the antenna effect of the FRET system showed better
performance (®gr = 97%, n = 105, antenna effect = 6.6, Fig. 11b)
compared with the system in pure water. The explanation was that
the self-assembly of ionic amphiphiles could be boosted by
increasing the ionic strength, which further led to more compact
aggregation and promoted the energy transfer efficiency. Interest-
ingly, this light-harvesting system exhibited conveniently controll-
able emission color achieved by changing the donor/acceptor
ratio. When the donor/acceptor ratio reached 25:1, pure white-
light emission was observed (Fig. 11c). This tunable luminescent
material was further applied in fluorescent ink. More importantly,
by host-guest recognition and self-assembly of the macrocyclic
amphiphile, the donors and acceptors were discretely but
accurately located in the cavities of the hosts and the bilayers of
self-assemblies, leading to simple and versatile preparation of
light-harvesting systems.

Additionally, macrocyclic amphiphilic calixarenes can also
be used in the preparation of fluorescent NPs. One problem is
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that fluorophores aggregated in small structures usually pro-
duce broad and low emission due to aggregation-caused
quenching (ACQ), which severely hampers the fluorescent
intensity.®® However, using self-assemblies of amphiphilic calix-
arenes is a novel approach to solve the problem. Klymchenko
et al. fabricated bright fluorescent NPs based on cross-linked
calixarene micelles (Fig. 12a).°* An amphiphililc calixarene (17)
bearing four alkyne groups was observed to self-assemble into
5 nm micelles by turning its hydrophilic rim towards water thus
forming a cross-linkable surface for cyanine dyes (18 and 19).
Compared with free dyes, the shell-cross-linked NPs had
broadened and red-shifted emission bands and lower fluores-
cence quantum yields (QY) because of ACQ. Interestingly, the
QY of 18 coated NPs changed versus the viscosity of the solvent
(Fig. 12b). Solvents with large viscosity (such as glycerol and
serum) decreased the internal rotation and mobility of cyanine
molecules on the NP surface, which limited quenching. There-
fore, 18 coated NPs showed 2-fold higher brightness than
quantum dots (QD-585, Fig. 12c) when they were deposited
on a glass surface in glycerol. The application of these NPs in
bioimaging was explored. The NPs rapidly internalized into
cells as stable and bright dots, and mainly distributed in
endosomes and lysosomes, achieving excellent bioimaging
contrast. This was the first observation of fluorescent NPs that
light up in a viscous solvent. The self-assemblies of macrocyclic
amphiphilic calixarenes were used as models for dyes, forming
NPs with very small hydrodynamic diameters, high stability and
superior brightness.

Constructing and manipulating optical materials play an
important role in the field of pharmacy or biology through
phototheranostics. PDT as an emerging non-invasive and reliable
therapeutic for cancers has been well established. However, the
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Fig. 12 (a) Chemical structures of amphiphilic calixarene 17 and cyanine
dyes (18 and 19) and a schematic representation of the formation of the
micelles. (b) Dependence of the fluorescent quantum yield on viscosity. (c)
Wide-field fluorescence image of 18 coated NPs deposited on glass.
Adapted with permission from ref. 64. Copyright 2016 John Wiley and
Sons.
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Fig. 13 (a) Cartoon representation of the BDA strategy. (b) In vivo fluores-
cence imaging of the 4T1 tumor-bearing nude mice. Adapted with
permission from ref. 65. Copyright 2018 American Chemical Society.

tumor selectivity and dark toxicity hinder its clinical translation.
Therefore, finding “smart” photosensitizers (PSs) becomes a
medical demand. Recently, Guo et al. termed a new concept of
biomarker displacement activation (BDA) as a general strategy for
in vivo targeted phototheranostics (Fig. 13a).°®> BDA refers to a
procedure in which an active PS (ON state) could be released from
the cavity of the receptor when the inactive host-guest complex
(OFF state) was exposed to the competitive biomarker. To validate
the BDA strategy, an amphiphilic guanidinium-modified
calix[5]arene (20) was prepared, which showed strong binding
affinities to anionic PS (21) and ATP. Besides, the fluorescence
and photoactivity of 21 were annihilated by host-guest complexa-
tion, and these properties could almost completely recover in the
presence of 100 pM of ATP. Enlightened by these, 21 was
preloaded in the NPs self-assembled by amphiphilic 20 and
PEG-containing surfactant, and the non-emissive loaded NPs
exhibited fluorescence in 4T1 breast cancer cells. The fluorescent
intensity could be adjusted by using NaN; (decrease intracellular
ATP generation) or Ca* (increase intracellular ATP generation).
Moreover, the PDT process could be achieved ascribed to the
release of 21 in tumor cells. The BDA strategy has also been
applied in selective tumor imaging and PDT in a tumor-bearing
nude mouse (Fig. 13b). Compound 21 in loaded NPs was hardly
released in normal organs due to the low ATP level and thus a
high fluorescence intensity contrast of tumor to normal tissues
was observed because of higher ATP expression in tumor cells.
Apart from the tumor imaging, released 21 in tumor tissue was
also used for PDT. Compared with 21 in the NPs, free 21 not only
was enriched in tumor tissue but also emitted strong fluorescence
in the abdomen of the mouse, which demonstrated the macro-
cyclic amphiphilic self-assembly was indispensable in “smart”
PSs. The involvement of supramolecular self-assembly also had
advantages in simple preparation and wide adaptability to
different PSs.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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4. Cucurbit[n]uril-based macrocyclic
amphiphiles and supra-amphiphiles

Cucurbit[n]urils (CB[n]s) are a huge family of macrocycles with
glycoluril moieties linked by two methylene bridges, which
were discovered in the 20th century (Fig. 14a).°® Afterward,
numerous scientists have made contributions in CB[n] chemis-
try, and thus CB[n]s (n = 5-8 and even 15) have been successfully
synthesized and isolated.®” In accordance with electrostatic
potential surface modelling, the carbonyl groups on the respec-
tive sides of CB[n]s are negatively charged, which are favoured to
bind cationic groups, and the hydrophobic cavity of CB[r]s also
facilitates the guest affinity.*® Therefore, the CB[n]s commonly
show very high association constants with positively charged and
hydrophobic guests (Fig. 14b). Notably, the large cavity of CB[8]
is accessible for two molecules together such as a methylviologen
guest and a naphthalene guest via non-covalent interactions to
form a 1:1:1 complex.®® Endowed with unique binding proper-
ties, CB[n]s have been widely used as water-soluble macrocycles
to fabricate fantastic nanostructures, stimuli-responsive systems
and drug delivery systems.”®

4.1 Cucurbit[n]uril-based photo-responsive systems for
controlled release

Photo-responsive systems have attractive potential in constructing
molecular switches, drug delivery systems and smart materials due
to their high sensitivity, low cost and easy operation.”®™”" As
versatile hosts, attaching photo-responsive groups onto CB[n]-
based supramolecules is a feasible method to prepare many
controllable materials. Azobenzene is one of the most commonly
used photo-responsive moieties.”” Yu et al. reported a CB[7]-based
azobenzene-containing supra-amphiphile with a light-controlled
release property (Fig. 15).”> The proper cavity size of CB[7] allowed
itself to be an ideal host for trans azobenzene-containing guest 22,
and the azobenzene unit could thread out of the cavity after
photoisomerization. Based on this phenomenon, amphiphilic
guest 23 was applied as a guest for CB[7] to fabricate a photo-
responsive supra-amphiphile. NPs self-assembled from 23 trans-
formed into vesicle-like aggregates in the presence of CB[7], and
the vesicles changed into NPs again when the system was exposed
to 365 nm UV light, ascribed to the disassociation of CB[7] and

Fig. 14 (a) Chemical structure of cucurbit[n]urils (CB[n]s) and the surface
electrostatic potential of CB[7]. (b) Typical guests for CBIn]s.
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Fig. 15 Schematic representation of the photo-responsive morphologi-
cal transformation for controlled release. Adapted with permission from
ref. 73. Copyright 2016 Elsevier.

cis-23. Dependent on the photo-responsive assembly, calcein was
used as a fluorescent indicator in controlled release. As expected,
after light irradiation, the vesicles collapsed along with the release
of calcein. In this work, the morphology of the self-assemblies
could be reversibly controlled by light, leading to potential applica-
tions in smart nanomaterials, and it also demonstrated the basic
design principle in CB[7]-based photo-responsive systems for drug
release.

The development of drug delivery systems with both
stimuli-responsive and tumor-targeting abilities has attracted
increasing attention.”* CB[8] is capable of forming a 1:1:1
heteroternary complex via hydrophobic and ion-dipole inter-
actions, which is often regarded as a linker for hydrophilic
and hydrophobic segments to construct supra-amphiphiles.
Therefore, Liu et al. reported a supra-amphiphile with photo-
responsiveness and targeting ability via CB[8], azobenzene (24)
and methylviologen (25) derivatives (Fig. 16).”> CB[8] could
encapsulate azobenzene and methylviologen at the same time
to form a 1:1:1 complex,” and thus highly stable giant
supramolecular vesicles larger than 800 nm were prepared by
self-assembly from the formed CB[8]-based supra-amphiphile.
Notably, the trans-azobenzene moieties in the vesicles isomerized
to cis-azobenzene groups, which led to the promoted protrusions
of the vesicles and drug release. Moreover, the maleimide groups
on the surfaces could be functionalized with iRGD, hyaluronic
acid (HA) or BSA via “click reactions” which enhanced the
specificity and endocytosis efficiency for tumor cells. The DOX-
loaded vesicles exhibited slight suppression to cell viability in the
dark, whereas increased cytotoxicity was observed under UV light,
demonstrating the light-controlled drug release. The CB[8]-based
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Fig. 16 (a) Schematic representation of the formation of vesicles self-
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ternary complexation promoted the formation of supramolecular
vesicles with light-responsive properties, and the surface
modification enhanced specificity and endocytosis efficiency
to tumor cells, which not only broadened the application
of photo-responsive systems but also offered a new surface-
modified strategy to validate various functions.

Apart from the photo-induced isomerization of azobenzene,
the thiol-ene “click reaction” is also a feasible way to construct
photo-responsive systems. Kim et al. used mono-allyloxylated
CB[7] (AO;CB[7]) to build photo-responsive vesicles for drug
release (Fig. 17).”® AO,CB[7] performed as an unconventional
amphiphile in water, which self-assembled into vesicles with
diameters of nearly 960 nm. Intermolecular interactions
through the monoallyoxy groups among AO,CB[7] molecules
were observed, indicating the monoallyoxy group was crucial to
its amphiphilicity and the alternation of the substitution group
might change the self-assembly morphology. Therefore, a bio-
genic thiol, glutathione (GSH), was used to modify AO;CB[7]
vesicles. As expected, the vesicles transformed into irregular
aggregates due to the formation of hydrophilic GSH-CB[7]. To
explore the bio-application of the vesicles, DOX-loaded vesicles
were used for controllable drug release. CLSM images demon-
strated that DOX mainly located in cytosol and had no obvious
release from the vesicles in HeLa cells. The encapsulated DOX
could be released accompanied by the collapse of the vesicles
under UV irradiation. The unconventional amphiphilicity of
AO;CB[7] is quite unique, and its self-assemblies bearing
susceptibility to endogenous GSH are simple but reliable drug
carriers in controlled release systems.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 17 Chemical structures and TEM images of self-assemblies of (a)
AO,CB[7] and (b) GSH-CBI[7]. (c) CLSM images of DOX@AO;CB-[7] vesicle
treated Hela cells without (top) and with (bottom) irradiation by a laser (4 =
720 nm). Adapted with permission from ref. 76. Copyright 2018 John Wiley
and Sons.

4.2 Cucurbit[n]uril-induced formation of FRET-enabled
vesicles

FRET as a widely studied energy transfer process has been
achieved by using macromolecules or molecular self-assemblies
bearing advantages in nanometer size and dynamic nature.”” Self-
assemblies based on CB[n]s are not only convenient to fabricate
but also able to reduce the distances between fluorophores
required by the FRET mechanism.”® Therefore, FRET-enabled
vesicles self-assembled by a CB[7]-based supra-amphiphile
were constructed by Das et al. (Fig. 18).”° The self-assembly
behaviour of an amphiphilic guest 26 containing a naphthalene
group was firstly studied and the results suggested the
morphologies changed from micelles to vesicles and then to
rods with the increase of the concentration. In the presence of
CB[7], the supra-amphiphile self-assembled into vesicles and
their hydrophobic pockets existed between the bilayers of the
vesicles which were capable of entrapping hydrophobic dye.
Thus the CB[7]/26 vesicles were applied in FRET system with an
efficiency of 81.5% by entrapping anthracene. Moreover, the
FRET system showed stimuli-responsiveness to a competitive
guest (adamantyl amine) and high temperature, which caused
the disruption of the self-assemblies.

4.3 Cucurbit[n]uril-based bola-type supra-amphiphiles for
supramolecular radicals

Supramolecular radicals, which refer to the radicals stabilized
or generated by non-covalent interactions such as host-guest
interactions, often show different properties from common
supramolecules.®® Benefiting from the dynamic and reversible
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Fig. 18 Schematic representation of the formation of a FRET enabled
self-assembly and its stimuli-responsive properties. Adapted with permission
from ref. 79. Copyright 2017 American Chemical Society.

nature of the supramolecular interactions, supramolecular
radicals can be applied in various fields with switchable and
adaptive capabilities.®’ Zhang et al. elegantly reported a bola-
type supramolecular radical used for selective photothermal
therapy of bacteria based on host-guest interactions of CB[7]
(Fig. 19).%% A perylene diimide guest bearing two ammonium
groups (27) exhibited n-n stacking which could quench the
radical anion. Besides, the phenyl groups on 27 could show
nonspecific membranolysis. By introduction of CB[7], the n-=
stacking and membrane permeability were both inhibited by
forming the bola-type supra-amphiphile. Besides, negatively
charged bacteria surfaces could absorb the positively charged
complex, leading to the in situ reduction of perylene diimide to
its radical anion by hydrogenases on the surfaces of anaerobic
bacteria. The photothermal therapy of anaerobic bacteria was

a '27 b E. coli
G888~ E

iampeiass Jﬁ@

@58

CB[7]

Fig. 19 (a) Chemical structures and formation of the supramolecular
radical of CB[7]/27. (b) Cartoon representation of the selective photo-
thermal therapy for anaerobic bacteria. Adapted with permission from
ref. 82. Copyright 2017 John Wiley and Sons.
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Fig. 20 (a) Schematic representation of CB[7] promoted Fenton oxida-
tion. (b) Spin-density distribution of the 28 radical cation (left) and CB[7]/28
supramolecular radical cation (right). Adapted with permission from ref. 83.
Copyright 2016 John Wiley and Sons.

achieved by the perylene diimide radical anion under NIR
irradiation. Interestingly, due to the fewer hydrogenases on
the surfaces of aerobic bacteria, perylene diimide was hardly
reduced, which caused a limited photothermal effect. There-
fore, the selective photothermal therapy for anaerobic bacteria
was fulfilled by the supramolecular radicals, which had great
potential for regulating microbial balance.

Apart from the biological application, the supramolecular
radical was also utilized to enhance the Fenton oxidation effi-
ciency (Fig. 20). Fenton oxidation is a decomposition reaction of
aromatic compounds triggered by H,O, and Fe** through a
radical cation intermediate pathway.®* The activity of the radical
cation directly influences the rate of the decomposition. As an
electrostatically negative host, CB[7] is considered to accelerate
the Fenton oxidation by activating the electron-deficient radical.
A dipyrrole guest (28) was chosen as a model dye to estimate the
enhanced oxidation efficiency. The oxidation process was mon-
itored by UV spectroscopy, and the peak related to 28 decreased
much faster in the presence of CB[7], indicating the acceleration
of the oxidation reaction. The kinetic study demonstrated the
supramolecular complexation decreased the apparent activation
energy. Moreover, by calculating the spin-density distribution,
the complexation increased the degree of localization of single
electrons, rendering the carbon-carbon double bond on pyrole
easier to be cleaved. By involving the supra-molecular inter-
actions, the oxidation efficiency of aromatic compounds was
highly enhanced, which opened up a new approach for the
oxidation of organic pollutants.

5. Pillar[n]arene-based macrocyclic
amphiphiles and supra-amphiphiles

Pillar[n]arenes (PA[n]s) are novel macrocyclic hosts reported
in 2008.%> Compared with meta-bridged calixarenes, the
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1,4-dialkoxybenzene units are connected by methylene bridges
in para-positions (Fig. 21). PA[n]s have several distinguishing
features, such as symmetric and rigid pillar-shaped architec-
tures, and electron-rich and hydrophobic cavities. These
features promote m-electron density in the cavities, which
makes PA[n]s prefer encapsulating electron-deficient or
neutral guests such as alkyl chains, diamines, ammonium
salts, pyridinium salts and viologen moieties.*® The modifica-
tion of PA[n]s can be achieved easily by converting dialkoxy
substitutions to reactive moieties such as the phenol group,
ester group, halide moiety, and alkyne group.®” Notably,
PA[n]s bearing ten triethylene glycol groups have the lower
critical solution temperature (LCST) behaviour in an aqueous
medium."” Phenylethynyl containing conjugated PA[n]s show
thermo-responsive blue-green emission.®® Ester groups on
PA[n]s can be hydrolysed to carboxyl anions by proper methods,
and thus anionic water-soluble carboxylate-containing pillararenes
(WP[n]s) can be synthesized, which have strong affinities to cation
guests in water.?> More importantly, two different substitutions
can be attached to the different rims of pillararenes to make non-
symmetrical pillararenes, which was reported by Huang and
co-workers, leading to novel building blocks in fabricating macro-
cyclic amphiphiles.®’# Therefore, PA[n]s, especially WP[n]s, have
been widely used in supramolecular chemistry, and their
applications in molecular recognition, self-assemblies, supra-
molecular polymers and stimuli-responsive systems have been
well investigated.”®

5.1 Pillar[n]arene-based stimuli-responsive supra-amphiphiles
in controlled release and ion sensing

WP[n]s have pH-responsive characteristics. For example, water-
soluble pillar[5]arene (WP5) with carboxylate groups is soluble
in water in neutral or base conditions. However, carboxylic acid
moieties form along with the precipitation of pillar[5]arene in
acid conditions.®® Besides, the chelation between the carbox-
ylate anion and a metal cation (such as the zinc cation) also
hampers the solubility of WP5. These properties are commonly
used in stimuli-responsive supra-amphiphiles. Based on these
points, Du et al. reported a controlled release system based on a
supra-amphiphile that responded to five stimuli, including
GSH, the zinc cation, pH, CO, and hexanediamine (HDA).”?
Benzimidazolium containing amphiphile 26 could be associated
by WP6, and the supra-amphiphile WP6/26 self-assembled into
vesicles in water (Fig. 22). A water-soluble dye, Ru(bipy);Cl,, was
chosen as a model cargo in the vesicles to estimate the con-
trolled release ability. The redox-responsiveness was fulfilled by
GSH, which cleaved the disulfide linker in the guest molecule,
resulting in the loss of amphiphilicity of the host-guest complex
and leading to the disruption of vesicles and cargo release.
Cation-responsiveness was achieved by adjusting the pH to 5.0
or adding zinc cations to decrease the negative charges on WP6
and weaken the electrostatic interaction, leading to the guest
threading out of the cavity. The disassociation could also be
observed by bubbling with CO,. As a competitive guest, HDA was
able to destroy the supra-amphiphile and release the cargo. Due
to the overexpression of GSH and higher acidity in tumor cells,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 22 Chemical structure of a multi-responsive pillar[6larene-based
supra-amphiphile and a schematic representation of its controlled release
process. Adapted with permission from ref. 92. Copyright 2017 John Wiley
and Sons.

DOX-loaded WP6/29 vesicles were applied in cancer therapy.
Indeed, the encapsulated DOX was successfully released and
entered the cell nuclei to induce cell apoptosis. This is the first
report that the self-assembled behaviour of the “smart” supra-
amphiphile can be altered by five stimuli, and the stimuli

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018

involved are related to the tumor microenvironments, which
makes the stimuli-responsive supra-amphiphile vesicles have
promising applications in tumor therapy with diverse require-
ments. The multi-responsive property is a crucial advantage of
the pillararene-based supra-amphiphile.

Molecule sensing is an important application of stimuli-
responsive systems except for controlled release. Detection of
heavy metal ions which cause severe pollution and toxicity to
biological systems is very important.®® Many traditional metal
ion sensors suffer from the requirements of organic solvents
that restrict their environmental applications. This problem
can be solved by using WP[n]-based supramolecular systems,
which have been widely employed in ion detection and
recognition.”® Recently, a Fe*" ion sensor based on WP5 and
its host-guest system was reported by Yin and co-workers
(Fig. 23).>> Perylenediimide (PDI), a common fluorophore in
fluorescent probes, was applied to detect Fe** ions. The host-
guest system was constructed by a water-soluble ammonium
modified PDI derivative 30 and WP5. The self-assembly mor-
phology of the amphiphilic system changed from irregular
aggregates to regular blocks along with a fluorescence ‘“turn
off” by PET in the presence of WP5. Notably, by testing the
effects of various metal ions, only Fe*" ions caused the fluores-
cence “turn on”. Further study showed that Fe*" ions had
strong interactions with WP5/30, and the interdiction of the
PET process was the dominant reason for fluorescent recovery.
The reversibility of this fluorescence sensor was measured by
alternately adding Fe®* ions and competitive chelator Na,P,0-;
the sensor showed reversible fluorescent changes. The pillararene-
based supra-amphiphile renders the system simple synthesis and
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Fig. 23 (a) Chemical structures of the host and guest compounds and a
cartoon representation of the Fe** ion sensing mechanism. (b) Photo-
graphs of WP5/30 supra-amphiphile solutions after adding various metal
ions under UV light. Adapted with permission from ref. 95. Copyright 2017
American Chemical Society.

reversibility. Moreover, this Fe*" ion sensor exhibits a specific
response to Fe** ions with a detection limit of 2.13 x 1077 M,
which demonstrates the promising applications of pillararenes in
environmental or biological monitoring.

5.3 Pillar[n]arene-based supra-amphiphiles for drug delivery

Supramolecular drug delivery systems for chemotherapy are a
feasible approach to enhance the specificity and efficacy of
therapeutic drugs. Compared with controlled release, living cell
drug delivery is more complicated because of the multi-
component bio-system. Although facing challenges, lots of drug
delivery systems based on pillararenes have been reported
typically by using supra-amphiphiles.”® As synthetic macro-
cycles, the biocompatibility of pillararenes is an important
issue in living cell experiments. To solve this problem, Wang
et al. synthesized biocompatible water-soluble phosphate
pillar[5,6]arenes (WP5P and WP6P) and applied them in drug
delivery (Fig. 24).°” To fabricate supra-amphiphilic systems, a
functionalized pyridinium guest 31 was applied as a surfactant.
The studies of host-guest recognition suggested that WP5P and
WP6P had strong affinities to cationic guests, which were
similar to the properties of WP5 and WP6. Surprisingly, supra-
amphiphile WP5P/31 self-assembled into micelles in water,
whereas WP6P/31 formed vesicles. The different morphologies

2166 | Mater. Chem. Front., 2018, 2, 2152-2174

View Article Online

Review

OVCOONJ

NaoOC, Hiooc okl

0 COONa
Naooc”~o ‘

o
007 coona

NaOOC o
O 07> COONa

NaloC,
~-0,
-

0"~COONa OVCOONa
Naooc”™o
WP5C WP6C
= g :
WP5P ’ L el
_ 4 WP5P/31
WP6P/31

WP6P

endocytosis

'X:J

Release of drugs
inside cell

.. ] : ' pH<7 @ i ’. )‘ "I

Fig. 24 Chemical structures of WP5P, WP6P and pyridinium guest 31, and
a cartoon representation of the self-assembling and controlled release
processes. Adapted with permission from ref. 97. Copyright 2016 American
Chemical Society.

were used as nanocarriers for different drugs. Hydrophobic drug
DOX could be encapsulated by WP5P/31 micelles, and hydro-
philic drug mitoxantrone (MTZ) preferred the hollow structures
of WP6P/31 vesicles. Both of the drug-loaded supramolecular
nanocarriers showed acid- and Zn**-responses in vitro, leading to
effective drug release. As expected, compared with the cells
incubated with carboxylate-containing WP5 and WP6, the cell
viabilities of WP5P and WP6P treated L929 cells were always
higher, indicating the introduction of phosphate effectively
ameliorated the biocompatibility. The drug delivery abilities of
both supra-amphiphiles were estimated. The results confirmed
the relative cell viability of normal cells was higher than that of
the tumor cells resulting from the effective drug accumulation in
tumor cells.

Pei et al reported a galactose-containing self-assembled
nanocarrier which enhanced the cellular uptake of nano-
carriers as well as the effect of DOX for HepG2 cells over-
expressing asialoglycoprotein receptor (ASGP-R) (Fig. 25).°®
Protonated tryptophan (Trp) unit functionalized PA5 (TP5) and
a galactose-containing pyridinium guest (32) self-assembled into
vesicles with galactose external layers in water, and the vesicles
showed efficient encapsulation for DOX. The galactose on the
vesicle surfaces acted as a targeting group to HepG2 cells via
carbohydrate-protein interactions. Moreover, the protonated Trp
units on TP5 had significant interactions with DNA, which
promoted the formation of a TP5/DNA/DOX complex. The inhibi-
tion of DNA synthesis eventually caused enhanced toxicity for cell
death. Compared with free DOX, the DOX loaded vesicles also
showed enhanced toxicity to hepatoma cells and DOX-resistant
hepatoma cells, indicating that the rational design of TP5/32
nanocarriers played indispensable roles in this highly efficient
chemotherapy.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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These two pioneering examples pointed out the advantages
of pillararene-based self-assemblies in biochemical applications.
The easy-to-functionalize characteristic of pillararenes endows
the hosts with diversity and multiple merits such as biocompat-
ibility and stimuli-responsiveness. The host-guest interactions
benefit the introduction of functional guests, for example,
targeting groups, diagnostic/imaging agents, and therapeutics.
The reversibility and stimuli-responsiveness of the non-covalent
interactions are usually used to control the self-assembly beha-
viour, which further controls their bio-applications.

5.3 Pillar[n]arene-based supra-amphiphiles for biological
imaging

Fluorescent self-assembled materials have been a research
hotspot in recent years because of their attractive performances
in imaging, sensing, energy conversion and organic optical
materials.®® In contrast with traditional fluorescent materials,
supramolecular amphiphile involving self-assemblies have
better flexibility and easier synthesis. Therefore, using host-
guest recognitions and self-assemblies in constructing fluores-
cent materials is a novel approach. Among numerous fluores-
cent systems, near-infrared (NIR) emission is considered as an
essential function because of its wide applications in biological
imaging.”'“'% In order to broaden the biochemical applica-
tions of pillararenes, Huang et al. reported self-assembled NPs
with NIR emission based on WP5 and a NIR fluorophore for cell
imaging (Fig. 26)."°" Cyanostilbene derivatives are known to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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and WP5/33. (b) CLSM images of Hela cells demonstrating the cell image
capability of the WP5/33 supra-amphiphile. Adapted with permission from
ref. 101. Copyright 2016 American Chemical Society.

absorb visible light and emit red to NIR fluorescence, and their
emission could be enhanced by formation of an aggregated
state. Therefore, cyanostilbene derivative 33 with aggregation-
induced emission (AIE) and NIR emission was modified with a
cationic group as a guest of WP5. The water solution of 33 had
nearly no emission, and the aggregated nanoribbons showed a
slight fluorescent enhancement. Notably, the formation of the
host-guest complex significantly increased the NIR emission,
which was explained by host-guest complexation enhanced aggre-
gation. The morphology self-assembled by supra-amphiphilic
WP5/33 was NPs, which showed pH-response due to the precipita-
tion of WP5 in acid conditions. Considering that the excitation
and emission wavelengths exhibited low photo-damage to bio-
logical samples, these NIR nanoparticles were further used in cell
imaging. After incubating with WP5/33 nanoparticles, bright red
fluorescence was observed in the cytoplasm of Hela and bEnd.3
cells. These results indicated the NIR nanoparticles were success-
fully applied in cell imaging and pillararene-based host-guest
complexes could have enormous potential in functional fluores-
cent materials.

Photoacoustic imaging provides unique advantages in monitor-
ing diseases by detection of ultrasonic waves generated by thermo-
elastic expansion.’® It's capable of acquiring high-resolution
images with deep depth. The contrast, which is urgently required
for high-performance photoacoustic imaging, is usually deter-
mined by the optical-to-acoustic efficiency, for example, the
conversion rate of absorbed laser energy to the thermoacoustic
wave.'®® Therefore, amplifying the photoacoustic signal is
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Fig. 27 (a) Chemical structures of CP6 and 34. (b) Cartoon representation
of the hybrid material and its photoacoustic amplification ability. Adapted
with permission from ref. 105. Copyright 2018 Royal Society of Chemistry.

demanded in photoacoustic imaging. It’s known that graphene
oxide (GO) has been extended to biomedical applications but
has rarely been used for photoacoustic imaging due to its
structural defects introduced by the oxidative process and its
poor absorption in the NIR region."® To solve these problems,
Chen et al. reported a supramolecular hybrid material for
ultrasound and photoacoustic amplification based on a pillararene
and GO (Fig. 27)."® A supra-amphiphile combining pillar[6]arene
(CP6) with bicarbonate counterions and a pyrene-containing guest
(34) was constructed, and its hydrophobic pyrene group could
attach onto the surfaces of GO via m-mn stacking. This hybrid
material exhibited some different properties compared with native
GO such as enhanced NIR absorption, which was favourable for
the photothermal effect. Furthermore, the hybrid material was
applied as a heating source to decompose the bicarbonate counter-
ions to generate CO, nanobubbles. These nanobubbles were
capable of reflecting and scattering ultrasound, and increasing
the vibration of the medium, rendering the hybrid material a
contrast agent in ultrasonography and a nanoamplifier to enhance
the photoacoustic signal. The hybrid material was also applied in
in vivo experiments using tumor-bearing nude mice, and the
photoacoustic signal of the tumors treated with the material
increased significantly. In this work, the introduction of the
supra-amphiphile changed the photothermal capacity of GO,
which was indispensable in the enhancement of the photo-
acoustic signal. It also showed the diversity of pillararenes. As a
good example of a pillararene-containing hybrid material, we
believe there will be more emerging smart materials applied in
biological or optical fields.
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6. Summary and outlook

In this review, we summarize the recent progress in the field of
macrocycle-based amphiphiles. Numerous self-assemblies or
materials with interesting morphologies and functions have
been developed from these amphiphiles. The introduction of
macrocyclic hosts brings fantastic advantages to the functional
materials constructed from macrocycle-based amphiphiles.
First, the host or guest molecules are easy to be functionalized
and synthesized, which further influences the functions of self-
assemblies or materials to meet different requirements, such as
targeting group modified surfaces of self-assemblies for enhanced
cellular uptake and fluorescent group modified self-assemblies
for sensing. Second, the morphologies of self-assemblies could
be easily controlled. For example, macrocyclic amphiphiles
are reliable building blocks to form vesicles, and the self-
assembled vesicles can be further used as models for
functional modifications. Third, the dynamic nature of non-
covalent interactions endows macrocyclic host-based supra-
molecular amphiphiles with multiple stimuli-responsiveness.
For example, the host-guest complexation can be adjusted by
guest competition, heating, pH changing and other external
stimuli, and the morphologies of self-assemblies or the func-
tions of the systems can be easily tailored. By integrating these
advantages, many complex systems with unique properties can
be easily prepared. There is no doubt that macrocyclic host-
based supramolecular amphiphiles have become a rising star in
various fields.

Despite numerous detailed studies on macrocycle-based
amphiphiles, challenges such as well-defined self-assembly
structures, predictable self-assembly morphologies, and accurate
building block arrangements in self-assemblies, are still remaining.
Perhaps studies on how the building blocks arrange themselves and
reliable mechanisms in the self-assembly process can help us to
realize precise or predictable self-assembly. Besides, with the
dynamic nature of macrocyclic host-based supramolecular
amphiphiles, the self-assemblies are rendered stimuli-
responsiveness. To broaden the applications of these stimuli-
responsive systems, many attempts such as combining macro-
cyclic host-based supramolecular amphiphiles with polymers,
inorganic materials and other hybrid materials have become a
research hotspot recently. The development of novel and multi-
functional materials with macrocycle-based amphiphiles might
be a flourishing area in the future.
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