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Stimuli-responsive nanocarriers constructed from
pillar[n]arene-based supra-amphiphiles

*2 Lijjie Qi,* Weiwei Zhong,? Chen Lin,*® Ruibing Wang (2
Leyong Wang (2 2°

Supra-amphiphiles assembled by macrocycle-based host—guest interactions have received considerable
attention in recent years due to their dynamic properties and wide applications. Pillar[n]arenes are a
unique family of macrocycles which exhibit outstanding host—guest behavior. Developing water-soluble
pillar[nlarene (WP[n]) based supra-amphiphiles is an effective way to introduce this special macrocycle
into functional nanomaterials through controlled self-assembly. Specifically, WP[n]-based supra-
amphiphiles can further form different nanomaterials, such as micelles, vesicles, and other types of
nanoparticles (NPs), which may become good candidates for nanocarriers of payloads. Herein, we
highlight recent significant achievements in functional nanocarriers fabricated from supra-amphiphiles
based on WPIn]s. By showing a series of examples, the preparation strategies, characterization, and
stimuli-responsive behaviors of these nano-sized assemblies based on WP[n] derivatives are described.
Furthermore, some important applications of WP[n]-based nanocarriers, such as drug/gene/protein
delivery, photodynamic/photothermal therapy, and optical materials, are discussed in detail. Finally,

rsc.li/frontiers-materials

“School of Petrochemical Engineering, Advanced Catalysis and Green
Manufacturing Collaborative Innovation Center, Changzhou University,
Changzhou, 213164, China. E-mail: xiaotangxin@cczu.edu.cn

b Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing, 210023, China.

E-mail: linchen@nju.edu.cn

¢ State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese
Medical Sciences, University of Macau, Taipa, Macau SAR 999078, China.

E-mail: rwang@um.edu.mo

Tangxin Xiao is a Lecturer at the
School of Petrochemical Engi-
neering, Changzhou University.
He studied chemistry at Nanjing
University where he received his
PhD degree under the supervision
of Prof. Leyong Wang in 2014. He
had been to the University of
Cambridge as a visiting PhD
student supervised by Prof. Oren
Scherman in 2013. After post-
doctoral research on fine chemicals
at the Zhejiang University-NHU
Company United R&D Center, he
Jjoined Changzhou University in 2017. His current research interests
concern supramolecular self-assembly and smart materials.

Tangxin Xiao

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

future challenges and research directions in this rapidly evolving field are outlined.

1. Introduction

The combination of supramolecular chemistry and nanotech-
nology has greatly promoted the development of nano-sized
assemblies, which are usually employed as promising nano-
materials for controlled release, drug delivery, bio-imaging, and
light harvesting.' Inspired by liposomes spontaneously
formed from amphiphilic phospholipids in aqueous media in
Nature, scientists are seeking to construct more functional
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nanoassemblies from various synthetic amphiphiles.* Conven-
tionally, amphiphiles refer to molecules containing both hydro-
phobic and hydrophilic units that are linked by covalent
chemical bonds.” Amphiphiles generally self-assemble into
well-ordered architectures with different shapes, such as
nanosheets, nanorods, and nanospheres (micelles, vesicles, or
other forms of NPs). Investigation of these nanoassemblies not
only discloses the law of self-assembly but also provides more
and more applications in many areas including detergents,
templated synthesis of inorganic nanostructures, and drug/
gene delivery etc.

In contrast to covalent-bond based amphiphiles, supra-
amphiphiles pioneered by Zhang and co-workers take advan-
tage of supramolecular chemistry, in which the hydrophobic
and hydrophilic parts are usually connected by non-covalent
interactions, greatly simplifying the otherwise complexed syn-
thetic process of amphiphilic species.®”> Among various supra-
molecular interactions, macrocyclic host-guest recognitions
are widely used to construct supra-amphiphiles.'® For example,
Huang and co-workers summarized the recent advances in
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macrocyclic host-based supra-amphiphiles.'" The reversibility
of macrocyclic host-guest recognitions often endows the
obtained nanocarriers with controllable assembly/disassembly
ability and excellent stimuli-responsive properties, which may
realize their potentials in controlled cargo release and other
smart functionalities. Furthermore, various supramolecular
macrocyclic hosts have been continuously developed, greatly
improving the vitality of this research hotspot.'”> For example,
water-soluble macrocycles,"”> such as cyclodextrins,'*"°
cucurbit[n]urils,"” " sulfonatocalixarenes,*>> and hydrophilic
group modified crown ethers,”®>” are employed to fabricate a
variety of supra-amphiphiles.

Pillar[n]arenes are a relatively new family of macrocyclic
hosts developed in 2008, following the above mentioned supra-
molecular macrocycles.”®® The interesting pillar-shape archi-
tectures of pillar[n]arenes endow them with the ability to bind
with a variety of guest molecules.”” As a result, pillar[n]arenes
exhibit significant potentials in building various functional
materials,*® such as dynamic organogels or hydrogels,>™°
functional supramolecular polymers,*®>> transmembrane
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Scheme 1 Chemical structures of some selected pillar[n]arenes discussed
in this review.

channels,> nonporous adaptive crystals,>*>” and other nano-

materials.’®>° Meanwhile, the development of water-soluble
pillar[n]arene (WP[n]) based supra-amphiphiles has also progressed
rapidly in recent years due to the simplicity of modification of
the pillar[n]arene framework.®*"®* Notably, the size of WP[n]s
varies with n value (most commonly n = 5 or 6), resulting
in great possibilities to construct various supra-amphiphiles
with different sized polar heads. For example, the chemical
structures of some WP[n]s discussed in this review are dis-
played in Scheme 1. Two main types of WP[n]-based supra-
amphiphiles are well-known: tadpole-like and bola-like supra-
amphiphiles (Fig. 1). In addition, there are gemini-type and
polymer-based supra-amphiphiles, which are also discussed in
the following part.

A nanocarrier generally refers to a nanomaterial being used
as a carrier for another cargo, such as a dye or a drug. Although
some WP[n]-based supra-amphiphiles have been discussed

in some recent reviews,""®* we herein mainly focus on the

Hydrophilic * Hydrophilic
\ \
Hydrophobic
Hydrophobic \
( Hydrophilic
Tadpole-type Bola-type

Fig. 1 Cartoon illustration of two representative supra-amphiphiles based
on WPI[n]: tadpole-type (left) and bola-type (right).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

View Article Online

Review

“payload loading and responsive release” of these nanoassemblies.
Such nanoassemblies include various types of nanostructures,
such as micelles, vesicles, and other forms of NPs, all of
which could serve as carriers for cargoes. Notably, a very recent
review concerning supramolecular nanotheranostics based on
pillar[n]arenes was reported.®* However, this mainly focuses on
hybrid porous materials and some supramolecular amphiphilic
systems for only drug delivery. In this review, we will first
describe the construction methods and stimuli-responsive
properties of these smart nanocarriers self-assembled from
WP[n]-based supra-amphiphiles. Subsequently, we will describe
several promising applications of these nanocarriers. According
to different applications, WP[n]-based nanocarriers can be
categorized into the following types: (a) nanocarriers for drug/
gene/protein delivery; (b) nanocarriers for photodynamic/
photothermal therapy and (c) nanocarriers as optical materials.
Finally, the developing challenges and future perspectives of
WP[n]-based nanocarriers are discussed as well.

2. WP[n]-based supra-amphiphiles for
controlled assembly and disassembly
upon exposure to external stimuli

Self-assembly of supra-amphiphiles can generate nano-sized
assemblies in an aqueous solution. The assembly/disassembly
of such nanoassemblies could well be controlled by host-guest
interactions. By introducing responsive chemical groups to the
host or guest molecules, the reversibility of such host-guest
interactions could be realized upon exposure to environmental
stimuli. In terms of WP[n], pH responsiveness is very easily
adopted via modification of the backbone of WP[n]. However, it
is relatively complicated to introduce other responsive units
into the WP[n] host backbones. In contrast, the modification of
guest molecules is more diverse and straightforward, providing
the possibilities to realize various stimuli-responsiveness,
such as photo-, redox-, glutathione (GSH)-responsiveness, etc.
The responsiveness generates a remarkable impact on whether
a nanoassembly can be constructed with a certain functionality.
In this section, we will give some examples of WP[n]-based
nanocarriers that respond to different external stimuli.

2.1 pH-responsive nanocarriers fabricated by WP[n]-based
supra-amphiphiles

Considering the broad range of pH gradients in the biological
system, the construction of pH responsive supra-amphiphiles
for further self-assembly is very interesting. In 2012, Huang and
co-workers prepared vesicles from a WP[6] (WP6a, Fig. 2) and a
pyridinium salt-based guest (G1).°> The water solubility of
WP6a was achieved by connecting carboxylate units to both
sides of the host backbone. WP6a strongly bound G1 in water to
form a supra-amphiphile through host-guest interaction.
Transmission electron microscopy (TEM) showed that nano-
tubes were formed from G1. However, when 1 equiv. of WP6a
was added, supramolecular vesicles were obtained. Interestingly,
these nanotubes appeared again after the pH of the mixture

Mater. Chem. Front., 2019, 3, 1973-1993 | 1975
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Fig. 2 Chemical structures of WP6a and G1 and their cartoon representation
of reversible transformations between vesicles and nanotubes. Reproduced
with permission from ref. 65. Copyright 2012, American Chemical Society.

was changed to 6.0. The protonation of the carboxylate groups
on WP6a reduced the solubility of WP[6], resulting in the
disruption of the supra-amphiphile. As a result, the assembly/
disassembly of the host-guest complex could be reversibly
controlled by pH, leading to reversible morphological changes
between supramolecular vesicles and nanotubes.

In another study, Huang and co-workers constructed a
pH-responsive vesicle from WP6a and a paraquat-based
molecule.®® In this example, the paraquat guest was also
amphiphlic, which contained a hydrophilic 4,4’-bipyridinium
unit and a hydrophobic long alkyl chain. The paraquat guest
itself formed micelles in water. Upon addition of WP6a, the
generation of supramolecular vesicles with low curvature was
achieved. This might be due to the electrostatic repulsion and
the steric hindrance generated by the insertion of WP6a macro-
cycles. Similar to the previous example, the changes between
micelles and supramolecular vesicles were realized by changing
the pH of the solution. Therefore, the controlled release of
calcein was successfully achieved owing to the pH induced
transformation. Moreover, they further reported the first WP[7]
molecule and studied its binding behavior with paraquat
derivatives, which was controlled by pH.®’

2.2 Photo-responsive nanocarriers fabricated by WP[n]-based
supra-amphiphiles

Light is a very attractive external stimulus because of its remote,
clean, rapid, and noninvasive nature. Azobenzene is a repre-
sentative photo-responsive motif, which has been employed in
many supramolecular systems. In 2014, Huang and co-workers
prepared a supra-amphiphile formed by a WP[6] (WP6b, Fig. 3)
and an azobenzene-based molecule (G3).°® The amphiphilic
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Fig. 3 (a) Chemical structures and cartoon pictures of G2, G3, and WP6b.
(b) Cartoon representation of the photo-sensitive transformation based on
WP6b and G3. Reproduced with permission from ref. 68. Copyright 2014,
the Royal Society of Chemistry.

guest molecule trans-G3 alone formed NPs, as evidenced by
TEM. Upon addition of WP6b, supramolecular vesicles were
obtained. The vesicles were sensitive to UV/vis light irradiations
due to the incorporation of photo-responsive azobenzene
groups. The disassembly mechanism is shown as follows:
upon UV light irradiation, trans-G3 turned into cis-G3, which
dethreaded from WP6b. Thus, the arrangement of the supra-
amphiphiles was changed, leading to the reappearance of solid
NPs. Therefore, reversible transformations between supramole-
cular vesicles and NPs were realized owing to the photo-
responsive property of the azobenzene guest. In a subsequent
study, Huang and co-workers further prepared a UV-responsive
supra-amphiphile by employing WP6a and a UV-responsive
guest containing a 2-nitrobenzyl ester moiety.*

Similar to azobenzene, spiropyran is also an interesting
photo-responsive motif. The reversible transformation of
spiropyran from a ring-closed form to ring-open merocyanine
can be well controlled by UV/vis light irradiation alternatively.
In 2018, Yin and co-workers successfully constructed a photo-
controlled system by employing a spiropyran derivative (G4)
and WP5b (Fig. 4).”° Guest G4 could form a supra-amphiphile
with WP5b. Generally, G4y and G4 coexisted in water as solid
nanospheres. Upon irradiating at 520 nm, the nanospheres did
not change although the hydrophilic G4y was transformed
to amphiphilic G4s. However, when WP5b was added into this
coexistent system, supra-amphiphilic WP5b > G4g and hydro-
philic WP5b o G4y, were formed simultaneously. As a result,
nanospheres and supramolecular vesicles were obtained,
respectively. When the solution was exposed at 520 nm, the
NPs could be changed into vesicles due to the total change of the
hydrophilic WP5b > G4y to supra-amphiphilic WP5b o G4s.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 4 (a) Chemical structures and cartoon pictures of WP5b and G4. (b) Cartoon illustration of the photoresponsive system (WP5b > G4).
(c) Transformation of the assemblies of WP5b > G4. Reproduced with permission from ref. 70. Copyright 2018, Wiley Publishers.

This novel photoresponsive system might have potential appli-
cations in smart supramolecular materials.

The anthracene group is another widely used photoactive motif.
In 2016, Hu, Wang and co-workers fabricated a photodegradable
bola-type supra-amphiphile from an anthracene-containing guest
(Fig. 5).”* The guest (G5) contains 9,10-dialkoxyanthracene units
and trimethylammonium terminals. G5 can form large, well-
defined assemblies upon addition of WP5a. The best molar ratio
of G5 and WP5a for the assembly was 6: 1, which was measured
by optical transmittance. The TEM pictures displayed a hollow
spherical structure. The anthracene group could capture singlet
oxygen and produce stable endoperoxides under UV light,
resulting in the formation of anthraquinone compounds and
relevant alkanols. Upon irradiation under UV light, G5 could slowly
degrade, but its decomposition rate was significantly enhanced
when complexed with WP5a. As a result, the obtained vesicles
were disassembled. Furthermore, this nanocarrier also showed
dual stimuli-responsiveness to pH and visible light irradiation,
by loading a photosensitizer Eosin Y (ESY), suggesting a
potential application for photo-sensitive therapy.

2.3 Redox-responsive nanocarriers fabricated by WP[n]-based
supra-amphiphiles

Among various external stimuli, a redox-responsive process is of
particular interest. For example, by changing the membrane
potential, redox-responsive assemblies can be accessed via initiating

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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lipid bilayer activities in a membrane system. In 2015, Huang and
co-workers reported a redox-responsive system assembled from a
supra-amphiphile constituted by a neutral WP[5] (WP5d) and a
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Fig. 6 Cartoon representation of the preparation of polymeric vesicles
and the process of redox-controlled release. Reproduced with permission
from ref. 72. Copyright 2015, American Chemical Society.

paraquat-based polymer (Fig. 6).”> They first studied the complexa-
tion between WP5d and G7 vie 'H NMR spectroscopy, which
demonstrated that the supra-amphiphile was indeed formed in
aqueous media. Moreover, a binding constant of (4.2 + 0.3) x
10* M~ between WP5d and G7 was determined via isothermal
titration calorimetry (ITC). They further used cyclic voltammetry
to explore the redox-responsiveness of the host-guest system.
After that, WP5d and polymer G6 were further employed to
fabricate redox-responsive polymeric vesicles. TEM showed that
the aggregates displayed a spherical morphology. Moreover,
dynamic light scattering (DLS) also revealed that the size of the
aggregates was similar to that observed under TEM. Upon
addition of Na,S,0, as a reducing agent, the vesicles underwent
a dramatic morphological change. Furthermore, they used anti-
cancer drug doxorubicin hydrochloride (DOX-HCI) as a model
drug to test the controlled release functions of the vesicle. The
DOX-loaded vesicles displayed a minimal payload release (less
than 30%) without a stimulus, but a much faster release process
in the presence of Na,S,0,4, which indicated that this nanocarrier
could serve as a redox-responsive drug delivery system (DDS).
Very recently, Yang and co-workers fabricated an interesting
amphiphilic pillar[5Jarene-based pseudo[1]rotaxane with a dynamic
redoxresponsive disulfide bond in the selfincluded linker.”?
These pseudo[1]rotaxane molecules could self-assemble into supra-
molecular vesicles in aqueous media, which was disrupted in
the presence of GSH. This nanocarrier system is capable of
encapsulating DOX with a high loading efficiency to realize con-
trolled drug delivery. This is the first example of employing a
pseudo[1]rotaxane structure to protect a vulnerable responsive bond
in drug delivery systems, which provides a new possibility for the
application of functional nanocarriers in precise cancer therapy.

2.4 Multi-stimuli responsive nanocarriers fabricated by
WP[n]-based supra-amphiphiles

In recent years, nanocarriers with multi-stimuli responsiveness
have been undergoing extensive investigations due to their

1978 | Mater. Chem. Front., 2019, 3, 1973-1993
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flexibility and intelligence geared for various applications.
In 2015, Huang and co-workers prepared a supramolecular
system based on a WP[7] (WP7) and an azobenzene derivative
(Fig. 7).”* This novel system showed both thermo- and photo-
responsiveness in aqueous media. WP7 is thermo-responsive
due to its functionalization with 14 triethylene oxide groups,
which endow the system with a lower critical solution tempera-
ture (LCST) behavior. Therefore, WP7 can be dissolved in
water below the LCST but can become turbid above the LCST.
Moreover, the polymeric azobenzene guest G8 provides photo-
responsiveness. Notably, G8 could form NPs in water by itself.
Subsequently, they employed WP7 and G8 to successfully
fabricate a WP[7]-based polypseudorotaxane, which could
further form vesicles. Therefore, the changes between supra-
molecular polymeric vesicles and NPs could easily be controlled
by UV/vis light or temperature. Finally, the polymeric vesicles
were used for the dual-stimuli responsive release of calcein
molecules. This example displayed a new strategy to combine
polymer chemistry with WP[n] to create smart nanomaterials.
In a follow-up study, they fabricated a dual-thermoresponsive
supramolecular vesicle from a supra-amphiphile based on the
WP[10]/paraquat, which could respond to both heating and
cooling.””> The dual-thermoresponsive properties come from
the multiple triethylene oxide groups on the host and the
poly(N-isopropylacrylamide) backbone in the polymeric guest.
These nanocarriers were also employed for calcein release
controlled by temperature variation.

Following the above examples, various dual-stimuli respon-
sive nanocarriers based on WP[n] have been continuously
constructed. For example, photo and gas dual-responsive supra-
molecular vesicles were constructed from a WP[6] and an
azobenzene derivative by the Yu group.”® Oxidation and thermo
dual-responsive polymeric vesicles were also successfully fabri-
cated from ferrocene-WP[6]-based polymeric amphiphiles by the
Wang group.”’

More interestingly, Du and co-workers constructed a supra-
molecular nanocarrier from WP[6]-based supra-amphiphiles
showing responsiveness to five stimuli, including GSH, pH,
CO,, Zn**, and hexanediamine (HDA).”® The guest molecule
was a disulfide-linked benzimidazolium amphiphile, which
could not form vesicles by itself in aqueous media. TEM
images displayed that the freeze-dried guest-WP6a aggregates
showed a vesicle structure of about 165 nm. The dye molecule
Ru(bipy);Cl, was employed as a model payload. Upon addition
of GSH, most of the dye was released owing to the breakage of
the disulfide bond, which disrupted the integrity of the nano-
carriers. Upon decreasing the pH value to 5.0, the cargo was
also released from the nanocarriers with a release efficiency of
about 70%. When treated with CO,, 45% release efficiency was
also achieved. The Zn** ion could also serve as a trigger for
cargo release due to its chelation behavior with the carboxylate
groups of WP6a. Finally, as a competitive guest, HDA was
also used as a triggering stimulus. This is a rare example of
WP[n]-based nanocarriers with responsiveness to five external
stimuli, which may meet different requirements for controlled
payload release in different applications.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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3. WPI[n]-based nanocarriers for
drug/gene/protein delivery
3.1 WP[n]-based nanocarriers for drug delivery

In recent years, many scientists have paid their attention to the
development of supramolecular DDS based on WP[n]s.”**°
In this section, we will discuss various DDS based on WP[n]-
nanocarriers, which were constructed from different types of
host-guest building blocks, such as tadpole-type, bola-type,
prodrug-type, and polymeric supra-amphiphiles.

Previously, Wang and co-workers found that ferrocene can
well complex with pillar{6]arene in organic solvents.®! In 2013,
they further reported a supramolecular nanocarrier constructed
from a tadpole-type supra-amphiphile based on WP6a and a
ferrocene-based guest (Fc) (Fig. 8a).%* The Fe group on the guest
can bind with WP6a while the long alkyl chain on the guest
provides a hydrophobic part. The resultant tadpole-type supra-
amphiphile could further assemble into vesicles in aqueous
media. Mitoxantrone (MTZ) is a hydrophilic anticancer drug,
which was employed as a model in this work to evaluate the
delivery efficiency of this system. The release of the drug could
be controlled by changing the pH of the solution. The release
rate was slow under neutral pH conditions. However, the
drug was released rapidly in an acidic environment. Since the
microdomain of cancer cells is acidic, the rapid release of MTZ
from the nanocarriers is very important for targeted therapy.
Subsequently, cytotoxicity experiments were conducted (Fig. 8b
and c). The cytotoxicity measurements of the system against
normal cells (NIH3T3 cells) showed that the blank nanocarriers

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

had low toxicity. By loading MTZ in the nanocarriers, the
toxicity of the drug could be alleviated against NIH3T3 cell lines.
Moreover, the cellular uptake experiments showed that the drug-
loaded nanocarriers could easily go inside SMMC-7721 cancer
cells. The encapsulation of MTZ by such nanocarriers did not
influence the therapeutic efficacy of the drug. This study pioneered
the employment of WP[n]-based nanocarriers for DDS.

In another work, Wang and co-workers constructed a
multistimuli-responsive vesicle from WP6a and a pyridinium
derivative guest.** Drug loading and controlled release tests
showed that the anticancer drug DOX was well loaded into
the nanocarriers, and the obtained vesicles displayed good
Ca”*- and pH-responsiveness. Moreover, cellular uptake experi-
ments displayed that the encapsulation of the drug into the
nanocarriers did not reduce the therapeutic efficacy of the drug
against tumor cells. By contrast, the cytotoxicity of DOX for
normal cells was significantly decreased. This case provided a
strategy for the construction of smart nanocarriers, which
showed great potential as a novel DDS. Later, they constructed
another example of a stimuli-responsive drug nanocarrier
with dual responsiveness toward light and pH.** The pH
responsiveness originates from the host WP6a, while the
photo-responsiveness comes from the azobenzene group of
the guest. The obtained nanocarriers could encapsulate MTZ,
which showed both pH- and UV-responsive release. This nano-
carrier system with dual-stimuli responsiveness displayed great
potential as a smart DDS.

The disulfide bond is well known to be labile to GSH that is
generally overproduced in cancer cells. In 2015, Hu, Wang and
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Fig. 8 (a) Cartoon pictures of supramolecular vesicles based on WP6a/Fc and their drug release process, (b) effect of different vesicles on the viability of
NIH3T3 cells, and (c) anticancer activity of different vesicles against SMMC-7721 cancer cells. Reproduced with permission from ref. 82. Copyright 2013,

American Chemical Society.

co-workers prepared a dual pH- and GSH-sensitive nanocarrier
constructed from WP5a and a guest containing a disulfide
bond.*> The host and the guest could be complexed through
the lysine group in the guest molecule. This type of nanocarrier
can also encapsulate MTZ and release it rapidly in the presence
of GSH. HepG2 cancer cells were employed to evaluate the
anticancer efficacy of this system. The results showed that the cell
viability was only about 10% after 72 h of incubation of cancer cells
with MTZ-loaded vesicles, exhibiting better therapeutic effects
than free MTZ (26%). In 2016, they further fabricated biocompa-
tible nanocarriers from phosphate WP[n]s and a pyridinium
bromide guest for anti-cancer therapy.*® The introduction of
phosphate groups was aimed to enhance the water-solubility and
biocompatibility of WP[n]. Micelles were formed via self-assembly
from WP5c and the guest, while hollow vesicles were formed from
WP6c and the guest. Both of them exhibited dual pH- and Zn**
responsiveness. DOX was loaded inside the micelles while MTZ
could be encapsulated into the resultant vesicles. This study
provided a novel method for the construction of smart drug
delivery nanocarriers with different morphologies.

As shown in Fig. 1, a bola-type amphiphile bears two
hydrophilic terminals and a hydrophobic middle part. Generally,
bola-type amphiphiles show a lower critical aggregation concen-
tration (CAC) and a higher structural stability than tadpole-type
supra-amphiphiles. In 2014, Huang and co-workers prepared
a bola-type supra-amphiphile based on WP5b and a rod-coil
guest.®” This supra-amphiphile could act as a pH and paraquat
sensor. In 2016, Shi and co-workers prepared a dual-stimuli
responsive nanocarrier from a bola-type supra-amphiphile based
on WP6b and a photo-responsive guest.®® The guest is an
azobenzene derivative which could be aggregated into nanosheets.

1980 | Mater. Chem. Front., 2019, 3, 19731993

The complexation of the guest and WP6b resulted in the for-
mation of a supra-amphiphile, which can further self-assemble
into vesicles. The obtained nanocarriers displayed both photo-
and pH-responsiveness. Controlled release of DOX by such a
system was successfully realized.

Another excellent example of DDS constructed from bola-type
supra-amphiphiles was reported by Zhang, Hu and co-workers.®*
This dual pH- and GSH-responsive nanocarrier was realized by
the recognition of G9 by WP5a (Fig. 9). Guest G9 is a bola-type
naphthalimide compound. An efficient nanocarrier should be
responsive to stimuli present in the tumor microenvironment to
release the loaded drug. In this case, the anticancer drug DOX
was efficiently loaded and released by the obtained nanocarrier.
The fluorescence spectra showed that no leakage of DOX was
observed under both neutral pH and GSH-free conditions.
Notably, DOX release was detected clearly in the presence of
GSH. Biocompatibility experiments showed that this bola-type
drug nanocarrier had good biocompatibility by using MRC-5 cells.
Cellular uptake experiments showed that these nanocarriers
entered tumor cells mostly by endocytosis. This research offers
an alternative method to develop smart nanocarriers with dual
stimuli-responsiveness for specific drug delivery.

Nanocarriers constructed from polymeric supra-amphiphiles
are an alternative good choice for DDSs. In 2017, Hu, Zhu, Wang
and co-workers employed an efficient approach for fabricating
nanocarriers by host-induced polymer assembly (Fig. 10).°° In this
example, polyglutamamide with butyl-ammonium (BA) groups
was used as a polymer guest. Furthermore, the polymeric guest
was equipped with a targeting biotin unit. The BA group-
containing polymer 1 could form supramolecular polymer-
somes in the presence of WP5a. MTZ was employed as a model

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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their applications in targeted drug delivery. Reproduced with permission
from ref. 90. Copyright 2017, the Royal Society of Chemistry.

drug to investigate the loading efficiency and pH stimulated
drug release of such nanocarriers. UV-vis spectra showed that
the drug loading efficiency was up to 52%. Moreover, the MTZ
release percentage within 12 h was calculated to be 79% when
the pH value was adjusted to 5.2. NIH3T3 cells (normal cells)
were incubated with the drug to evaluate the cytocompatibility
of these nanocarriers. The terminal of polymer 1 was attached
to the biotin ligand, endowing the nanocarrier with a targeting
capability. Therefore, the nanovehicles could deliver MTZ
to biotin receptor-positive HeLa cells. This strategy not only
decreased the cytotoxicity of MTZ to normal cells but also
strengthened its anticancer efficacy. This research offered a
new method to fabricate functional nanocarriers, which may
have potential applications in biomedical fields.

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

Supramolecular brush copolymers (SBPs) constructed by
non-covalent interactions have also exhibited tremendous
advantages. For example, Chen, Huang and co-workers reported
an amphiphilic SBP (P5-PEG-Biotin > PTPE) based on a WP[5] (P5)
and a 4,4'-bipyridinium derivative (M) (Fig. 11).”" P5-PEG-Biotin >
PTPE can form supramolecular NPs (SNPs), which could serve as a
self-imaging nanocarrier because of the aggregation-induced emis-
sion (AIE) effect of tetraphenylethene (TPE) groups. The core-shell
type SNPs were used as a nanovehicle to encapsulate DOX. In the
SNPs, the TPE motifs served as donors, while the anticancer drug
DOX groups played the role of acceptors. The association constant
of the model host P5 and the model guest M was measured to
be (2.50 + 0.16) x 10" M~ " by utilizing fluorescence titrations.
Subsequently, the amphiphilic SBP (P5-PEG-Biotin > PTPE) was
fabricated, in which the backbone of TPE served as the hydrophobic
sections and the PEG chains acted as the hydrophilic parts. Flow
cytometry investigations on HeLa and HEK293 cells proved that the
biotin units linked on the DOX-loaded SNPs remarkably enhanced
targeted cellular uptake of the nanocarriers. Finally, HeLa tumor
bearing Balb/c mice were injected with free DOX or drug-loaded
SNPs to evaluate drug accumulation and distribution in vivo. The
results showed that in most organs the uptake of DOX-loaded SNPs
was less than free DOX, suggesting that the non-specific toxicity
may get reduced by employing SNPs as drug delivery nanocarriers.
This work offered a new supramolecular strategy for the fabrica-
tion of self-imaging DDSs, which may hold significant potential
in nanotherapy. In another similar study, the same group of
researchers constructed a supramolecular diblock copolymeric
amphiphile by using the same host P5-PEG-Biotin and a poly-
meric guest based on a viologen salt.’* This host-guest complex
formed vesicular nanocarriers that were also successfully used
as drug delivery carriers for DOX.

In order to enhance the drug loading efficiency and promote
controlled drug release of nanocarriers, a prodrug has emerged

2019 Mater. Chem. Front., 2019, 3, 1973-1993 | 1981
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as a promising strategy. For the prodrug strategy, a parent drug is
generally bound to functional groups and the entire species can
act as a guest structure. The prodrug should be inactive in the
normal state but can be metabolized or degraded into the parent
drug upon environmental stimulation. For this purpose, Hu,
Wang and co-workers constructed NPs self-assembled from
supra-amphiphiles based on WP6a and a DOX-based prodrug
guest (Fig. 12).> The DOX-based guests (G10 and G11) were
prepared by connecting an anticancer drug DOX unit with a
pyridinium group through an acid-cleavable hydrazone bond.
The release of the drug was less than 12% at pH 7.4. However,
a rapid release of the drug could be achieved at pH = 5.5 owing to
the hydrolysis of hydrazone bonds. Meanwhile, the cumulative

1982 | Mater. Chem. Front, 2019, 3, 1973-1993

release was almost up to 100% in half an hour. Further studies
showed that WP6a could accelerate the hydrolysis of hydrazone
bonds due to an intramolecular catalysis process. Compared with
free DOX, the obtained NPs showed reduced toxicity. The cellular
internalization of these nanocarriers and free DOX was tested by
using SKOV3 cells. The results showed that these DOX-conjugated
nanocarriers had the ability to deliver DOX in an efficient manner.
This study provided a novel design strategy for constructing a DDS
based on a prodrug. Similar to this example, a supramolecular
prodrug based micelle constructed from WP5b and methyl viologen
functionalized DOX was also reported by Ji and co-workers.”*
The nanocarriers were aggregated under an acidic environment,
resulting in promoted drug accumulation and treatment efficacy.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Combination of two anticancer drugs for cancer treatment can
remarkably overcome the drug resistance of tumor cells. Recently,
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Hu and co-workers reported the preparation of a drug-drug
conjugate supramolecular nanocarrier based on WP6a.”® In this
study, two anticancer drugs, chlorambucil and camptothecin,
were linked by a disulfide bond to achieve a new conjugated
prodrug guest, which complexed with WP6a via host-guest recog-
nition. The complex further self-assembled into vesicles in aqu-
eous media. GSH-responsive disulfide bonds can be destroyed
inside tumor cells. As a result, both of the drugs could be released
simultaneously to realize the synergistic therapy against cancer
cells. Moreover, cytotoxicity measurements confirmed that
the obtained nanocarriers not only killed tumor cells but also
remarkably reduced the side effects against normal cells. This
work provided an interesting method for the fabrication of
nanocarriers with great potential for synergistic chemotherapy.
In a follow-up study, Hu, Schmuck and co-workers fabricated
tumor-targeting nanocarriers by using a WP[5]-derived prodrug
and a functional guest.”® The host is a WP[5]-based prodrug
(WP5-DOX) which also possesses a hydrazone linkage (Fig. 13).
The guest is an Arg-Gly-Asp (RGD)-modified sulfonate molecule
(RGD-SG) which has both the targeting capability realized by
RGD and host-binding ability achieved by sulfonate groups.
Therefore, these nanocarriers can carry DOX to RGD receptor-
positive tumors. Moreover, the structures of the nanocarriers
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Fig. 13 Schematic illustration of the fabrication of targeting supramolecular prodrug nanocarriers and their applications for targeted drug delivery.

Reproduced with permission from ref. 96. Copyright 2018, Wiley Publishers.
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were tuned between micelles and vesicles by adjusting the
molar ratio of the host and the guest. Cytocompatibility experi-
ments showed that the DOX loaded nanocarriers had less
cytotoxicity against 293T and WI-38 normal cell lines than free
DOX, indicating a good cytocompatibility of these nanocarriers.
These drug loading nanocarriers also exhibited longer blood
circulation time, enhanced anticancer efficacy, and alleviated
systemic cytotoxicity in a murine tumor model, suggesting a
significant potential for targeted drug delivery to treat cancer.

Galactose derivatives show high affinity for galectin over-
expressing hepatoma tumor cells. Hence, the introduction of
the galactose group onto nanocarriers is an efficient strategy
to develop a targeting DDS. To this end, Pei and co-workers
developed novel nanocarriers from tryptophan-modified WP[5]
and a galactose-derived guest.”” The galactose group on the
surface of the self-assembled vesicles served as a targeting
moiety to an asialoglycoprotein receptor (ASGP-R) overexpressed
by HepG2 cells. The indole rings of tryptophan in the nano-
carriers can interact with DNA, which synergistically enhanced
their cytotoxicity toward cancer cells. In a subsequent study, Pei
and co-workers fabricated multifunctional nanocarriers based
on the complexation of ferrocenecarboxylic acid capped WP[5]
and the same guest discussed in the previous case for targeted
DOX delivery.”® In 2018, they further constructed a hybrid
nanomaterial on the basis of the host-guest recognition
between WP6b and the above mentioned galactose guest, as
well as the DOX-loaded zeolitic imidazolate framework (ZIF-8)
for targeted drug delivery.*®

3.2 WP[n]-based nanocarriers for gene delivery

Nowadays, drug resistance is a major problem in chemo-
therapy. A possible solution to this problem is co-delivery of a
drug and a small interfering RNA (siRNA). Such a system should
ideally hold the capability to respond to the specific changes
in the microenvironment of cancer cells, leading to the release of
the drug and siRNA concurrently. As a result, siRNA could silence
drug resistance related genes. According to this strategy, Pei and
co-workers constructed a ferrocenium-capped pillarf{5Jarene (FCP),
which was oxidized to amphiphilic WP[5] (FCAP), which was
further self-assembled into cationic vesicles for drug/siRNA
co-delivery (Fig. 14)." First, HeLa cells and 293T cells were
used to investigate the anticancer efficacy and safety profile
in vitro. 293T cells (normal cells) showed higher viabilities upon
incubation with drug loaded nanocarriers than those with free
DOX. In contrast, HeLa cells displayed significantly decreased
viabilities when incubated with drug loaded nanocarriers, when
compared with those incubated with free DOX. Subsequently,
they chose drug resistance gene silencing siRNA (MRP1 siRNA)
and DOX as a siRNA/drug couple for co-delivery research against
human ovarian SKOV-3 cancer. The results showed that the DOX
resistance was overcome after the tumor cells were transfected
with MRP1 siRNA. As a consequence, the therapeutic efficacy of
chemotherapy was greatly enhanced by the combination of DOX
and MRP1 siRNA. Therefore, this study offered an excellent
example of a drug/siRNA co-delivery platform based on WP[n]
for improved anticancer therapy.

1984 | Mater. Chem. Front,, 2019, 3, 1973-1993
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3.3 WP[n]-based nanocarriers for protein delivery

An increase in the glucose level of plasma may be indicative of
diabetes, which is caused by insufficient secretion of insulin
from the pancreas. Therefore, the development of nanocarriers
with glucose-responsiveness may be employed for controlled
delivery of insulin. Recently, Hu, Wang and co-workers fabri-
cated smart nanocarriers responsive to glucose by employing
WP5a and a guest containing a pyridylboronic group.'®" The
cargo loading and release experiments proved that insulin
could be loaded into the nanocarriers efficiently (64%), indicating
that supramolecular vesicles can indeed encapsulate large protein
molecules. Moreover, the cargo loaded vesicles exhibited rapid
release of insulin in response to a relatively high concentration
of glucose. Cytotoxicity experiments suggested that these nano-
carriers displayed good cytocompatibility suitable for insulin
delivery. This work opened a new window for the fabrication
of glucose-responsive nanocarriers, which can be used for
diabetes treatment.

In another work, Hu, Zhang, Jiang, Wang and co-workers
further developed glucose-responsive nanocarriers (Fig. 15).'°>
In this work, a diphenylboronic acid derivative (G12) bearing a
pyrene unit and a quaternary ammonium group was designed
and synthesized, which could complex with WP5a to self-
assemble into nanocarriers. Herein, the diphenylboronic acid
moiety in G12 can specifically recognize glucose to forma 1:1
binding complex. WP5a improved the water solubility of G12 and
induced self-assembly of the supra-amphiphile. Meanwhile, the
n-1 interactions between pyrene units produced long-wavelength
excimer emission, making glucose monitoring possible by the
naked eye. This system could carry insulin together with glucose
oxidase (GOx), which can oxidize glucose to gluconic acid,
resulting in the production of H,O, and a decrease of local
PH. As a result, this process promoted rapid disassembly of the
nanocarriers due to the protonation of WP5a and cleavage of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 15 Schematic illustration of the insulin delivery nanocarriers based on
WP5a and G12 with glucose-responsiveness. Reproduced with permission
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C-B bonds by H,0,, achieving an efficient insulin release. More
interestingly, in vivo studies by employing a mouse model of type
I diabetes demonstrated that the insulin and GOx loaded
nanocarriers could maintain the blood glucose level at a normal
level for a long period of time. Notably, this work pioneered a
theranostic system for glucose-sensing by employing a simple
artificial nanocarrier, which can achieve continuous glucose
monitoring and closed-loop diabetes treatment at the same time.

4. WPI[n]-based nanocarriers for
photodynamic/photothermal therapy

Besides chemotherapy, photodynamic therapy (PDT) and
photothermal therapy (PTT) are important alternative choices
for cancer treatment.'®™'%7 PDT and PTT can sometimes over-
come some of the difficulties that chemotherapy can’t solve.
Therefore, a variety of nanocarriers based PDT and PTT systems
have been developed as a promising strategy for cancer treat-
ment in recent years. PDT therapy is generally based on a
photosensitizer that can generate reactive oxygen species
(ROS) upon photo irradiation, resulting in cytotoxicity against
tumor cells. PTT is based on cytotoxic heat generated by
photothermal agents upon light irradiation to ablate cancer
cells. Therefore, both PDT and PTT are non-invasive therapeutic
modalities. Furthermore, dual-modality therapy, for example,
chemo-photodynamic therapy or chemo-thermodynamic therapy,
and even multi-modality therapy, has also attracted increasing
interest, because combination therapy can often overcome draw-
backs faced by single-modality treatment.

4.1 WP[n]-based nanocarriers for photodynamic therapy

Mitochondria are an important class of subcellular organelle,
which hava a key role in cellular metabolism. Combination of
mitochondria-targeting agents with photodynamic therapy is

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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a promising strategy to selectively kill cancer cells. Under this
principle, Zhang and co-workers constructed a system by employ-
ing supra-amphiphiles based on WP5a and a tetraphenylporphyrin
derivative (the guest) as a photosensitizer to realize PDT.'*® The
guest itself exhibited no self-aggregation behavior in water. In the
presence of WP5a, the guest complexed with the host and further
formed NPs. The supramolecular NPs showed silent fluorescence
and PDT activity under physiological conditions, and subsequently
could efficiently release and activate the photosensitizer in an
acidic environment. The photosensitizer produced 'O, upon light
irradiation, which damaged the mitochondria and finally caused
the death of tumor cells. In another work by the same group of
researchers, they fabricated a reduction-responsive porphyrin
photosensitizer delivery system by employing supra-amphiphiles
based on a poly(ethylene glycol)-derived WP[5] and a porphyrin
derivative containing a disulfide bond.'*

Peptide aggregates with multiple nanoarchitectures have poten-
tial applications in advanced biomaterials. However, the tedious and
costly covalent peptide modification impedes the exploration of
their application. Very recently, Yu, Mao, Huang and co-workers
developed a simple strategy to fabricate a supramolecular peptide
based on WPJ[5], which can be used for PDT (Fig. 16)."° The guest
molecule (PyP) contains a peptide sequence (G7CCERGDS), a hydro-
phobic alkyl chain, and a 4-methylpyridinium group that could
bind with WP[5]. Moreover, the peptide sequence encompasses a
targeting heading group (ERGDS) and a cross-linker precursor
(cysteine units). WP[5] (WP5e) with LCST behavior was employed
as the host. The guest molecule without the pyridinium group (PA)
was self-assembled into nanofibers upon the addition of Ca**. When
PyP complexed with WP5e, irregular sheetlike aggregates with
different sizes appeared. Interestingly, the sheetlike assemblies
transformed into NPs when the temperature was increased to
45 °C. At this temperature, WP5e became hydrophobic, leading to
the formation of a supra-amphiphile, which further self-assembled
into NPs. Meanwhile, the cysteine units on the guest could be
oxidized to disulfide upon heating in air, resulting in cross-linked
shells that prevented the disruption of the nanocarriers during the
cooling process. Finally, tetrakis(4-hydroxyphenyl)porphyrin (TPP)
was successfully used as a photosensitizer which could be encapsu-
lated into the NPs for PDT. In contrast to free TPP, TPP@NPs
displayed enhanced internalization and PDT efficacy against A549
cells. In vivo studies demonstrated that the resultant nanocarriers
had high anti-tumor efficacy towards 4T1 tumors. This study
provided an attractive strategy to construct supramolecular peptides
based on WP[5] using a controllable self-assembly process, which
holds great potential in precise anticancer therapy.

4.2 WP[n]-based nanocarriers for chemo-photodynamic or
chemo-photothermal therapy

In order to take advantage of combination therapy, Hu, Wang
and co-workers synthesized a boron-dipyrromethene derived
compound (G13) which played the roles of both a guest and a
photosensitizer (Fig. 17).'*" Molecule G13 can complex with
WP5a in aqueous media to form a supra-amphiphile, which can
further self-assemble into supramolecular vesicles. The obtained
nanocarriers had high DOX encapsulation efficiency. Moreover,
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Reproduced with permission from ref. 110. Copyright 2019, Nature Publishing Group.

the loaded nanocarriers exhibited rapid drug release under tests suggested that the loaded nanocarriers could be
acidic conditions. Cytotoxicity experiments demonstrated that well localized in lysosomes. Finally, the obtained DOX-loaded
such vesicles had good biocompatibility. Cellular internalization nanocarriers further showed significant therapeutic efficacy in

1986 | Mater. Chem. Front, 2019, 3, 1973-1993 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 17 Cartoon representation of the construction of nanocarriers based
on WP5a and G13 and their applications for chemo-photodynamic
therapy. Reproduced with permission from ref. 111. Copyright 2015, the
Royal Society of Chemistry.

combination with photodynamic and chemo-activities towards
A549 cancer cells, indicating promising applications for dual
chemo-photodynamic treatment.

CuS NPs have been broadly investigated as PTT agents due
to their low cytotoxicity, facile preparation, and high photo-
thermal conversion efficiency.’'® In 2018, Yu and co-workers
constructed a nanoplatform that integrated photothermal therapy,
chemotherapy, and targeting functions together (Fig. 18).'"
This nanocarrier system was based on WP5a-functionalized
CuS NPs (CuS@WP NPs), which showed good monodispersibility
and strong NIR absorption in water. The CuS@WP NPs were further
tethered with a liver cancer-targeting galactose derivative G14 via
host-guest recognition to form CuS@WPG NPs. The obtained
nanocarriers showed good photothermal ablation ability toward

CuS@WPG-DOX

w/
NIR Laser 9

Cus@wp CuS@WPG

on
®_ 2l Ls @
= &l N
e PN §

(G14)

[ (]
"

Fig. 18 Cartoon representation of the construction of CuS@WPG-DOX
and its drug-release process. Reproduced with permission from ref. 113.
Copyright 2018, American Chemical Society.
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HepG2 cells under light at 808 nm. Furthermore, DOX could
be loaded on CuS@WPG via electrostatic interactions. The
drug-loaded nanocarriers also displayed excellent, controlled
drug release in an acidic environment. Interestingly, this
supramolecular nanocarrier exhibited a significantly enhanced
therapy efficacy via the combined targeting and chemo-
photothermal therapy in vitro study. Finally, they performed
preliminary in vivo studies which proved that such NPs had
excellent cytocompatibility and good cancer inhibition capability
upon NIR laser irradiation. This study offered a useful method to
fabricate nanosystems for potential biomedical applications by
employing organic-inorganic hybrid materials.

In 2018, Fan and co-workers constructed supramolecular vesicles
for combined chemo-photothermal therapy.** They synthesized a
perylene diimide dye derivative which not only played the role of a
photothermal agent, but also acted as a guest. The guest could
complex with WP5a to form supramolecular vesicles, which
exhibited high-loading capacity for hydrophobic DOX. Notably,
cytotoxicity experiments showed that synergistic effects of the
nanocarriers against MCF-7 cancer cells were realized, exhibiting
much better efficacy than PTT treatment or chemotherapy alone.
Moreover, these drug nanocarriers could easily enter tumor cells
via endocytosis to achieve good intracellular accumulation of
anticancer drugs. This study also offered a new approach to
construct nanocarriers for synergistic antitumor therapy.

4.3 WP[n]-based nanocarriers for combined chemo/
photodynamic/photothermal therapy

The combination of multiple therapeutic modalities may produce
more efficient treatment and minimize side effects. Very recently,
Fan and co-workers continued to construct multifunctional supra-
molecular vesicles assembled from WP5a and a bola-type NIR-
absorbing guest G15 (Fig. 19).""® These supramolecular vesicles
showed significant anticancer efficacy through combined photo-
thermal, photodynamic, and chemotherapy. The resulting nano-
carriers showed excellent encapsulation capability for the hypoxia
activatable prodrug tirapazamine (TPZ) and rapid drug release in the
tumor sites. These vesicles could also produce hyperthermia and
ROS upon laser irradiation at 660 nm for efficient anticancer
therapy. The hypoxic microdomain owing to the oxygen consump-
tion during the PDT process may further activate prodrug TPZ that
would subsequently kill cancer cells as a chemotherapeutic agent.
Therefore, this study offered an innovative method to create a multi-
functional therapeutic nanoplatform that may have potential appli-
cations in improved anticancer therapy.

5. WP[n]-based nanocarriers as optical
materials
5.1 WP[n]-based nanocarriers for bioimaging

WP[n]-based nanocarriers with excellent cytocompatibility were
also used as vehicles for bioimaging. For example, Zhao and
co-workers fabricated a number of amphiphilic WP[5]s for delivering
dye mixtures in dual-modality bioimaging."'® In 2016, Huang and
co-workers developed NPs with NIR emission promoted by WP[5]

Mater. Chem. Front., 2019, 3, 1973-1993 | 1987
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in aqueous media (Fig. 20).""” Cyanostilbene derivatives showed
special fluorescent properties, which absorbed intensely in the
visible region and emitted strongly in the range from red to NIR.
In this work, they used the cyanostilbene derivative G16 as a
building block in the fabrication of NIR emitting NPs. G16 alone
is amphiphilic and can self-assemble into nanoribbons due to n—-
n stacking and hydrophobic interactions, exhibiting weak emis-
sion in aqueous media. The nanoribbons transformed into NPs
in the presence of WP5b due to the formation of the WP5b o
G16 host-guest complex. The K, value of WP5b and the model
guest G17 was determined to be (1.75 + 0.21) x 10° M~ by ITC.
The obtained NPs exhibited strong NIR fluorescence due to the
host—guest complexation-enhanced aggregation. MTT assays
exhibited that the cell viability (HeLa cells and bEnd.3 cells) of
G16 was lower than that of WP5b > G16, indicating that the
formation of NPs reduced the cytotoxicity of G16. Furthermore,
the NPs were used as an imaging agent for cells because of their
NIR emission property. Both bEnd.3 cells and HeLa cells incu-
bated with such nanocarriers showed enhanced red fluorescence
inside the cytoplasm of cells. This study demonstrated that
WP[n]-based supra-amphiphiles had great potential in biological
science, such as cellular imaging.

5.2 WP[n]-based nanocarriers for artificial light harvesting
(ALH)

Inspired by the effectiveness of photosynthesis, the construc-
tion of an ALH system is becoming a promising research field.

1988 | Mater. Chem. Front., 2019, 3, 1973-1993

In 2016, Diao and co-workers prepared light-harvesting
antenna complexes by using WP[5] and p-carotene.''® In
2018, Yang and co-workers fabricated supramolecular polymers
based on pillar[5]arene, which could further form ALH NPs.""°
More recently, Hu, Wang and co-workers constructed a new
ALH system in an aqueous solution by employing WP6a
(Fig. 21).*° In particular, this system was self-assembled from
WP6a, a salicylaldehyde azine derivative guest (G18), and two
fluorescent dyes, Eosin Y (ESY) or Nile Red (NiR). Guest G18 is
strongly emissive when aggregated. In this study, G18 com-
plexed with WP6a through host-guest recognition and further
formed NPs by hydrophobic interaction. Notably, WP6a not
only dramatically lowered the CAC of G18 but also remarkably
improved the AIE of the guest. The CAC of the guest was
decreased by at least 28-fold and the fluorescence intensity
was enhanced 30 times, upon addition of WP6a. These NPs
served as a donor for the ALH systems, while the hydrophobic
dye NiR or ESY played the role of acceptors that were located in
the hydrophobic interior of the nanocarriers. The fluorescence
decay profile exhibited that energy transfer occurred between
the supra-amphiphile and both ESY and NiR fluorophores.
When excited at 365 nm, the fluorescence at 513 nm of
WP6a O G18 decreased. Interestingly, the fluorescence at
619 nm (NiR) increased. It should be noted that the emission
of free NiR was very weak when irradiated at 365 nm. Further
investigations exhibited that ESY acted as a good acceptor.
Appealingly, the maximal antenna effects were calculated to be

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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28.0 for ESY and 25.4 for NiR, demonstrating that such NPs are
excellent ALH antennas in aqueous media. This investigation
provided an excellent artificial light harvesting system for
mimicking photosynthesis.

5.3 WP[n]-based nanocarriers for anti-counterfeiting inks

The use of optical nanomaterials to develop anti-counterfeiting
technology has attracted more and more attention. In 2018,
Hu, Jiang, Wang and co-workers reported full-color tunable
fluorescent supramolecular nanocarriers that could be used as
anti-counterfeiting inks (Fig. 22)."*" Three types of copolymers
were synthesized, namely polyfluorene (PF) containing dithienyl-
benzothiadiazole (DBT) blocks (G19), poly(fluorene-thienylene)
(G20), and poly(fluorenephenylene) (G21). Notably, all of the
polymer guests contain trimethylammonium units in the chains,
which can bind with WP5a via host-guest interactions. Interest-
ingly, WP5a > G19, WP5a O G20, and WP5a O G21 produced
single-band red, green, and blue fluorescence, respectively.
Therefore, white-light was accessed by mixing WP5a with the
three types of guest polymers in a special ratio. Morphology
studies showed that all of these host-guest complexes formed
NPs. Photo-responsive vesicles were constructed by the encapsu-
lation of the dithienylethene derivative (DE) into the NPs. Sub-
sequently, the fluorescence of the nanocarriers was quenched
upon UV irradiation and recovered upon visible light irradiation,
owing to FRET between the copolymer and the acceptor.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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of the self-assembled aqueous ALH systems. Reproduced with permission
from ref. 120. Copyright 2018, Wiley Publishers.

Moreover, a chemiluminescent material could be achieved by
using a compound abbreviated as CPPO (Fig. 22) as a donor. As a
result, the obtained materials can be employed as inks for
potential anti-counterfeiting technology. Moreover, this work
offered a novel strategy for protecting information by developing
fluorescent dynamic nanomaterials based on WP[#]s.

Conclusions and perspectives

In summary, recent developments of stimuli-responsive supra-
molecular nanocarriers constructed from WP[n] have been
reviewed. Preparation of these functional nanocarriers is generally
straightforward. Two steps are usually required: (1) formation of
supra-amphiphiles from a WP[n] and a hydrophobic guest via
host-guest recognition; (2) self-assembly of supra-amphiphiles to
form nanocarriers driven by hydrophobic interaction in aqueous
media. Due to various functionalities of WP[n] and selected guest
molecules, different supramolecular nanocarriers have been
developed, including micelles, vesicles, and other types of NPs.
More importantly, the intrinsic stimuli-responsive behaviors of
WP[n] and/or guest species may endow the resultant nanocarriers
with different responsiveness toward external stimuli, such as
pH, redox, light, GSH, and other chemical/physical stimuli,
which has significantly expanded the applications of WP[n]-
based nanocarriers in many areas. In this review, we mainly
described the potential applications of these nanocarriers
in drug/gene/protein delivery, photodynamic/photothermal
therapy, and optical materials.

Although many potential applications of supramolecular
nanocarriers based on WP[n] have been demonstrated in recent
years with significant progress, there are still many challenges
that scientists in this research area are facing. For instance, a
more practical platform that can be applied in the real world is

Mater. Chem. Front., 2019, 3, 1973-1993 | 1989
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still lacking. Here are a few points to tackle this issue: (1) in the
future, supramolecular chemists may need more collaborations
with computational chemists, material scientists, biologists, and
clinicians in order to understand the real-world needs, and design
and build suitable supramolecular nanocarriers geared for such
needs; (2) for WP[n]-based nanocarriers used as potential DDSs,
their systemic biocompatibility study in a mammal model via
different administration routes (e.g. i.v., i.p., oral) is still missing.
In particular, maximum tolerable dose (MTD) values need to be
well defined in order to potentially translate these studies to large
animal models or even clinical trials; (3) the study of combination
therapy of WP[n]-based nanocarriers is still in its infancy. In
addition to chemotherapy, PDT or PIT of WP[n]-based nanocar-
riers can also be combined with magnetic hyperthermia therapy
(MHT), immunotherapy, radiotherapy, or ultrasound therapy, for
better treatment for cancer or diabetes; (4) the exploitation of
WP[n]-based nanocarriers as optical materials is still at the begin-
ning stage. It is anticipated that more and more highly efficient
optical materials, such as artificial light harvesting systems, will
be developed in the future; (5) nanocarriers constructed from
supra-amphiphiles based on other extended macrocyclic arenes,
such as water-soluble derivatives of biphen[n]Jarenes'**"** and
oxatub[4]arenes,"*>*” might also be of interest to this research

1990 | Mater. Chem. Front., 2019, 3, 1973-1993

area. It is noteworthy that a water-soluble oxatub[4]arene has been
prepared by Jiang and co-workers.'?*

As functional materials with potential applications in bio-
medical sciences, environmental sciences and energy are
important research areas that scientists have pursued inten-
sively. The practical applications of nanocarriers based on
WP[n] in these aspects should continue be trendy research
directions in the next decade. There is no doubt that further
progress will be realized in these described fields due to the
outstanding properties of WP[n]s that have been discussed in
this current review. Therefore, it can be expected that human
society might greatly benefit from supramolecular nanocarriers,
including those based on WP[n]s, in the next few decades.
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