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1 | INTRODUCTION

Jingxin Shao

| Loai K. E. A. Abdelmohsen | Jan C. M. van Hest

Abstract

Aggregation-induced emission (AIE) is a phenomenon in which fluorescence
is enhanced rather than quenched upon molecular assembly. AIE fluorogens
(AlEgens) are flexible, conjugated systems that are limited in their dynamics when
assembled, which improves their fluorescent properties. This intriguing feature has
been incorporated in many different molecular assemblies and has been extended
to nanoparticles composed of amphiphilic polymer building blocks. The integration
of the fascinating AIE design principle with versatile polymer chemistry opens up
new frontiers to approach and solve intrinsic obstacles of conventional fluorescent
materials in nanoscience, including the aggregation-caused quenching effect.
Furthermore, this integration has drawn significant attention from the nanomedicine
community, due to the additional advantages of nanoparticles comprising AIEgenic
molecules, such as emission brightness and fluorescence stability. In this regard, a
range of AIEgenic amphiphilic polymers have been developed, displaying enhanced
emission in the self-assembly/aggregated state. AIEgenic assemblies are regarded
as attractive nanomaterials with inherent fluorescence, which display promising
features in a biomedical context, for instance in biosensing, cell/tissue imaging and
tracking, as well as (photo) therapeutics. In this review, we describe recent strategies
for the design and synthesis of novel types of AlEgenic amphiphilic polymers
via facile approaches including direct conjugation to natural/synthetic polymers,
polymerization, post-polymerization and supramolecular host—guest interactions.
Their self-assembly behavior and biomedical potential will be discussed.

KEYWORDS
aggregation-induced emission, amphiphilic polymers, biomedical applications, nanomotors, supramolec-
ular self-assembly

particles for prolonged periods.!”! In addition, the emissive
moieties after self-assembly or physical encapsulation in the

The incorporation of fluorescent properties in nanoparti-
cles is useful for a wide variety of biological applications,
such as in vivo tracking, monitoring bio-distribution and
cell/tissue imaging.' ! Traditionally, fluorescence is intro-
duced by utilizing conventional dyes, such as porphyrins,
boron dipyrromethene (BODIPY), fluorescein isothiocyanate
(FITC) and cyanine imaging agents.!*~ ! Whilst frequently
used, these conventional luminogens however are recog-
nized to suffer from several drawbacks. Dye leakage is
often observed for non-covalently functionalized particles,
although this can be solved by chemical conjugation.[”®]
Bleaching is also often encountered, which is a more fun-
damental problem and makes it difficult to precisely track the

nanoparticles have a strong tendency to aggregate together,
because of the hydrophobic interactions and intensive 7-7
stacking, resulting in the formation of H-type aggregates.!'"]
This in turn strongly quenches their emission, resulting in the
aggregation-caused quenching (ACQ) effect.l!'~?] Only in
the case that the embedded luminogens are isolated, these
dyes become intensely fluorescent. This is often only pos-
sible upon release of the fluorophores or dissociation of the
particles.['3] However, this makes it difficult to track and col-
lect the information of the initial nanoparticles, as well as
to evaluate their bio-distribution profile in a precise man-
ner. Generally, additional chemistry is required to prevent
the ACQ effect of functional luminogens. This is especially
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relevant when the photochemical features are exploited in
a therapeutic setting, as for example is the case with pho-
todynamic therapy (PDT).['*~1%] Here, upon irradiation, the
excited fluorophores can transfer their energy to oxygen, cre-
ating reactive singlet oxygen species (ROS). The ACQ effect
strongly diminishes the therapeutic efficacy of this process
and therefore needs to be omitted. For instance, to reduce the
ACQ effect of porphyrin moieties and achieve a satisfying
therapeutic performance, Zhang et al. installed a polyhedral
oligomeric silsesquioxane unit on the backbone of porphyrin-
based amphiphilic polymers in an alternating fashion.!!”]
This provided a steric effect that inhibited the 7-7 stack-
ing of the functional photosensitizer, providing a strategy to
enhance the PDT efficacy.

A strategy that circumvents the abovementioned draw-
backs in a facile manner is to incorporate a special class of
luminogens with the feature of aggregation-induced emis-
sion (AIEgen) into the polymer building blocks.['*?!! Gen-
erally, AIEgenic molecules are dynamic structures with rotor-
like features, which transfer the excitation energy after acti-
vation via non-radiative decay in the molecular state.[>?~24]
Thus, AlEgenic compounds are typically non-emissive in
the molecular state, for example, when solubilized in sol-
vents like dimethyl sulfoxide (DMSO) and tetrahydrofuran
(THF).I'®] Upon aggregation or assembly, restriction of rota-
tion leads to a reduced non-radiative energy dissipation of
the AlEgenic molecules, resulting in a bright and stable
emission.[?>! In addition, the close intermolecular 7-77 stack-
ing interactions are also reduced because of the non-planar
molecular structure of the AIE molecules, which contributes
to a further increase in emission intensity.[>°! In this case,
the AIE compounds exhibit high emission efficiency when a
high concentration of AIE molecules is aggregated, due to
the restriction of the intramolecular motion effect. In addi-
tion, compared to ACQ fluorophores, AIE emission produces
less heat, due to the reduced non-radiative energy dissipa-
tion. This makes them more resistant to photobleaching than
a single fluorophore molecule (e.g., in the ACQ dyes).[>’-28]
Combined with their anti-photo-bleaching capacity, the
excellent optical properties of AlEgenic compounds make
them an ideal candidate to be used in the construction of
functional nanomaterials that can be used in different fields
such as fluorescent sensors, emissive probes, bioimaging
and therapeutic applications.[””3?] To ensure the functional
AlEgenic aggregates can be applied in a biomedical setting
in the desired way, several requirements need to be fulfilled,
for instance, biological safety, stability under physiological
conditions, biocompatibility and biodegradability.!*-33-341 A
wide range of AlEgenic nanoparticles have been constructed
that optimally benefit from the intrinsic fluorescence and that
show biomedical potential.[*>—37]

In recent years, AIEgenic molecules have been incorpo-
rated into amphiphilic polymers, which have been used as
building blocks for assembly into nanoparticles.[*”**] The
versatile nature of polymer chemistry has enabled the robust
incorporation of AlEgens in a range of manners to afford
various functional polymeric architectures.[**~*7]" AIEgenic
moieties are usually utilized as hydrophobic moieties,
which can be conjugated to natural/synthetic hydrophilic
polymers; they are also incorporated in the hydropho-
bic domain of amphiphilic block copolymers or tagged to
the hydrophobic chain end.[’*#%-5%1 The incorporation of

AlEgens into amphiphilic polymers can also be realized by
non-covalent supramolecular host-guest interactions.[>'~>3]
AlEgenic amphiphilic polymers, upon self-assembly in
an aqueous medium, yield nanosized, bright fluorescent
nanoparticles. Their intrinsic fluorescence and tuneable emis-
sion allow AlEgenic aggregates to be widely used in track-
ing and imaging of many biological events, from in vivo bio-
distribution and cellular internalization, to drug release.[7*%!
Their intrinsic fluorescence is furthermore also employed
more actively in therapeutic modalities such as PDT and pho-
tothermal therapy (PTT).[>7-0]

In addition, the chemical versatility of block copoly-
mers in combination with the potent AIEgenic technol-
ogy allows much freedom in molecular design.[°'~%*] This
enables the creation of tailor-made AlIEgenic aggregates,
with control over their physicochemical properties in a facile
manner, concerning size, shape, morphology, flexibility, sur-
face chemistry (for instance charge and site-targeting lig-
ands) and stability (including both disassembly kinetics and
stimuli-responsive pathways).[~701 Co-assembly strategies
increase the variety in AIEgenic assemblies even further.!>"]
In this review, we mainly cover the topic of amphiphilic
polymeric self-assemblies with AIE properties and sum-
marize the recent progress in their design, synthesis, self-
assembly, fluorescent behavior and biomedical applications.
Rather than being comprehensive, we have limited ourselves
to amphiphilic AIEgenic polymeric systems in which the
AlEgen has become an integral part of the polymer build-
ing blocks; fully conjugated polymers or physical entrapment
of AlEgens in polymer particles are beyond the scope of this
review. We will start with highlighting the current progress of
engineering novel types of AlEgenic amphiphilic polymers,
illustrate it with selected examples (Figure 1) and end with
a perspective on how AIE and amphiphilic polymers could
be merged synergistically for a new generation of functional
particles in nanomedicine.

2 | CONSTRUCTION OF AMPHIPHILIC
POLYMER-BASED AIEGENIC
AGGREGATES

AlEgenic molecules are chemically versatile moieties that
offer many sites for modification.[”**!~#?] In this regard, a
range of different strategies have been developed to pre-
pare amphiphilic polymers bearing AIE moieties. In this sec-
tion, we highlight current approaches for the fabrication of
amphiphilic polymers to which AIEgens are attached. We
will first describe strategies in which the AIEgens are chemi-
cally conjugated to the polymers. Subsequently, we will dis-
cuss supramolecular designs. In the final part of this section,
we will focus on how these building blocks are assembled
into well-defined nanoparticles.

2.1 | Synthesis of AIEgenic polymeric
amphiphiles

A common approach to prepare amphiphilic AlEgenic
polymers is by directly conjugating them to hydrophilic
synthetic polymers or natural polymers such as
polysaccharides.[*®#%7!1 Polysaccharides are well-known
for their involvement in a wide range of biological
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processes; they also display accessible functional moieties,
which make them ideal candidates for modification reac-
tions with AlEgens to create biocompatible/biodegradable
polymeric nanoparticles with diverse architectures, reactivity
and functions.”>"7>1 For instance, Tang et al. synthesized a
polymeric fluorogenic probe by attaching a large number of
tetraphenylethene (TPE) moieties to chitosan (CS).7%! This
was achieved via the efficient ITC-amino chemistry, which
allowed a high degree of labelling (Figure 2A). A flexible
methylene spacer was inserted between the TPE phenyl ring
and the ITC group. This rendered the ITC tagged TPE with
higher activity, as compared to the conventionally used FITC,
which allowed for more TPE labels per CS chain. Further-
more, it decoupled the AlEgen from the polymer backbone,
which prevented any detrimental effects caused by possible
electronic interactions and steric hindrance on the spectral
features of the AIEgen. The TPE-ITC compound displayed
strong emission in its solid or aggregated state in solution
(Figure 2B). Unlike conventional FITC-conjugated CS (of
which the emission is quenched upon increasing degrees
of labelling due to the ACQ effect), the TPE-CS conjugate
displayed a boosted emission as a consequence of the unique
AlIE effect (Figure 2C). The solubility of such TPE—CS
conjugates in aqueous medium was very low, resulting in
aggregates that displayed high fluorescence levels.

Besides the efficient ITC-amino chemistry that has
been widely used in the preparation of functional
AlEgenic materials, condensation reactions between car-
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Typical design and chemical structures of different amphiphilic AIEgenic polymers

boxylic groups and amino/hydroxyl moieties,!”’~ 78] Schiff
base,!”’! hydrazone!®"8!! and various “click chemistry”
methods!#>#3] have also been employed as facile and robust
approaches to functionalize natural/synthetic polymers with
hydrophobic AIE moieties. These approaches do not only
allow conjugation of AIE groups in a controlled manner,
but also enable the engineering of stimuli-responsive aggre-
gates that change their properties upon exposure to external
triggers such as pH, temperature and enzyme-mediated
hydrolysis.[**-#0] An interesting example is the pH-sensitive
zwitterionic copolymer bearing AIE active TPE moieties
reported by Jin et al. (Figure 2D).13!] This polymer was
prepared in two steps: The first step was the synthesis
of poly(2-methacryloyloxyethyl phosphorylcholine-co-2-
(4-formylphenoxy) ethyl methacrylate) (poly(MPC-co-
FPEMA)) via reversible addition-fragmentation chain-
transfer (RAFT) polymerization, followed by conjugating
TPE to poly(MPC-co-FPEMA) via acid-cleavable hydrazone
bonds. The assembly of these copolymers was realized
via a dialysis method, in which the Milli-Q water was
dropwise added to the polymer dissolved in THF and
DMSO. After extensive dialysis to remove the organic
solvents, the resulting spherical polymeric micelles with
an average size ~200 nm were capable of being effec-
tively loaded with hydrophobic drugs through hydrophobic
and 7-7 interactions.*>%7-88] Combining the non-fouling
properties of the zwitterionic surface, AIE active imaging
and pH responsiveness, the prepared spherical polymeric
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FIGURE 2 (A) Synthetic scheme towards aggregation-induced emission (AIE)-active chitosan-based bio-conjugates via isothiocyanate-amino chemistry.

(B) The building block tetraphenylethene (TPE)-ITC, used for bio-conjugation, displays typical AIE features, as it is not emissive in the dissolved state, in
tetrahydrofuran (THF), and increases its emission intensity with the increasing amounts of water. This is in contrast to the conventional fluorogen fluorescein
isothiocyanate (FITC) which is quenched in the solid-state. (C) With increased labelling of chitosan with FITC or TPE-ITC, FITC labelling displays diminished
emission, whereas the AIEgenic TPE conjugates display enhanced emission because of a further restricted intramolecular rotation. Reproduced from Ref.
[76] with permission, Copyright 2013, American Chemical Society. (D) Synthetic scheme of poly(MPC-co-FPEMA) via a reversible addition-fragmentation
chain-transfer (RAFT) polymerization approach, which allows post-polymerization with a TPE unit to generate AlEgenic particles with pH-responsiveness.
Reproduced from Ref. [81] with permission: Copyright 2016, American Chemical Society. (E) Schematic showing the preparation of AIEgenic nanoparticles
via an emulsion polymerization, which results in fluorescent particles. Reproduced from Ref. [94] with permission, Copyright 2016, the Royal Society of
Chemistry. (F-H) Synthesis of amphiphilic polymers with AIEgenic monomers via RAFT polymerization, which self-assemble into spherical particles that
display enhanced emission in aqueous medium compared to methanol. Reproduced from Ref. [95] with permission, Copyright 2016, the Royal Society of

Chemistry

nanoparticles displayed capacity for tracking and controlled
drug release in a tumour microenvironment.

Besides the abovementioned post-polymerization modifi-
cation reactions, copolymerization of AIEgenic monomers
can also be employed to incorporate this functionality into
polymer structures. The recent advances in a number of
controlled polymerization approaches allow the prepara-
tion of tailored and precise amphiphilic copolymers with
controlled molecular weight, polydispersity index (P) and
well-defined compositions.[3*~3] Polymerization of an AIE
active monomer into a hydrophobic block has become
an attractive strategy to embed AlEgens in the polymer
structure to generate well-defined AlEgenic amphiphilic
polymers.[?841=42] Radical copolymerization can easily be
achieved with vinyl group-tagged AIEgenic monomers.!*"]
For example, Wen et al. have developed an effective strat-

egy to prepare AlEgenic nanoparticles via emulsion poly-
merization, through one-step copolymerization of an AIE
monomer with styrene and acrylic acid in the presence of
a surfactant (sodium dodecyl sulfate) and initiator (ammo-
nium persulfate) in an aqueous solution (Figure 2E).[°*! The
resultant amphiphilic AIEgenic polymers spontaneously self-
assembled into ca. 200 nm spherical particles after poly-
merization due to hydrophobic interactions; such nanoparti-
cles displayed uniform morphology, high water dispersibility
and excellent biocompatibility. Besides, the presence of car-
boxyl groups also allowed for further surface modification.
The same research group reported another synthesis route
based on RAFT polymerization of an AlEgenic monomer
with poly(ethylene glycol monomethacrylate) (PEGMMA)
(Figure 2F).I%°] This yielded AIEgenic amphiphilic block-
polymers with well-controlled macromolecular weight (M,,)
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be controlled by changing the copolymer composition. Reproduced from Ref. [115] with permission, Copyright 2018, American Chemical Society

ranging from 17 to 24 kDa, and narrow D of ca. 1.1.
The resultant polymers were readily self-assembled in
pure aqueous solution due to their amphiphilic properties,
which yielded spherical nanoparticles with a size range
from 100-200 nm with strong fluorescence (Figure 2G,H);
these nanoparticles were effectively utilized in cell imag-
ing. Copolymerization strategies with other functional AIE
monomers have also been reported by a number of research
groups.[70-81

In order to apply AlEgenic polymeric aggregates in a
biomedical setting, a number of requirements involving
minimal toxicity and efficient clearance in vivo should be
met.3*9971001 Tn this regard, amphiphilic polymers with
inherent biodegradability are of interest.[®!01-194] Synthetic
polypeptides are recognized as suitable candidates to prepare
well-defined polymeric aggregates, providing several advan-
tages including excellent biocompatibility, degradability
and low cytotoxicity.!'>>! In 2019, Li et al. developed an
approach to synthesize biodegradable AIEgenic polypep-
tides, based on the ring-opening polymerization (ROP) of
N-substituted glycine N-thiocarboxyanhydride monomers
(Figure 3A). Such ROP reaction was followed by chemical
modification of the polymer through a thiol-ene radical addi-
tion reaction with mercaptoacetic acid to prepare carboxyl
functionalized polypeptides.!'’°! Thereafter, AIE lumino-
gens (e.g., TPEs) were attached to the polymer backbone via
esterification-based post-polymerization. Self-assembly of
the AlEgenic polymer was realized via a nanoprecipitation
method with DMF/water as the co-solvent and a slow water
addition process to induce polymer self-assembly in a more
controlled way. The hydrophilic weight ratios of the block-
co-polymers were able to be finely tuned (ranging from
18 to 38%), enabling the formation of particles with varied
morphologies such as micelles and polymersomes. The resul-

tant polypeptide-based polymeric aggregates had inherent
low cytotoxicity and displayed strong AIE fluorescence in
aqueous solution.

A versatile class of biodegradable copolymers for the engi-
neering of amphiphilic polymeric aggregates with AIE fea-
tures is based on poly(ethylene glycol)-poly(trimethylene
carbonate) (PEG-PTMC).['07-108] The flexible PTMC and
its copolymer derivatives are biocompatible and degrad-
able and have appealing applications in the field of
nanomedicine.!'"’] Unlike conventional polyesters, which
produce acidic by-products after degradation, PTMC is rec-
ognized to have a unique degradation behavior, with resis-
tance to non-enzymatic hydrolysis and non-acidic degrada-
tion by-products.l''-1""1 PTMC copolymers can be readily
synthesized with a high level of control over polymer molec-
ular weight, dispersity and end-group functionality via ROP
of TMC-based monomers, using either organometallic cata-
lysts or organic (acid/base) catalysts.['!?! In addition, these
copolymers are compelling for the construction of a range
of polymer assemblies with controlled architectures.!'!3114]
For instance, in 2018, Li et al. developed a strategy to syn-
thesize a series of amphiphilic AIEgenic block copolymers
with well-defined compositions, via polymerizing a TPE cou-
pled TMC monomer, using PEG,45-OH as the macro-initiator
and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as catalyst
(Figure 3B).['!5] The integrated TPE moieties endowed the
resulting polymers with obvious AIE characteristics: They
were non-emissive in the dissolved state (e.g., in THF
or dioxane solution), but the fluorescence was drastically
increased upon aggregation or self-assembly. The forma-
tion of AIEgenic polymersomes was achieved via a solvent-
switch method, in which water was slowly added into a
polymer THF/dioxane solution, followed by an extensive
dialysis process. The enhanced emission was associated
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with the formation of vesicular aggregates that inhibit the
intramolecular rotation of the TPE moieties. Importantly, the
controlled ROP enabled fine-tuning of the hydrophilic and
hydrophobic fractions, allowing control over their aggrega-
tion behavior and the size of the particles formed. With
a decreased hydrophobic fraction, the average size of the
spherical polymer vesicles, or polymersomes became smaller
(from 450, 250 and 90 nm to 70 nm). Such ability to manip-
ulate the physicochemical properties (e.g., size in this case)
of the fluorescent polymersomes provides a structural base to
optimize their behavior in a biological setting (such as in vivo
circulation and cellular uptake).

In 2021, our group incorporated AlEgenic features in
PTMC copolymers with a high density (>60 wt%) of a
second-generation AIE functionality.!!'®! Unlike the early
reported AIE compounds which only displayed solely emis-
sive functionality, the second-generation here referred to are
AIE molecules that can also be employed actively in ther-
apies that rely on photochemical processes, such as PDT
and PTT. This was achieved by polymerization of pentaflu-
orophenyl derivatives of TMC to generate well-defined
polymers that were modified (post-polymerization) with an
amine-containing AIEgenic compound comprising both TPE
and dicyanovinyl moieties. After self-assembly via a solvent-
switch method, the prepared spherical polymersomes were
effectively utilized in photosensitization and PDT. To equip
AlEgenic aggregates with active targeting and enhance their
biomedical utility, the same authors developed amphiphilic
block copolymers composed of poly (ethylene glycol)-
block-poly(caprolactone-gradient-TMC) (PEG-PCLgTMC),
with a terminal block of tetraphenylethylene (TPE) pyri-
dinium modified PTMC as a functional unit (PAIE).[!17]
This was achieved via a nucleophilic substitution-based post-
polymerization. Whereas the TPE moiety provided PDT
capacity to the polymer particles, the pyridinium group
enabled the targeting of the mitochondria to enhance thera-
peutic performance.

2.2 | Host-guest engineering of AIEgenic
supra-amphiphiles

Progress in the fabrication of AIEgenic amphiphilic polymers
is primarily based on the covalent connection of AIE motifs
and polymeric systems. Non-covalent supramolecular strate-
gies utilizing host-guest interactions, employing macrocyclic
molecules (such as crown ethers, cyclodextrins, calixarenes,
cucurbits [CBs] and pillararenes), have emerged as alter-
native approaches to engineer AIEgenic aggregates.!!!8-123]
Supramolecular complexation is an appealing engineering
strategy for the construction of self-assembled, nanostruc-
tured materials, by allowing facile integration of func-
tional elements without the need of multiple synthesis
steps and complex purification processes.|'?°"1?8] In gen-
eral, non-covalent bonds are inherently dynamic, and as
such, the resultant supramolecular architectures can be
readily equipped with stimuli-responsive features.[!>%130]
For instance, Sessler et al. developed a bola-type supra-
amphiphile via supramolecular complexation between a
water-soluble calix[4]pyrrole and a ditopic pyridine N-oxide
derivative in aqueous media.l'*!! The host-guest interaction
resulted in supramolecular self-assemblies with various mor-

phologies, including multi-lamellar vesicles and micelles;
both of which were responsive to pH and chemical competi-
tors. Due to the aggregation, the resultant supra-amphiphile
exhibited strong fluorescence in aqueous solutions, which
allowed it to be applied for molecular recognition and con-
trolled release studies.

Huang et al. constructed a pillararene-based AlEgenic
amphiphilic supramolecular brush copolymer, utilizing the
host-guest recognition between pillar[5]arene, pillar[S]arene
with biotin modification and a 4,4’-bi-pyridinium tagged
and TPE conjugated co-polymer, driven by charge trans-
fer and hydrophobic interactions (Figure 4A).['??1 The
amphiphilic supramolecular brush copolymer was wrapped
into core-shell structured nanoparticles, which were uti-
lized as a self-imaging drug delivery vehicle by taking
advantage of the self-assembly induced emission effect.
The aromatic interaction between the AlEgenic group and
anticancer drugs such as doxorubicin (DOX) also enabled
a desirable level of encapsulation. Chen et al. developed
an amphiphilic AIEgenic supramolecular brush copoly-
mer based on CB[8]uril (CB[8]), poly-TPE modified with
viologen moieties and PEGylated naphthol, employing the
CB[8]-based ternary host—guest molecular recognition in
an aqueous medium (Figure 4B).I'*?] Due to the instability
of viologen in the presence of reducing agents or in low
pH environments, the supramolecular host-guest interaction
resulted in AIEgenic polymeric nanoparticles that were sen-
sitive to the intracellular environment, allowing controlled
release at the site of the target. Huang et al. fabricated
functional fluorescent polymeric aggregates and investigated
the influence of the aggregation morphology via host-
guest-based supramolecular self-assembly (Figure 4C).[133]
The fluorescent system was realized via a supramolecular
graft strategy, based on a hydrophobic block consisting of
polystyrene with pendent TPE moieties and paraquat units
as a supramolecular guest group and a hydrophilic polymer
composed of water-soluble poly(ethylene oxide) (PEO)
terminated with a bis-(m-phenylene)-32-crown-10 unit con-
taining two carboxy groups as host moiety. By adjusting the
hydrophilic proportion, the supramolecular self-assembly
yielded different aggregation morphologies, such as vesicles,
wormlike micelles and spherical micelles (Figure 4C). In
addition, the crown-paraquat recognition also induced pH-
responsiveness, which could be utilized to realize controlled
release of encapsulated drugs at specific tissues sites. The
above results demonstrate that supramolecular engineer-
ing of AlEgenic nanoplatforms via host-guest interactions
holds the capacity for developing advanced drug delivery
systems.

2.3 | Morphology engineering of AIEgenic
polymeric assemblies

Several well-defined morphologies such as spherical
micelles, cylindrical micelles, lamellae, bilayer vesicles
and inverse mesophases are formed as a result of the self-
assembly of amphiphilic block copolymers in aqueous
solutions.[3*-138] The formation of such architectures is
mainly driven by hydration of the hydrophilic blocks and
interactions between the hydrophobic blocks to decrease the
interfacial area and free energy.[*:'3°1 Typically, both the
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size and morphology of the nanoparticles can be fine-tuned
by modifying the constituent building blocks and fabrication
methods.[*?-14!T Morphology engineering of polymeric
self-assemblies has emerged to yield a class of materials
that can be used in medical devices and drug delivery
systems.!!#>~144] In this context, AIEgenic aggregates based
on amphiphilic polymers are very attractive.[*":!*>] Mor-
phology engineering of AIEgenic assemblies for biomedical
applications represents a challenge, due to their complex
molecular structure. The ability of such AIEgenic aggregates
to adopt a range of different morphologies, which could
provide highly suitable candidates for nanomedicine applica-
tions, has been explored in recent years.['**~1%8] Yuan et al.
developed a strategy to control the size and morphology of
AlEgenic assemblies by changing the ratio of the incorpo-
rated components, including poly(N,N-dimethylaminoethyl
methacrylate (PDMA), poly(benzyl methacrylate) (PBzMA)
and poly(TPE) (PTPE) during RAFT dispersion copolymer-
ization (Figure 5A).['*°1 A series of AIE-active polymeric

assemblies including micelles, worms and vesicles were pre-
pared via a polymerization-induced self-assembly approach
in the presence of macro-chain-transfer agents. Initially,
AlE-active micelles were formed with a lower percentage
of BZMA-TPE blocks, in which the size of the particles
was varied between 36 nm and 150 nm, by changing the
length of the PDMA chain. With an increased hydrophobic
BzMA-TPE block ratio, wormlike micelles, and vesicles
were formed, which could be ascribed to the reduced hydro-
dynamic volume of the hydrophilic domain and the increased
hydrophobic interactions (Figure 5B). In addition, the nanos-
tructures displayed a morphological structure-correlated
optical property, in which the fluorescence emission intensity
at 480 nm of the AIE-vesicles was demonstrated to be higher
than that of the other morphologies, including nanoworms
and micelles (Figure 5C). The increased AIE emission could
be related to the tightened chain packing and enhanced
confinement of the embedded AlEgens in the hydrophobic
core.
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FIGURE 5 (A) Aggregation-induced emission (AIE)-based assemblies via polymerization-induced self-assembly (PISA), which results in a variety
of morphologies depending on the feed of the monomers; (B) characterization of the different morphologies via transmission electron microscopy (TEM).
(C) The photophysical behavior of AIE-based assemblies with different degrees of polymerization of BZMA and TPE. Reproduced from Ref. [149] with
permission, Copyright 2017 American Chemical Society. (D) Synthetic procedure for the preparation of the CO,-responsive amphiphilic block copolymer
PEG-b-P((diethylamino)ethyl methacrylate [DEAEMA]-co-TPE functionalized methacrylate [TPEMAY]). (E) The self-assembly of the AIEgenic amphiphilic
block copolymer results in a vesicular morphology, as characterized with cryo-transmission electron microscopy (TEM), which displays intensive emission
upon Ultraviolet (UV)-irradiation; (F) Upon CO, treatment, the polymeric self-assemblies undergo a transition to the micellar state, which can be reversed by

treatment with Ar. Reproduced from Ref. [150] with permission, Copyright 2019,

Li et al. developed CO,-responsive AlEgenic polymer-
somes constructed through nanoprecipitation of amphiphilic
block copolymers in THF/water and dioxane/water
systems.!'°?] The block copolymers were composed of
PEG as the hydrophilic block and a copolymer of TPE func-
tionalized methacrylate (TPEMA) and 2-(diethylamino)ethyl
methacrylate (DEAEMA) as the hydrophobic block (Fig-
ure 5D). The polymersomes were prepared by a solvent-
switch method, which resulted in bright fluorescent self-
assemblies with intrinsic self-assembly induced emission
(Aem = 480 nm) (Figure 5E). Moreover, such polymersomes
displayed CO, responsiveness, in which CO, bubbling
into the AIE-polymersome solution resulted in a morphol-
ogy transition from large spherical vesicles into smaller
spherical micelles. This was attributed to the increased
protonation of the PDEAEMA block, which led to a higher
hydrophilic volume fraction and thus changed the polymer
chain packing and self-assembly pathway (Figure 5F). Argon
bubbling diminished the protonation effect, and, in turn, the
particle morphology was restored to vesicles. The stimulus-
responsiveness and morphology transition potential of this
type of AlEgenic assemblies was utilized for applications as
nanoreactors and controlled release systems. A limitation of
this design was the non-biodegradable nature of the building
blocks, as well as the short-wavelength emission and respon-
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siveness to non-biological-related cues, which could hinder
its in vivo applications.

3 | BIOLOGICAL APPLICATIONS OF
AMPHIPHILIC AIEGEN-POLYMER
AGGREGATES

Compared to small molecular AIE agents, amphiphilic
AlEgen-polymer aggregates integrate the advantages of poly-
meric materials (that is, structural/functional diversity) with
the specific features of AIE luminogens (that is, photo-
stability), which make these nanomaterials of interest for
biomedical applications.?*3>!>11 In this section, we sum-
marize and discuss the recent developments in applying
amphiphilic AIEgen-polymer aggregates for (i) biosensing /
bio-imaging / bio-tracking, (ii) drug delivery and theranostics
and (iii) biomedical nanomotors.

3.1 | Biosensing, bio-imaging and
bio-tracking

AlEgens are able to overcome the ACQ effect of tradi-
tional fluorophores and as such, AlEgenic nanocomplexes
are widely used as probes and sensors for biosensing,
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bio-imaging and bio-tracking.!'>?! Generally, AIEgens are

hydrophobic, with poor solubility in aqueous and bio-
logical media. This issue was overcome by encapsulat-
ing them within lipid structures to enhance their water
solubility.! !53] Integration of AIEgens in amphiphilic poly-
mer assemblies was recognized as an alternative effec-
tive strategy.[38-39-2:134-156]' ATEgenic polymers, upon self-
assembly, have been found to exhibit higher stability and
durability than physically encapsulated AIEgens.[*!!*3] In
addition, the resulting nanoparticles can be created in a
range of different morphologies, with modifiable surfaces and
enhanced biosafety.! 7]

Due to their distinct emissive behavior in the solution and
aggregated state, incorporation of AIE molecules/polymers
is recognized as an excellent strategy for the design of
"turn on’ fluorescent probes. For instance, Liu et al. devel-
oped AlEgenic polymers for DNA detection.['>®] This was
achieved by conjugating TPE moieties to a single-stranded
oligonucleotide. The resulting TPE-nucleotide complex was
tolerant to high ionic strength, enabling its application under
hybridization conditions. Upon specific complementary bind-
ing of DNA in solution, fluorescence was enhanced, validat-
ing their potential to be used as fluorescent light-up probes
for detecting single nucleotides in an effective way. Wang
et al. designed and synthesized a series of AIE-active poly-
mer probes for biothiol detection.!'>°! The AIE polymers
were composed of disulfide-functionalized hyperbranched
poly(amido amine) as the hydrophilic group, TPE as the
hydrophobic core and a disulfide bond as the cleavable func-
tional linkage. Upon exposure of the AIE polymer solution
to glutathione or cysteine, 'turn-on’ bright fluorescence was
observed, which was attributed to the degradation of the den-
dritic structure and subsequent aggregation of the TPE moi-
eties. This was further confirmed in in vitro experiments,
highlighting the applicability of AIE polymers in biothiol
detection in living cells.

AlEgenic polymer complex is also wildly utilized in
the cell imaging. For instance, Wei et al. synthesized
amphiphilic AIEgenic polymers through a combination of
RAFT polymerization and a post-polymerization Hantzsch
reaction, which self-assembled into fluorescent spherical
organic nanoparticles (FONs) of ca. 100-200 nm in diam-
eter (Figure 6A).['°1 Such FONs exhibited excellent bio-
compatibility, good water dispersibility and bright fluores-
cence (A, = 460 nm) and were successfully utilized for
bioimaging applications. Upon incubation of HepG2 cells
with 10~120 ug mL~! particles, the cell viability was more
than 90%. Confocal laser scanning microscopy (CLSM)
proved that the FONs easily entered the cells by endocytosis
of the HepG2 cells and were mainly located in the cytoplasm.
The same group also prepared branched AIE-active fluores-
cent micelles via dynamic linkage of both phenylboronic acid
terminated AIEgens and mPEG with a hydroxy-functional
degradable hyperbranched polymer (Boltorn H40), which
displayed strong orange-red fluorescence (A.,: 447 nm and /
Aem: 577 nm).['011 Because of the exceptional bright lumines-
cence, alongside other properties such as water dispersibil-
ity and biocompatibility, the prepared AIEgenic nanoparticles
were used for cell imaging, which stained HeLa cells effec-
tively, with clearly visible intensive orange-red fluorescence.
In addition, because of the unique AIE features, increasing
the concentration of particles in the staining process enhanced
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the emission intensity in HeLa cells without sacrificing the
specificity.

Jayakannan et al. constructed enzyme-responsive AIE-
genic polysaccharide-based spherical polymersomes with a
diameter of ca. 200 nm (Figure 6B).[!®? The hydrophilic
tail was composed of TPE-tagged polysaccharide-dextran,
and the hydrophobic backbone was plant-based 3-pentadecyl
phenol. Excellent encapsulation efficiency for both the
hydrophilic Rose Bengal and the hydrophobic Nile Red fluo-
rophores was demonstrated in the assembled polymersomes.
Most importantly, the AIEgenic polymersomes exhibited fast
intracellular delivery in live MCF-7 cells (less than 3 h).
Enzyme-triggered cargo release was achieved at the intra-
cellular level due to the enzymatic cleavage of the aliphatic
ester linkage, which bridged the hydrophilic and hydropho-
bic units.'%] These examples demonstrate that AIEgenic
enzyme-responsive polymersomes could be useful as intra-
cellular delivery vehicles.

Wang et al.,, designed supramolecular AlEgenic gas-
responsive vesicles (CO, and N,) that were used as cell
probes for cancer diagnosis (Figure 6C).[1%*] The poly-
meric vesicles were composed of the triblock copolymer
poly-(4-undecoxy tetraphenyl ethylene methacrylate)-
b-poly-((N-amidino)-(2,3-dihydro-1H-1,4-methyl-1,2,3-
triazole)-(ethenyl benzene))-b-PEO (PTPE-b-PAD-b-PEO),
containing a hydrophilic unit (PEO block), an amidine-
containing CO,-responsive segment (PAD block) and an
AlEgen (PTPE block). The prepared AIE vesicles exhibited
’breathable’ behavior in response to CO, and N,. The PAD
block was able to bind CO, which led to the expansion of
the AIE vesicles, resulting in enhanced fluorescence of the
PTPE block. The effect was reverted in the presence of N,
which induced a decrease in the vesicle size, accompanied
by a decrease in fluorescence intensity. Considering the
high CO, concentration in cancerous tissue, efficient cancer
cell imaging was achieved via these vesicles for a series of
cancerous cell lines. For instance, they observed that the
fluorescence intensity of GES-1 cells and 16HBE cells after
incubation with the AIEgenic probe is low and dim. On
the contrary, the AIEgenic probe incubated CNE1 cancer
cells, 5-8F cancer cells, and HeLa cancer cells displayed
much higher fluorescence intensity, which indicated that the
as-prepared AlEgenic polymer probe can be used for cancer
diagnosis by cellular imaging.

3.2 | Drug delivery and theranostics

AlEgenic self-assembled structures can effectively
be wused to encapsulate hydrophilic and hydrophobic
components.! 97191 Combined with their tunable char-
acteristics, such as morphology and size, and the ability to
decorate their surface controllably with targeting ligands
makes them well suited as drug delivery systems.[5%103] In
this section, current progress in the areas of cargo trans-
portation and theranostics using AlIEgenic aggregates is
described. AlEgenic micelles have been widely utilized
to deliver aromatic drugs in nanomedicine studies, due to
the beneficial 7-7 and hydrophobic interactions between
the drugs and the AIEgens which inhibit cargo leakage
during transportation.[8!:83:167-172] 'Tn addition, AIEgenic
micelles have been endowed with stimuli-responsive units
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FIGURE 6 AlEgen-based polymer assemblies for bio-imaging and bio-tracking. (A) Schematic illustration of the preparation of AIEgen-conjugated
amphiphilic polymers for HepG2 cell imaging. Reproduced from Ref. [160] with permission, Copyright 2017, the Royal Society of Chemistry. (B) Polymer-
somes from tetraphenylethylene (TPE) tagged polysaccharides display tailored emission upon loading with rhodamine and Nile Red. Reproduced from Ref.
[162] with permission, Copyright 2021, Royal Society of Chemistry. (C) Schematic illustration of the responsiveness of supramolecular vesicles towards CO,
and N,, and the corresponding application to bio-imaging displaying different fluorescence intensity in different cell lines. Reproduced from Ref. [164] with

permission, Copyright 2019 American Chemical Society

to achieve controlled release when the nanoparticles reached
the targeted tissue microenvironment.[*>!73] For instance,
Zhao et al. reported AIEgenic micelles with enzyme respon-
sive properties as drug carriers (Figure 7A). The authors
synthesized the amphiphilic block copolymer, polyethylene
glycol-block-poly(acrylic acid-g-TPE acrylate) (termed as
PEG-b-P(AA-g-TPE)) in which the hydrophobic AlEgenic
TPE was conjugated to the side chain of the hydrophilic
polymer (CH;0-PEG,;-b-PAA) via an ester linkage.!”®!
DOX was encapsulated during the self-assembly of the block
copolymer into micelles, which was then released at the
desired destination in the presence of esterase. The enzyme
responsive feature guaranteed drug delivery to the site of
the target, as unexpected drug burst release/leakage during
transportation was avoided. The release process could be fol-
lowed by determining the change of fluorescence resonance
energy transfer (FRET) between the bright blue fluorescent
AIE segment and DOX. CLSM studies with MCF-7 cells
revealed efficient overlap of the red fluorescence of DOX
and the aggregated TPE, demonstrating the delivery of

DOX to cells through transportation via AIEgenic micelles.
After treatment with AIEgenic micelles in the range of the
tested concentrations for 48 h, the MCF-7 cells displayed
a viability of approximately 98%, suggesting favorable
biocompatibility. The DOX-loaded AIEgenic micelles effec-
tively suppressed the growth of MCF-7 cells, decreasing
their viability from 91% to 36% as the DOX concentration
increased from 0.1 to 5.0 ug mL~!.

AlEgenic polymeric micelles can also be prepared which
respond to the acidic tumor microenvironment, while also
allows a more effective deep tissue imaging using two-
photon excitation.!'’*] For instance, Wang et al. prepared a
novel type of AIEgenic copolymer consisting of mPEG as a
hydrophilic block with a disulfide linkage, poly (2-azepane
ethyl methacrylate) (PAEMA) as a pH-responsive hydropho-
bic block, and an AIEgenic block with two-photon excitable
fluorescence (name as TBIS) (Figure 7B). The self-assembly
of the AlEgenic amphiphilic copolymer was realized via a
typical nano precipitation method (with THF/DMF, v/v 1:1,
as organic phase), which yields core-shell micelles with an
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(B) pH-responsive and DOX-loaded AIE micelles for two-photon cell imaging and enhanced delivery to tumor cells. Reproduced from Ref. [174] with
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vivo delivery. Reproduced from Ref. [175] with permission, Copyright 2017, American Chemical Society. (D) Schematic depiction of photoactivatable AIE

polymer assemblies for light-controlled gene delivery. Reproduced from Ref. [171] with permission, Copyright 2015, John Wiley and Sons

average size of ~65 nm. Upon injection via the tail vein, the
AlEgenic micelles were effectively accumulated in the tumor
region in 4T1 tumor model-bearing mice. Exposure to the
acidic tumor microenvironment resulted in charge-conversion
of the AlEgenic micelles, which contributed to an enhanced
cellular internalization. The integrated disulfide bond trig-
gered the disassembly of the micelles in the presence of a
high concentration of glutathione; this allowed the triggered
release of encapsulated DOX inside the tumor cells. The
excellent two-photon AIE active bioimaging of deep tumor-
ous tissues using these responsive AIEgenic micelles was also
confirmed. Further excellent antitumor efficacy with reduced
side effects and the great two-photon bioimaging of cells and
tissues make these AIEgenic micelles highly attractive as a
candidate for cancer theranostics.

In order to further investigate the application of AIEgenic
particles in vivo, Yu et al. prepared a synergistic responsive
cargo carrier through the self-assembly of a four-armed
amphiphilic copolymer into spherical nanoparticles (Fig-
ure 7C).!'751 The authors prepared a glutathione (GSH)-
responsive block copolymer (poly(azido-methyl benzoate)-
b-poly(oligo ethylene glycol methacrylate), termed as
Pt-PAZMB-b-POEGMA), wherein the emissive TPE-based
bispyridyl ligands were the donors and acted as the flu-
orescent probe for live-cell imaging, while the acceptor
3,6-bis[trans-Pt(PEt5), Jphenanthrene (PhenPt) units were
employed as an anticancer drug. Self-assembly of the
amphiphilic copolymer was realized via a re-precipitation,
dialysis and double-emulsion technique, which yielded
nanoparticles of different sizes and morphologies (micelles
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and vesicles). In addition, as a model anti-cancer drug,
neutral DOX and DOX hydrochloride (DOX-HCI) were
encapsulated in the assembled particles, which were used for
cellular delivery through the endocytosis pathway. Controlled
drug release was achieved by altering the amphiphilicity of
the polymer via a GSH-triggered cascade elimination of
the hydrophobic protection groups, which triggered particle
disassembly (Figure 7C). An enhanced anti-tumor activity
of drug-loaded AlEgenic particles was demonstrated upon
intravenous administration of different formulations in HeLa
tumor-bearing mice. After excision and weighing the tumors,
tumor inhibition rates of DOX-loaded AIEgenic particles
were found to be 82%, compared with 6% in the case of cis-
platin and 20% in the case of pure DOX, further suggesting a
better antitumor activity of DOX-loaded AIEgenic particles.

Another interesting application of AIEgenic nanoparti-
cles is gene delivery, which was explored by Liu and co-
workers. The authors developed a photoactive AIEgenic
polymer comprising an AlEgenic photosensitizer and oli-
goethylenimine (OEI) conjugated with a reactive oxygen
species (ROS) responsive linker (Figure 7D).11711 Interest-
ingly, these AIEgenic nanovectors induced endo/lysosomal
escape and DNA unpacking upon light irradiation, which
in turn led to the efficient delivery of DNA to the cytosol.
Moreover, compared to commercial poly(ethylene imine)
(MW 24 kDa), AlEgenic nanovectors with a ROS-responsive
linker displayed a ca. 50% higher transfection efficiency. The
AlEgenic nanovector developed in this report offers a robust
strategy for gene delivery; such strategy could be applied in
other delivery applications such as siRNA, as well as drug
delivery to the cytosol.

Besides the compelling application of amphiphilic poly-
meric AlEgenic aggregates in the field of drug deliv-
ery, they also are of high added value in the area of
theranostics.[?>176-178] For instance, our group designed a
well-defined biodegradable AIE polymersome with inher-
ent fluorescence and targeting capacity for enhanced PDT
(Figure 8A).['!7] The AlEgenic biodegradable amphiphilic
polymer was composed of poly(ethylene glycol)-block-
poly(caprolactone-gradient-TMC) (PEG-P(CLgTMC)) to
which TPE pyridinium AIE units were conjugated. After
self-assembly via a direct hydration method, spherical
AlEgenic polymersomes were obtained with a diameter of
ca. 120 nm. Such polymersomes displayed intrinsic fluores-
cence (Agx/Aep: 405 nm / 650 nm), which facilitated their
use in cell imaging and tracking. Importantly, these poly-
mersomes showed specific mitochondria-targeting, which
was attributed to the presence of the pyridinium moieties.
These pyridinium units allowed precise transportation of
encapsulated photosensitizers, BODIPY in this case, and
thus improved the therapeutic efficiency with negligible side
effects. In vitro tests demonstrated enhanced generation of
cytotoxic ROS upon near infrared (NIR) irradiation, which
is promising for anticancer therapy. The therapeutic capacity
of these AlEgenic polymersomes was further evaluated in
vivo with subcutaneous A549 tumor-bearing nude mice.
Tumor growth was significantly inhibited after treatment
with photosensitizer-loaded AIE-polymersomes and light
irradiation, as evident by measuring the tumor volume
and weight (Figure 8A). Typical TdT-mediated dUTP nick
end-labelling staining of tumor sections excised from the
tumor-bearing mice after 18 days of treatment provided

further evidence of more efficient tumor growth inhibition by
photosensitizer-loaded AIE-polymersomes with NIR light
irradiation.

Liu et al. exploited AIE-based polymers for self-selective
targeting and antimicrobial resistance (Figure 8B).[!7%]
Through copper-catalyzed atom transfer radical poly-
merization (ATRP), acrylic polymers with AIE fea-
tures were synthesized. Three important components were
included in this polymer, namely, (2-(methacryloyloxy)ethyl)
trimethyl ammonium chloride (TMAEMC), the AIE moi-
ety (TPAPy) and (2-(methacryloyloxy)ethyl)dimethyl-(3-
sulfopropyl)ammonium hydroxide (DMAPS). As a cation,
TMAEMC was able to bind to the negatively charged bac-
terial surface. DMAPS was utilized as a spacer between the
binding cationic sections, as well as to enhance the aqueous
solubility of the polymer. Most importantly, the AIE moi-
ety was important for fluorescent imaging and PDT (Fig-
ure 8B). In this way, the AlEgenic polymers were capable
of matching and recognizing a wide range of pathogenic bac-
teria, which allowed selective bacterial imaging via ’turn on’
fluorescence, as well as killing bacteria via PDT upon laser
irradiation. Similarly, Chen et al. reported a strategy to tar-
get bacteria that were intracellularly active in macrophages.
For this purpose, they developed mannose-grafted poly-
mers containing TPE AIEgen units and enzyme-responsive
segments for the assembly of AIEgenic nanoparticles./'®"]
Such nanoparticles were able to encapsulate Fe’*(Dp.C)
conjugated deferoxamine-ciprofloxacin via 7-7 stacking /
hydrophobic interactions (Figure 8C). Due to the overlap-
ping absorption of Dg.C, the fluorescence of the AIEgenic
nanoparticles was initially quenched via the FRET. The man-
nose moieties allowed efficient uptake of the as-prepared AIE
nanoparticles by infected macrophages. Macrophagic uptake
was followed by the release of the encapsulated payloads
(Dg:C) in the presence of intracellular lipase and phosphatase
secreted by intracellular bacteria. With the enzyme-triggered
release of Dg.C, the fluorescence emission of the nanopar-
ticles was turned on as the FRET effect was significantly
alleviated. In this way, cellular uptake and intracellular con-
trolled release were tracked and monitored in situ by detect-
ing changes in fluorescence. Most importantly, the controlled
release allowed an effective deferoxamine-mediated antibac-
terial therapy.

3.3 | Nanomotors featuring AIE properties

A recent development in the field of nanomedicine is
to create nanoparticles with the ability to undergo non-
Brownian autonomous motion.!'8!=183] This feature can be
useful to achieve deeper tissue penetration and to over-
come tissue and cellular carriers more effectively. As
such, they can be beneficial for diagnostics and drug
delivery.['®*] A variety of driving forces, either chemi-
cal (that is, catalytic reaction),l!®-187] physical (that is,
light/ultrasound/electricity/magnetic fields),['*3-'9?] or even
biological (that is, motile cells),!®>1°*] to power the
propulsion of such motors have been investigated.['%71%%]
For biomedical applications, light-driven nanomotors have
drawn much attention, as light permits motion control
whilst allowing extra therapeutic effects such as PDT and
PTT.[!992011 AlEgenic aggregates were also used as the
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FIGURE 8 (A) AIE-polymersomes (AIE-BPP) loaded with photosensitizers which are capable of mitochondrial targeting and photodynamic therapy
(PDT). The therapeutic effect is evaluated by monitoring the tumor volume index, tumor weight, and TdT-mediated dUTP nick end-labelling (TUNEL)
staining of tumor sections after PDT treatment. Reproduced from Ref. [117] with permission, Copyright 2021, John Wiley and Sons. (B) Schematic illustration
of bacteria-mediated atom transfer radical polymerization (ATRP) to create an AIE-functional copolymer. The aggregation-induced emission (AIE) features can
be used for selective imaging and bacterial killing. Reproduced from Ref. [179] with permission, Copyright 2020, John Wiley and Sons. (C) Schematic depiction
of the assembly of nanoparticles with AIE properties for enzyme-responsive release and deferoxamine (Dg,C)-mediated intracellular bacterial destruction.
Reproduced from Ref. [180] with permission, Copyright 2020, Elsevier

building blocks for nanomotor design. Our group devel- sputter coating, forming AIE-polymersome nanomotors (Fig-
oped a phototactic/phototherapeutic hybrid nanomotor by the ure 9).['1°] The asymmetric gold layer allowed harnessing
self-assembly of biodegradable block copolymers comprising two-photon near-infrared radiation as a trigger for motion,
AIE motifs into polymersomes. The block copolymer (PEG- as a result of the temperature gradient that was generated
PTMC ) was synthesized by conjugating the hydrophilic ~ around the nanomotors.[??>?%*] Due to the motors’ asym-
PEG with AlEgenic (comprising both tetraphenylethy- metry, motion behavior was highly directional. Interestingly,
lene and dicyanovinyl moieties, TPEDC)-rich poly(TMC) such hemispherical gold shells also served as energy sink
(PTMC). After assembly with a solvent switch method, for the AlEgenic fluorescence. The combination of an asym-
AIE-polymersomes were obtained after extensive dialysis to metric gold shell and AIE moieties in one system resulted
remove the organic solvent. These nanoparticles were sub- in enhanced motion as a result of increased thermophore-
sequently covered with a hemispherical gold shell using sis. Moreover, synergistic phototaxis was achieved when
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(A) Schematic illustration of aggregation-induced emission (AIE)-functional nanomotors with synergistic phototaxis. Polymersomes are

prepared by the self-assembly of biodegradable amphiphilic copolymers composed of AlEgenic TPEDC and PEGy4-poly(trimethylene carbonate) (PTMC);
the particles are coated with a hemispherical gold layer using a sputter coating approach. (B) Aggregation-induced fluorescence of AIE conjugate block
copolymers due to self-assembly induced by water addition (A¢y /A, = 373 nm/ 617 nm). (C) Cryogenic transmission electron microscopy (Cryo-TEM) image
of an AIE-polymersome nanomotor. The dark patches represent the hemispherical gold shell. (D) Mean squared displacement (MSD) measured using nanosight
tracking, comparing the motion of AIE-polymersome nanomotors under 405 nm and 488 nm irradiation. Upon 405 nm irradiation, energy transduction to the
gold shell leads to directed motion. (E) Mean squared displacement (MSD) of AIE-polymersome nanomotors with/without NIR laser irradiation. Reproduced

from Ref. [116] with permission, Copyright 2021, Springer Nature

the particles were exposed to two-photon laser irradiation
(Aex = 760 nm) (Figure 9D,E). Due to the miniaturized size
and their active motion, nanomotors facilitate effective inter-
actions with cells and tissues.[!+198:205-208] The use of AIE-
polymersome nanomotors for biomedical applications, espe-
cially in PDT, was exploited by the same research group.
While AlEgens in the nanomotors allowed for the fluores-
cent imaging and generation of ROS, the gold hemispherical
shells resulted in a photothermal anti-cancer effect. Interest-
ingly, such light-driven motors were able to traverse cellu-
lar membranes (with HeLa cells), resulting in their efficient
introduction into cancerous cells and consequent delivery of
cargo. Following treatment with AIE nanomotors, after 200 s
of two-photon NIR (TP-NIR) irradiation, significant disrup-
tion of the cell wall was observed. This was likely due to
the effect of the highly propulsive nanomotors that caused
localized percolation. In control experiments, after 200 s of
TP-NIR irradiation, AIE polymersomes only induced a small
degree of ROS in cells. In sharp contrast, HeLa cells treated
with AIE nanomotors showed high levels of ROS after only
48 s irradiation. Critical loss of cellular activity after treat-
ment with the AIE motors was also confirmed, indicated by
the diminished calcein fluorescence and increased emission
of propidium iodide.

4 | CONCLUSION AND PERSPECTIVE
AlEgenic molecules have emerged as a novel type of flu-
orescent materials, which, upon their aggregation, become
fluorescent with enhanced emission compared to the dis-
solved state. A recent development is the integration of
AlEgenic moieties with polymeric building blocks for the for-
mation of intrinsically fluorescent polymer assemblies. This
allows full exploration of the versatile polymer science tool-
box, with control over chemical composition, chain length
and functional groups, along with topological features. This
review has summarized the recent progress on the design
and synthesis of the AlEgenic amphiphilic polymers, using
either polymerization or post-polymerization methods. Fur-
thermore, the preparation of AIEgenic polymeric aggregates
can also be obtained via facile non-covalent supramolec-
ular host-guest interactions. Of particular interest is the
ability of AlEgenic aggregates to acquire properties such
as environmental responsiveness and adaptive morphology.
When equipped with therapeutic modalities, these respon-
sive AlEgenic assemblies have been successfully applied in
diverse biomedical applications such as cell imaging, vascu-
lar imaging, long-term tracking, disease diagnosis and cancer
therapy.
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Despite the current progress in designing AIEgenic poly-
meric nanoparticles, there are a number of aspects that need
attention to fulfil the requirements of practical use in a phys-
iological environment and ensure successful application in
nanomedicine. For instance, TPE, the basic AIE moiety with
Aem around 480 nm, is commonly utilized in the construc-
tion of AlEgenic nanostructures. However, from a biomed-
ical application point of view, AIEgens with near-infrared
or multiphoton absorption are more desirable due to their
deeper tissue penetration capabilities and lower signal-to-
noise ratio. RAFT or ATRP based polymerization approaches
are popular methods to prepare AlEgenic building blocks
that yield assemblies with controlled size and stimulus-
responsiveness. However, their non-biodegradable nature can
limit their use in in vivo applications. Although the con-
cept of responsiveness to external cues at the target tissue
site of action has already been demonstrated, this feature is
still underexplored and offers therefore much potential to fur-
ther improve biomedical performance. The same holds for
AlEgenic aggregates with controlled morphology (e.g., poly-
mersomes, micelles, nanoworms). An important step forward
is therefore to develop robust approaches to create AIEgenic
assemblies from biodegradable and biocompatible materials
such as polypeptides, polyesters and polycarbonates, with
control over topology and responsiveness.

Only recently AIEgens and polymer chemistry have been
merged, and it is to be expected that the abovementioned
aspects can be conveniently integrated in the next genera-
tion of AlEgenic polymeric nanoparticles. From a synthetic
point of view, there do not seem to be any intrinsic limita-
tions to the construction of these building blocks as AIEgens
have shown to be highly compatible with the readily available
polymer synthesis toolbox. We expect that the fabrication of
smart luminescent materials that combine control over topol-
ogy and other physicochemical features with unique emission
properties, will lead to a versatile nanomedicine platform that
is primed for further biomedical applications.
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