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Sparks fly when AIE meets with polymers
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Biological and synthetic polymers play important roles in human life and modern society. Understanding
their properties and dynamic processes are thus particularly crucial. However, modern instruments suffer
from ex situ, tedious sample preparation, and even show “blindness” to the testing process. Fortunately,
fluorescent technology based on aggregation-induced emission (AIE) luminogens is cutting-edge and
holds great potential to address this challenge. Owing to their twisted flexible structures, the emission of
AIE luminogens (AlEgens) is sensitive to the surrounding microenvironmental changes, enabling them to
function as sensitive fluorescent probes based on the mechanism of restriction of intramolecular motion
(RIM). AlEgens can even detect subtle polarity variation when imparting them with donor—acceptor
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structures to trigger the twisted intramolecular charge transfer effect. In this short review, we have briefly
described the recent applications of AlEgens in polymer-related fields for monitoring protein
DOI: 10.1039/c9gm00404a conformation, fibrillation, and enzyme activity, DNA synthesis, sequence and G-quadruplexes, analyzing a

polymerization reaction, glass transition, and phase separation, and detecting humidity, and heat, etc. The
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outlook on the further applications of AIE technology in the polymer field is also discussed.

1. Introduction

Polymers are large molecules composed of many repeated
subunits. Generally, polymers are either classified as biological
polymers, such as DNA and proteins, or synthetic polymers, such
as polyethylene and polystyrene. Living organisms produce bio-
logical polymers, which are vital to support the infrastructures
required to live."™* Notably, the chemical and physical processes,
such as cell mitosis, DNA synthesis, DNA folding, and enzyme
activity of biopolymers, can affect their biological functions.
On the other hand, synthetic polymers are found everywhere
in modern societies. Their synthesis process, supramolecular
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self-assembly, chain motion and phase separation influence the
final properties of these materials.”'® However, we can seldom
see these processes. As seeing is believing, the visualization of
these processes has received considerable attention for a more
in-depth evaluation of the structure-property relationships.
Traditional techniques for detecting structural or morpho-
logical changes in polymers rely on specific instruments, such
as differential scanning calorimetry (DSC), Fourier transform
infrared (FTIR), gel permeation chromatography (GPC), mass
spectroscopy (MS), and nuclear magnetic resonance (NMR)
spectroscopy. However, these techniques provide only indirect
information and fail to see the processes. Electron microscopy,
such as atomic force microscopy (AFM), cryo-electron micro-
scopy (cryo-EM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), on the other hand,
can visualize these processes but suffer from ex situ character-
izations and complicated sample preparations."' Fluorescent
techniques have found promising potential in this field owing
to their significant contrast, high sensitivity, fast response and
non-invasive characteristic.">'* The fluorescent dyes utilized
usually possess planar structures and are highly emissive as
isolated molecules. However, their emission is partially or com-
pletely quenched in the aggregate state, especially in aqueous
biological environments. Such uncontrollable aggregation-caused
quenching (ACQ) severely hinders the applications of these dyes."*
Contrary to ACQ, aggregation-induced emission (AIE) is an
unusual photophysical phenomenon coined by our group in
2001.">7%° AIE luminogens (AIEgens) display weak or negligible
photoluminescence (PL) in dilute solutions but emit strongly in
the aggregate or solid state.”’® The isolated, propeller-like
AlEgens can dissipate the excited-state energy through active
intramolecular motions in solution. When these motions are
restricted in aggregates, intense fluorescence was obtained
(Fig. 1A). Thus, the restriction of intramolecular motion (RIM) has
been identified as the cause of AIE. According to this mechanism,
aggregation is not necessary for fluorescence enhancement.
Structural rigidification of AIEgens by external factors, such as
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Fig.1 A Schematic illustration showing the mechanisms of the AIE
phenomenon (A). Jablonski diagrams of TICT dynamics in the donor—
acceptor system (B) and (C). Reproduced from ref. 82 with permission
from Wiley-VCH.

high viscosity or supramolecular interactions, can trigger strong
fluorescent emission.>””® Thus, AIE technology embodies a sharp
fluorescence “turn-on” transition, showing enhanced detection
sensitivity and decreased background interference.>*>* In addi-
tion, the intrinsic properties of polymers remain unaffected in the
presence of a low dye loading, but make them highly fluorescent
for visualizations.">?*”*>3¢ These attributes are particularly useful
for microenvironment detections.

Conjugated molecules with donor-acceptor structures often
display an excited-state electron transfer process, termed twisted
intramolecular charge transfer (TICT) (Fig. 1B).*”* In a non-
polar environment, the fluorophore exists in the locally excited
(LE) state to display a sharp emission spectrum. In a polar
environment, the fluorophore transits to the TICT state from
the LE state by intramolecular rotations. The emissions of the TICT
state red-shift gradually with an increase in solvent polarity as the
fluorophore undergoes a notable change in geometry (Fig. 1C).
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Therefore, AlEgens with TICT properties can sense not only
processes involving RIM but also external polarity variations,
which stands for another promising outlook for visualizing
processes.

A systematic review on AIE technology has not been con-
ducted although it has been widely explored as a detection tool
in polymer science.***° In this work, we summarize the recent
progress on the applications of AlEgen in the polymer field by
our group since 2016. Firstly, we introduce the applications of
AlEgens in bio or bio-based polymers, involving the topics of
protein conformations, protein fibrillation, enzyme activity, DNA
synthesis, DNA sequences, and DNA G-quadruplexes. Then, the
advancements of AIE technology in the synthetic polymer field are
illustrated, such as visualization of polymerization reactions,
polymer self-assembly, physical property investigations (solubility
parameter, crystallization, glass transition, and phase separation),
response to multi-stimuli (humidity, heat, pH and others), and
energy conversion. Lastly, perspectives on the further develop-
ment of AIE technology in the polymer field are given. We hope
that the results presented in this paper will create sparking
inspiration for the combination of AIE technology with polymers.

2. AlEgens in biological polymers

Biological polymers, such as lipids, nucleic acids, proteins, and
starch, make up the building materials necessary for life. These
3D polymers undergo conformational changes and transitions
at the level of secondary, tertiary and quaternary structures
associated with the processes of unfolding, folding, dissocia-
tion, denaturation, aggregation, fibrillation and so on.*° Due to
the recognition of their biological significance, great efforts
have been carried out to develop techniques to gain a deeper
understanding of these processes. Thus, AlE-based fluores-
cence methods are designed to monitor the conformation
and structure of proteins and DNA for the high sensitivity of
their emissions to the environment and to the changes of
protein/DNA conformation and interaction.

2.1 Protein conformation

The conformations of proteins involve folding and unfolding
processes and alter under a subtle environmental change to
affect their properties.*® To decipher how the change occurs
and shed light on the relationship between structural dynamics
and protein function, monitoring the protein conformation in
real-time and in situ is of great importance. Utilizing the RIM
mechanism of AlEgens caused by hydrophobic interactions,
the unfolding process of human serum albumin was found
to involve molten globule intermediates amidst a multistep
transition.*” To further monitor unfolded and folded proteins
in a biological environment, tetraphenylethylene maleimide
(TPE-MI) was designed to measure the proteostasis process.*®
The emission of TPE-MI was specifically activated by reacting with
the exposed thiols group. When the protein was unfolded, thiols
buried in the core were exposed to the surface, enabling proxy
reporters to qualitatively evaluate the unfolded level (Fig. 2A).

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

View Article Online

- Buffer

Review
A B
Unfolded
ys-solvent exposed O e %9
Reactive O 3 Ubiquitin
i Q® S 0 - 4.6 M GUHCI
ree cysteine 8 Buffer
2 ¢ § 00
v N, 2 P-lactoglobulin
°X_2‘° £ 200 = 46MGUHCI
S
[rd

Folded
Cys-solvent buried 4 of ———
Protected Tetraphenylethene /v —
000 4,000
malemide (TPE-MI) Peptide chain S
i

C D
TPE-MI ER Tracker Merge

®

£

~

TPE fluorescence (a.u.)
'S
.
o

o

T
0_30 60 90 150 180
Recovery (min)

Fig. 2 Strategy for assaying protein folding via access to buried cysteine
thiols. (A) Proposed differentiated cysteine labeling in folded and unfolded
states and the labeling reaction. (B) Tests on two proteins (B-lactoglobulin
and ubiquitin) in folded native (in buffer) and unfolded (treated with 4.6 m
GndHCl) states. (C) Confocal microscopic images of Hela cells stained
with TPE-MI and ER Tracker, respectively, and their merged images. Scale
bar = 20 um. (D) Heat-shock treatment of Hela cells at 42 °C for 45 min
and subsequent time course of recovery at 37 °C. Reproduced from ref. 48
with permission from Nature Publishing Group.

To confirm the feasibility of TPE-MI for probing protein
unfolding, its reactivity to different proteins was investigated.
As shown in Fig. 2B, B-lactoglobulin, which contains thiol
buried in the core of the folded state, displayed a far greater
reactivity to TPE-MI when unfolded with guanidine hydrochloride.
However, ubiquitin with no thiol groups showed no reactivity to
TPE-MI in both the folded and unfolded state. Amidst environ-
ment changes, how TPE-MI monitors the unfolded protein in cells
was then investigated. After heat shock treatment, the fluores-
cence of TPE-MI increased dramatically and then recovered
(Fig. 2C and D). This process was proved to be advantageous
when compared with other methods that required an ectopic
expression of protein reporters. The AIE-based strategy to evaluate
the conformation of proteins is facile, in real-time, in situ, and
visual, thus holding promise to probe proteostasis mechanisms
in diseases.

2.2 Protein fibrillation

Protein fibrils, filaments, and fibers are large ordered protein
aggregates and are involved in the transition of soluble, func-
tional proteins into insoluble aggregates. They are associated
with various debilitating disorders, such as Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease.*’
Undeniably, understanding the mechanics in molecular detail
of the process of protein deposition and the sensitive detection
of plaques and protein tangles is essential for diagnostics
due to its involved therapeutic implications. It is worth men-
tioning that soluble oligomers are the significantly toxic sub-
stances associated with the pathology of the disease.”®" Thus,
monitoring the early stages of protein aggregation is of great
importance. The fibrillation process of a-synuclein (a-Syn) was
followed by utilizing TPE-TPP as a fluorescent probe (Fig. 3).”?
TPE-TPP showed a stronger fluorescence in the presence of protein
fibrils and demonstrates a higher sensitivity to o-Syn oligomers
than the traditional ThT due to its AIE characteristics (Fig. 3A).
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Fig. 3 Monitoring of protein fibrillation by AlE-active TPE-TPP and
commercial ThT. (A) PL intensity of TPE-TPP (red, 15 mM) and ThT (blue,
15 mM) monitoring a-Syn (5 mM) fibrillation. Inset: a-Syn fibrillation from
t = 0 to 40 h. (B) Structure of TPE-TPP and the time-dependent change of
FP (AmP) of TPE-TPP (20 pM) during amyloid fibril formation of insulin.
Reproduced from ref. 53 with permission from ACS Publications.

Using sensitive TPE-TPP, a stepwise increase in the progression
of insulin amyloid fibril from monomers was observed.
Each fluorescence polarization (FP) of TPE-TPP had similar
magnitudes.>® Therefore, the fibrillary assembly of proteins can
be monitored in situ, while the oligomeric assemblies are mapped
based on FP measurements of TPE-TPP (Fig. 3B). Based on the
AIE technology, different model fibrillation processes have been
carried out, including insulin, o-Syn, and alpha-beta amyloids.
Importantly, the AIE-based fluorescent probes not only observe
the amyloidogenesis kinetics but also impede the nucleation
process and act as an anti-amyloid inhibitor in vivo.”* Therefore,
AlEgens can provide an effective strategy for real-time and
in situ monitoring of different processes involved in protein
aggregation and fibrillation.

2.3 Enzyme activity

Enzymes are composed of proteins with complicated structures
and perform essential tasks to keep us alive.”> Notably, some
enzymes appear to be directly involved with specialized pro-
cesses and the development of some diseases, such as cancer,
diabetes, neurogenic disease, and so on. Thus, it is indispen-
sable to study their biological fundamentals. In other words,
monitoring the enzyme activity in some sense is to visualize the
enzyme-related physiological processes. There are two general
strategies to monitor the enzyme activity by AIE-based probes.
They are: AIEgen (1) as part of the enzyme substrate or (2) as a
probe to monitor the enzyme products. For the first one, the
hydrophobic AIEgen was linked to a hydrophilic motif by a
group that could be cleaved by the enzyme, triggering the
aggregation of AlEgens. Using this strategy, the activity of matrix
metallopeptidase 13 (MMP-13) was monitored (Fig. 4A).>® Osteo-
blastic lineage was differentiated by osteogenic inductive factors
induced in mesenchymal stem cells (MSCs) to make MMP-13
remarkably expressed. As shown in Fig. 4B, AIEgen probes
detected the enhanced MMP-13 activity in cells that underwent
osteogenic induction treatment. However, no fluorescence
was detected in undifferentiated cells and cells with inhibitor.
Such an approach enables facile, semi-quantitative and real-time
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Fig. 4 (A) A schematic illustration of the AlEgen probe for MMP-13
detection. (B) Confocal images of undifferentiated and differentiated
hMSCs after incubation with AlEgen probe. Reproduced from ref. 56 with
permission from Wiley-VCH.

evaluation to determine the extent of differentiation in stem
cells. Using this principle, many critical physiological processes
were studied by monitoring the associated enzyme activity. For
instance, cell apoptosis was observed in real-time by lighting up
AIE probes through caspase-3/-7 detections.”” In the second
method, the AlEgens are lit up by enzymatic products through
which the enzyme activity could be assessed. For example,
r-lactate oxidase activity was quantified by the byproduct (H,0,)
of the lactate oxidant using a reaction-based AIE-active turn-on
bioprobe in a real-time manner.>® The obtained information was
used to study enzyme efficiency. In short, the AIE-based strategy
shows high efficiency, low cost and simplicity, and provides
powerful support for real-time imaging of a variety of live cell
physiology processes by measuring the related enzyme activity. To
effectively evaluate the enzyme activity in vivo, further develop-
ment of specific bioprobes with emissions in the near-IR and red
regions will be needed.

2.4 DNA synthesis

DNA synthesis and replication occur during the “S-phase” in
eukaryotic cell cycles. In a complicated system, it is imperative
to understand the molecular mechanisms of DNA synthesis.
Although radioactive probes are successful for labelling of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 5 (A) DNA synthesis detection by AlEgens through EdU assay.
(B) Detection of S-phase DNA synthesis in Hela cells by fluorescence
microscopy. The Hela cells were labelled with EdU by incubating with EAU

in modified essential medium for 6 h. Reproduced from ref. 59 with
permission from RSC Publishing.

mitotically active cells, their hazardous nature, high-cost and
poor resolution limit their use for rapid high-throughput
studies. This tough problem was addressed by using azide-
functionalized AIEgens, which could detect DNA synthesis and
cell proliferation based on 5-ethynyl-2’-deoxyuridine (EdU)
assay techniques.®® In this method, the alkyne modified EAU
will be incorporated into newly synthesized DNA before the
azide-alkyne cycloaddition reaction with the azide function-
alized dyes catalyzed by Cu(1) complex. Sequentially, dye-labelled
double-stranded DNA had been generated (Fig. 5A). As shown in
Fig. 5B, the nuclei were discernible because the EdU was pre-
labelled with TPE-Py-N;/Cy-Py-N;. Hence the DNA synthesis
during cell proliferation was able to be monitored in situ.
Alexa-azide is presently used to detect DNA synthesis. However,
the current AlEgens exhibited better performances. Therefore,
the AIE-based strategy has potential for many high-throughput
studies due to its simple accessibility, high brightness, low cost
and superior photostability.

2.5 DNA sequence

Specific DNA sequence analysis hold promise for early
diagnosis of diseases because a large variety of human diseases
are related closely to gene mutations. Thus, specific sequence
fluorescent probes with a specific sequence were designed to
differentiate strands that are perfectly complementary from
those of mutation points. The fluorescence signal varied due
to the hybridization. Molecular beacon and binary probes are

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 6 (A) A schematic illustration of the application of TPE-2Nsz for
nucleic acid hybridization detection. (B) PL intensity of TPE-2DNA;
in the absence and presence of complementary DNA,, one-base mis-
matched single-stranded DNAw;, two-base mismatched single-stranded
DNAwm2 and random single-stranded DNAM3. (C) Schematic diagram of the
self-assembled duplex (TPE-2DNA; + TPE-2DNA;) upon hybridization.
(D) PL spectra of the TPE-2DNAL duplex with a complementary strand
and self-assembled duplex. Reproduced from ref. 61 with permission from
RSC Publishing.

the common designs of the hybridization probes, and a variety
of probes are developed based on further extension of
these principles. The proof-of-concept work has successfully
demonstrated the feasibility of sequence-specific detection by
AIE-oligonucleotide conjugates.®® Of course, there is much
room for improvement. To increase the sensitivity, two-armed
oligonucleotide conjugated AIEgens were designed and their
emission was enhanced by complexation with a complementary
strand by up to 6.1-fold.®" The PL enhancement of one-base
mismatch and two-base mismatches were 2.1 and 1.8-fold,
respectively (Fig. 6A and B). These results suggest that there is
a respectable promise for homogenous specific-sequence detec-
tion of DNA, and these AIE-oligonucleotide conjugation probes
can discriminate one base mutation. Additionally, the DNA self-
assembly was investigated with enhanced fluorescence (Fig. 6C
and D). Compared with the fluorophore/quencher mechanism or
FRET dual-labelled based probes, the AIE-DNA probes possessed
the advantages of good tolerance, low cost and ready availablity
for an extensive array of oligonucleotide sequences.

2.6 G-quadruplex

Nucleic acids can fold to form non-canonical or fully paired
secondary nucleic acid structures with diverse biological func-
tions. G-quadruplex DNA/RNA formed by genomic sequences
are abundant in guanine and due to their biological signifi-
cance, they have encountered substantial attention. It is a
widespread acknowledgment that the unfolding and folding
of RNA G-quadruplex structures plays an essential role in
biological on-off switches for controlling various cellular
events.®> DNA G-quadruplexes are related to DNA replication,
oncogene transcriptional regulation and telomere stability.®*

Mater. Chem. Front., 2019, 3, 2207-2220 | 2211
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Thus, deciphering the relationship between the formation
of G-quadruplexes and their cellular consequences allows us
to better understand their processes.

A label-free and water-soluble AlEgen called TTAPE was
used as a light-up probe for a DNA assay.®* The non-emissive
TTAPE becomes luminescent when bound to G1 through
electrostatic attraction due to RIM. After the formation of a
G-quadruplex structure induced by K addition, the emission
red-shifted. However, the G-quadruplex unfolded when hybri-
dization occurred with a complementary ssDNA (C1) to produce
a duplex. Thus, the dye was released to the solution to cease
the emission. Using TTAPE, different phases of mitotic cell
division of onion root-tip cells could be observed clearly
(Fig. 7B).°*® Although TTAPE can be utilized to study con-
formational structures and monitor folding processes of G-rich
stranded sequences, it is necessary to track the G-quadruplex
dynamics in cells. Thus, there is still room for further improve-
ments. The criteria of an exemplary probe for monitoring
G-quadruplex structures in living cells should include fluores-
cence detectability, good membrane permeability, high photo-
stability, low toxicity and high selectivity for G-quadruplexes
with a variety of nucleic acid structures. Due to the prosperity of
the AIE and RIM mechanism, it is suitable to develop novel
AlEgens for monitoring the secondary structure of DNA/RNA,
which will, in turn, discover additional features regarding
biological roles.
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Fig. 7 (A) Fluorescent bioprobing processes of TTAPE.
images of cells from onion root tips at different stages of the cell cycle
stained by TTAPE. Reproduced from ref. 64 and 65 with permission from
Wiley-VCH.
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3. AlEgens in synthetic polymers

Synthetic polymers are of vital importance for modern society.
Monitoring how synthesis occurs and what characteristics they
possess plays essential roles in industrial examinations and
daily life. Despite this, strategies are required for visualizations
in real-time and iz situ as traditional techniques currently used
for characterizations are inconvenient in giving an accurate
synthetic portrayal.

3.1 Polymerization reaction

Industrial and academic fields place great efforts on under-
standing and monitoring polymerization mechanisms in situ
mainly to prevent explosive reactions. However, methods cur-
rently employed, such as dilatometry, rheometry or viscometry,
can merely gain the macroscopic viscosity. Indeed, information
at the molecular level is more favored.®®

Recently, some polymerization processes were able to be
monitored and visualized in situ directly based on AIE technology.
TPE-containing dithiocarbonates were synthesized and screened
as agents for reversible addition fragmentation chain transfer
(RAFT) polymerizations (Fig. 8A).>” The TPE-based RAFT agents
were non-emissive in both solution and solid states as the
carbonyl sulfur groups quenched the emission of the molecules
via photoinduced electron transfer (PET). To ensure in situ visua-
lization, we used visible light to initiate the RAFT polymerization
at room temperature owing to the characteristic of spatial-
temporal control of photochemistry. When the polymerization
proceeded, the PET effect disappeared as the TPE unit was no
longer linked to the dithiocarbonate group. Accordingly, the
system emitted strongly with an increase of the medium
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Fig. 8 Visualization of visible light-induced RAFT polymerization. (A) Illustra-
tion of the reaction process. (B) Fluorescent photos of the polymer solutions
at different conversions taken under 365 nm UV irradiation from a hand-held
UV lamp. (C) PL spectra of the polymerization mixtures at different conver-
sions. (D) The exponential relationship of conversion and M, with PL intensity.
Reproduced from ref. 27 with permission from Wiley-VCH.
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viscosity (Fig. 8B). It should be noted that this dye chain-end
labeling method could reflect the quantitative information of the
polymerization system rather than affecting the intrinsic proper-
ties of the polymers. In addition, the fluorescence turn-on
character provided high-contrast PL signal, so that accurate
information about polymerization, such as molecular weight
and conversion could be facilely obtained (Fig. 8C and D). This
approach was applicable to various polymerization systems, and
even the gel content could be achieved without destroying the
reaction system. Thus, by incorporation of AIEgens into cata-
lysts, various types of polymerizations were able to be visualized.

3.2 Self-assembly

Self-assembly involves the formation of an ordered structure
from a disordered system by non-covalent interactions such as
n—7 interactions, hydrogen bonding, chirality effect and charge/
electrostatic interactions, and plays an important role in materials
synthesis.*”* Among which, supramolecular polymers have
received considerable attention, owing to their unique mechanical
properties. However, the presence of (Z)-/(E)-isomers of materials
makes the study of the properties, behaviors and interactions of
supramolecular polymers complicated. To address this issue, we
successfully developed two pure isomers, ureidopyrimidinone-
functionalized TPE, namely (Z)-TPE-UPy and (E)-TPE-UPy, with
both the AIE characteristic of TPE and the supramolecular
polymerizability of UPy (Fig. 9A).”% It is noted that the two
isomers display different fluorescent emissions: (E)-TPE-UPy
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Fig. 9 (A) Structure of (2)-TPE-UPy and (E)-TPE-Upy. (B) Schematic presenta-
tion of supramolecular polymerization of (2)- and (E)-TPE-UPy. (C) Dependence
of the specific viscosity of (2)- and (E)-TPE-UPy in chloroform at 298 K on the
solution concentration with best-fit lines and slopes. (D) SEM images of particles
of (2)-TPE-UPy (left) and nanofibers of (E)-TPE-UPy (right). Reproduced from
ref. 70 with permission from ACS Publications.
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(479 nm) emitted a more blue fluorescence than (Z)-TPE-UPy
(495 nm). This result motivated us to investigate whether they
exhibit distinct self-assembly behaviors. From their structures,
we speculated that (Z)-TPE-UPy was prone to form cyclized
molecules or oligomers, due to the close proximity and steric
hindrance of the two UPy units (Fig. 9B). However, the trans
structure of (E)-TPE-UPy favored the formation of a linear
supramolecular polymer by linking the monomers through a
quadruple hydrogen bond. To prove the reaction mechanism of
the two isomers, viscosity experiments were carried out. As shown
in Fig. 9C, a significantly enhanced viscosity of (E)-TPE-UPy at a
lower concentration than that of (Z)-TPE-UPy confirmed our
proposed mechanism as isodesmic (polymer) and ring-chain
(small ring and oligomer) ones for (E)-TPE-UPy and (Z)-TPE-UPy,
respectively. These mechanisms were also proved from SEM
images of different morphologies to the isomers (regular nano-
particles vs. cable-like structures) (Fig. 9D).

The self-assembly of covalently-linked polymers was also
studied using AIE technology. We synthesized a chiral poly-
triazole polymer called P(TPE-alanine) with TPE as a backbone
and alanine as a side chain (Fig. 10A).”" The resulting material
displayed a typical AIE property and self-assembling capacity in
water induced by chiral amino acid units. By tuning the water
content of a dilute polymer solution (10~* M), the nanostructures
formed underwent a morphological transition from vesicle, to
pear-necklace, to helical nanofibers and then to microfibers
(Fig. 10B). At a high polymer concentration (5 x 10~* M), micro-
aggregates were formed, giving a better contrast and characteristic
information of fluorescent assemblies (Fig. 10C).

In addition, AIE technology can also be utilized to visualize
the dynamic interfacial self-assembly processes. By using an
AlE-active polymer, a battery of multifaceted interfacial pro-
cesses, such as coffee-ring, microemulsion and breath figure
evolution, were clearly visualized.”> The simple yet highly
sensitive and specific technology allows for the precise observa-
tion of the “interfacial world”.

Fig. 10 (A) Schematic representation of the self-assembly and morphology
transition processes of P(TPE-alanine) in THF/H,O mixtures with different
concentrations and water fraction. Fluorescence images of P(TPE-alanine) in
THF/H,O mixtures with different water fractions and concentrations: 10~4 M
(B) and 5 x 107* M (C). Reproduced from ref. 71 with permission from RSC
publishing.
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3.3 Physical processes

The physical properties of polymers are of vital importance to
guide their practical applications. Traditionally, these important
parameters are analyzed by specific instruments. Now, some of
these properties can also be studied using AIE technology. Based
on the RIM mechanism, when AlEgens are “married” with
polymers, the properties of the polymers can be investigated
through PL measurement.

3.3.1 Solubility parameter. The solubility parameter ()
reflects the degree of interaction of materials with solvents and
provides a good indication of solubility. When a typical AlEgen,
tetraphenyl ethane (TPE) was incorporated into a polymer
(Fig. 11A), the change of PL intensity in solution could reflect
the state of the chain conformation (Fig. 11B).”®> The ¢ of the
solvent, in which the polymer chains were in the fully stretched
conformations, could serve as the ¢ of the polymer itself. As
shown in Fig. 11C and D, the PL of the polymer PMT changed
significantly with the solvent . The ¢ values of poly(methyl
methacrylate) and polyvinyl acetate were 9.40 and 9.74 cal? cm ™72,
respectively, which is much more accurate than the traditional
turbidimetric titration method.

3.3.2 Glass transition temperature. The glass transition
temperature (T,) of polymers is also crucial because it is closely
associated with their application environment. During the glass
transition process, the segmental motion of polymer chains
may reduce the rigidity of the local microenvironment. Thus,
according to the RIM mechanism, such variations can be reflected by
the emission change of the doped AlEgens (Fig. 12A). Traditionally, a
PL spectrometer is an indispensable tool to record the temperature-
dependent fluorescence of physically doped materials.”* Although
this method shows excellent feasibility and sensitivity, it is
not suitable for on-site inspection. Now we developed a new

A B Slcal2cm32
S —=—850
M =
3 |——950
o LN 3
6 < |——1000
Mt e it 2 |——1050
) @ @ |——1100 p/
N N Rt o —e—12.00/#
@ I | €
iJ I [ J ] a
L. ¢ &
PMT PVT {
350 400 450 500 550 600
Wavelength (nm)
c D
001 o 0.0- /o
“‘ ® of
\ ¢ 0.1
0571\ e
A 0.2 /
= \ ] .
S S 03 \ /
g0 5 \ ¥
*\ o4 ./
\ rs \ S
-1.54 A P 0.5
9.40@/ 9.74
. ; ; 06 . .
9 10 1 12 9 10 11 12

-3/2;

5 (cal”’ecm™?) 5 (cal?cm™?)

Fig. 11 (A) Chemical structure of PMT and PVT. (B) PL intensity of PMT in
solvents with different solubility parameters. Plots of In(///p) of (C) PMT and
(D) PVT to confirm the solubility parameter. Reproduced from ref. 73 with
permission from MDPI journals.
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Fig. 12 (A) Working principle of AlEgens in T, detection. (B) Change of
relative grayscale (G/Go) of AlEgen-doped polystyrene film with tempera-
ture and the associated fitting curve as well as the second derivative of
the fitting curve to reveal the change of G/Gq at different temperatures.
(C) Reproducibility test for Ty detection in polystyrene with different
molecular weights. (D) DSC thermograms of poly(styrene—butadiene—
styrene) recorded during the second heating cycle. (E) The second
derivative of the fitting curve revealed the change of G/Gop of the
AlEgen-doped poly(styrene—butadiene—styrene) at different tempera-
tures. Reproduced from ref. 75 with permission from ACS publications.

approach using a camera and a programmed heating stage.
A camera was utilized to monitor and capture fluorescent
images of AlEgen-doped polymer films at different tempera-
tures and the grayscale (G) of selected areas was analyzed
through a MATLAB program.”® The relative grayscale (G/G)
against temperature was plotted (Fig. 12B). The T, was deter-
mined at a point where a slope change occurred. The second
derivative treatment helped further precise assignment of T.
This method demonstrated excellent reproducibility (Fig. 12C).
Moreover, in some cases, DSC failed to display the distinct heat
flow involved in the glass transition (Fig. 12D). However, our
method could still give a clear, reliable T, (Fig. 12E). Thus, this
method is a versatile technique with high commercial value for
high-throughput 7, measurement.

3.3.3 Crystallization. Crystallization of polymers is a self-
assembly process associated with the partial arrangement of
molecular chains. These chains fold together and arrange
into ordered regions named lamellae, which gather together
to become larger spheroidal structures called spherulites.”®
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Fig. 13 (A) The structure of PCL-TPE. (B) Schematic illustration of
crystallization-induced nano-sheets of fluorescent polymers. (C) Chemical
structure of PDHA and the fluorescent images of its crystalline and
amorphous aggregates. (D) Schematic illustration of the fluorescence
color-tuning process by changing the polymer network rigidity to afford
AIE crystalline and amorphous nano-blocks in the desired compositions.
Reproduced from ref. 77 and 78 with permission from ACS and RSC
publications.

Here, we reported a general approach to tune the alignment of
AlEgens by polymer crystallization. Semi-crystalline poly-
(e-caprolactone) capped with TPE was synthesized (Fig. 13A).”
During crystallization of polymers, the TPE molecules were
expelled out of lamellae and finally immigrated to the surface
(Fig. 13B). This crystalline nanosheet with dangling TPE mole-
cules exhibited a sensitive and specific response to explosives.
AlEgens with twisted structures allow facile molecular align-
ment to achieve different photophysical properties. We developed
a new approach to tune the packing modes of AlEgens by doping
them into the polymer matrix. As shown in Fig. 13C, AlEgen PDHA
was selected as it displayed intrinsic blue and yellow emissions in
the crystalline and amorphous state.”® By further engineering the
microstructure of the polymer matrix by physical blending of rigid
polystyrene (PS) and soft polybutadiene (PB), the emission of the
doped PDHA could be finely tuned. Owing to the immiscibility
of these two polymers, a distinct phase-separated morphology
was observed. Interestingly, crystalline and amorphous AIEgen
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assemblies were locked in the soft and rigid domains of the
polymer blend. The soft domain was favorable for AIEgens to
undergo molecular motions to form crystalline aggregates. On the
other hand, the rigid domain restricted the molecular motion of
AlEgens. Thus, only amorphous assemblies were formed. White
light-emitting materials based on a single AlEgen could be obtained
by mixing blue and yellow emissions (Fig. 13D). Simultaneously,
the single-molecule-based materials obtained showed white light
emissive characteristics and could form 1D, 2D, and 3D archi-
tectures in white lighting buildings and fibers and films.

3.3.4 Microphase separation. Understanding the phase
separation in immiscible polymer blends is of great academic
and industrial importance as the separated morphology affects
the quality of the resulting material. Traditional detection
technologies are time-consuming and often involve destructive
sample preparation procedures.”” We tried to visualize the
micrometer-sized phase separation in polymer blends utilizing
a simple, fast AIE technology. On the basis of the AIE mecha-
nism, the mechanism for visualization of phase separation was
shown in Fig. 14.%° The AlEgens doped in the rigid domains
emitted intensely owing to the stronger RIM effect. However, in
soft domains, the AIEgens were weakly or non-fluorescent due
to the active molecular motions. Therefore, from the distinct
fluorescence distribution, we could clearly differentiate the
phase separation in polymer blends, such as high-impact PS
(blend of rigid PS and soft PB). However, for some polymer
blends with similar rigidity, it is difficult to differentiate the
phase separation merely using the RIM mechanism. Fortunately,
AlEgen with TICT properties was able to solve this problem as
the emission of the dye can be red-shifted in a polar environ-
ment. Thus, AlEgens with TICT properties can distinguish
polymer blends with different polarities from different emission
colors. On the other hand, the AlEgen is found to differentiate
block copolymers from polymer blending, owing to the mutual
interference of each block to the AIEgen.®! These reports enrich
the application spectrum of both AIEgen probes and fluorescent
microscopes.

PB + PEG

[=] [~]

LE state

TICT state

Fig. 14 Schematic representation of the proposed working mechanisms for
the visualization of phase-separated morphology in polymer blends using
fluorescent AIE probes. (A) AlEgens operated under the RIM mechanism were
capable of visualizing and differentiating polymer blends with different
rigidities from the varied emission intensities. (B) AIEgens with TICT properties
could distinguish polymer blends with different polarities from the different
emission colors in the respective polymer component. Reproduced from
ref. 80 with permission from ACS publications.
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3.4 Stimuli response

AlE-based fluorescent probes are suitable as sensors for detect-
ing different stimuli responses including humidity, tempera-
ture, pH, mechanical force, solvent, and light intensity, due to
their simple accessibility, fast response, high sensitivity and
noninvasive detection.

3.4.1 Humidity. A visual relative humidity (RH) sensing
approach was presented to transform the invisible RH informa-
tion into various visible fluorescent colors by encapsulating
AlEgens with TICT effects into the network of moisture-captured
polyacrylic acid (PAA). Results showed that the emission color red-
shifted progressively with an increase of RH. A linear relationship
existed between RH in a broad range of 0-99% and the emission
wavelength (Fig. 15A).%* An AlEgen-coated LED chip was fabricated
to further demonstrate the RH quantification (Fig. 15B). No
emission color change was observed in the absence of water vapor,
whereas a more red emission was detected upon water vapor
exposure. Moreover, inspired by traffic lights, integration of a
transparent AlEgen-doped film with a UV LED enabled the
development of a smart humidity-based LED light (Fig. 15C).
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Fig. 15 Humidity-sensitive fluorescent sensors. (A) Schematic illustration
of the fluorescence process and the fluorescent images of (left) TPE-Py
and (right) TPE-VPy embedded in PAA at various RH taken under 365 nm
UV light irradiation. (B) Demonstration of humidity sensing in packaging.
Fluorescent images of LED chips deposited with TPP encapsulated with
(i) and without (ii) silicone taken under UV light. The scale bar was 5 mm.
(C) An image of the flexible transparent humidity-sensitive imaging film of
TPP taken under daylight. The dotted line indicated the boundary of
the film (left). (D) The images of a UV LED flashlight covered with TPP film
at RH of 10%, 60%, and 99%, respectively. The scale bar was 1 cm.
Reproduced from ref. 82 with permission from RSC publishing.
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Sensory feedbacks and dynamic colorations of RH were
provided in a gradient, continuous and beautiful fashion as
the light color continuously and automatically changed from
orange to green and then to blue due to the decrease of RH
(Fig. 15D). Therefore, sensitive sensing materials with high
processibility were produced by utilizing this comprehensive
strategy by combining electrospun polymers with AIE sensors.

3.4.2 Heat. A thermoresponsive AIE-active polymer was
successfully synthesized through free radical terpolymerization
of N-isopropylacrylamide (NIPAM), oligo(ethylene glycol)metha-
crylate (OEGMA) and TPE-based diacrylates (A2TPE) (Fig. 16A).%*
By tuning the molar ratio of NIPAM and OEGMA, the hydro-
philicity of the resulting polymer could be adjusted, which
guaranteed the regulation of lower critical solution temperature
(LCST). The polymer displayed weak emission below LCST owing
to the enhanced solubility. However, the PL signal enhanced
gradually with an increase of temperature, because the RIM
mechanism was triggered by the precipitation effect (Fig. 16B).
The temperature-dependent fluorescence enhancement demon-
strated a linear relationship in the sharp temperature range of
36-42 °C, suggesting the high sensitivity of AlEgens (Fig. 16C).

To sense high temperature variation, we incorporate TPE into the
backbone structure of nylon-6 (Fig. 17A).%* The resulting TPE-nylon-6
shows an intense blue emission at 485 nm at low temperature
(40 °C), which decreases with an increase of temperature (Fig. 17B).
Noteworthily, the emission gradually blue-shifts to 432 nm
increasing the temperature from 100 to 160 °C (Fig. 17C). As a
control, such phenomenon is not found in the TPE/nylon-6 physical
blending system (Fig. 17C and D). The thermal-induced fluorescent
colour change observed in TPE-nylon-6 may find potential applica-
tions in high-temperature detection.

NIPAM  OEGMA A2TPE

PL intensity (a.u.)

36 47

Temperature (°C

380 430 480 530 580 25 35 45 55
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Fig. 16 (A) Synthetic routes of thermoresponsive AIE polymers.
(B) Temperature-dependent emission spectra of an aqueous solution of
the polymer. (C) The emission intensity of the polymer at 478 nm versus
the temperature. Inset: The plot of linear fitting of ///5 from 36 °C to 42 °C.
Reproduced from ref. 83 with permission from RSC publishing.
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Fig. 17 (A) Synthetic route of TPE-nylon-6. (B) Fluorescence spectra of (B)
TPE-nylon-6 and (D) TPE-doped nylon-6 at different temperatures. Plots
of relative fluorescence intensity (//o) and emission wavelength of (C) TPE-
nylon-6 and (E) TPE-doped nylon-6 versus temperature, where g is
fluorescence intensity at 40 °C. Reproduced from ref. 84 with permission
from Wiley-VCH.

3.4.3 Others. A pH-responsive polymer with AIE attributes
was also developed to monitor the variation of pH.* Some
memory chromic polymers were designed and synthesized by
combining shape memory polyurethanes with TPE to display
reversible mechanochromic, solvatochromic, and thermochromic
shape memory effect.*® Some mechanochromic polymers were
reported based on the emission variation caused by the crystal-to-
amorphous transition.®” In addition, due to their efficient solid-
state emissions, AlEgens were fabricated into fluorescent
photopatterns for potential anti-fake applications.®® AIE tech-
nology could also be utilized as a damage-reporter for poly-
meric materials.®® Interestingly, by polymerizing conjugated
AlEgens to corresponding polymers, the singlet oxygen yield
of the materials enhanced significantly.”

3.5 Energy conversion

Luminescent solar concentrators (LSCs) are a promising type of
sunlight concentrators, which can harvest light and reduce the
required area of expensive solar cells.”’** LSCs are fabricated
by a slab of a highly transparent material (either glass or a
polymer such as poly(methyl methacrylate) and polycarbonate)
so that the solar light can pass through it without scattering or
absorption losses (Fig. 18A).°> However, current LSC systems
usually display low power conversion efficiencies owing to the
fluorescence quenching caused by dye aggregation. To address
this issue, AIEgens with high Stokes shift and quantum yield in
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the aggregated state are introduced to this field. Furthermore,
to improve the light coverage of LSC, we utilize the fluorescence
resonance energy transfer (FRET) effect to optimize absorption
and maintain high quantum yield by mixing donor and acceptor
molecules (Fig. 18B). Noteworthily, LSCs utilizing a donor/acceptor
mixture (DPATPAN and PITBT-TPE) display superb optical efficien-
cies (improvements of 8% at geometric factor (G) = 25) com-
pared to that including only the AIEgen donor owing to the
reduced re-absorption losses (Fig. 18C and D).

4. Conclusion

Since the establishment of the concept in 2001, AIE has
changed people’s way of thinking on the design of luminescent
molecules and inspired a revolution of fluorescence detection
research. As a cutting-edge fluorescent technology, AIE has
embodied a powerful platform for the analysis and visualization
of polymer properties, allowing multidisciplinary researchers to
participate in this area. The core mechanism of AIE is RIM,
stating that isolated fluorophores can trigger fluorescence in
addition to aggregation. Such turn-on characteristic of AIEgens
is promising for selective, sensitive and reliable analysis detec-
tion. One of the most thrilling applications of AIE technology
is in biological research, such as detection and imaging of
biological polymer structures and bioprocesses. Water-soluble
AlEgens are weakly or non-emissive in aqueous media to
impart negligible background interference. The fluorescence
is recovered through specific interactions with a biological
polymer, such as charge/electrostatic interaction, hydrophobic
interaction, hydrogen bonding interaction, freezing -effect,
viscosity effect and chemical reaction. For synthetic polymers,
the isolated AIEgen strategy reduces the dye loading in poly-
mers so as to contribute negligible effects on the intrinsic
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properties of the polymers. Owing to the ultrasensitiveness
of intramolecular motions to external fluctuations such as
temperature, viscosity or polarity, AlEgens can reflect and
visualize the tiny segmental motions or domain polarity. Based
on the fluorescence results, we can obtain the glass transition
temperature, solubility parameter, crystallinity, phase separa-
tion and self-assembly of polymers. On the other hand, by
incorporating AlEgens into stimuli-responsive polymers, we
can visualize the temperature, pH, and humidity variation of
the surroundings.

AlE-related research is increasingly booming and popular and
involves interdisciplinary cooperation. Besides further deciphering
the underlying mechanism of AIE, developing new functional
AlEgens is urgent in view of the diversity of polymers studied. In
addition to TICT and PET, AIE can combine with other photo-
physical phenomena, such as excited-state intramolecular proton
transfer (ESIPT) and fluorescence resonance energy transfer
(FRET). Furthermore, some special AlEgens with emissive crystal-
line form and non-emissive amorphous counterparts (vice versa)
should also be regarded. In the biological polymer field, the
visualization of many important biological processes involving
the transition from solution to the aggregate state still remains
unexplored. For example, the thrombosis process shows the
transition from soluble fibrinogen to insoluble fibrin. Moreover,
other biological polymers such as lipid and saccharide are also
building blocks of life. Understanding their bioprocess using AIE
technology may open up a new avenue. In the synthetic polymer
field, visualization of many physical parameters such as the
secondary transition below the glass transition temperature,
the early stage of crystallization, swelling, stress relaxation and
mechanical loss of polymers, remains to be solved. Altogether,
polymers make AIE technology fly high and AIE allows polymers
to be more powerful.
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