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In recent years, with the rapid development of electrochemiluminescence (ECL) sensors, more lumino-
phores have been designed to achieve high-throughput and reliable analysis. Impressively, after the pro-
posed fantastic concept of “aggregation-induced electrochemiluminescence (AIECL)" by Cola, the appli-
cation of AIECL emitters provides more abundant choices for the further improvement of ECL sensors. In
this review, we briefly report the phenomenon, principle and representative applications of aggregation-
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induced emission (AIE) and AIECL emitters. Moreover, it is noteworthy that the cases of AIECL sensors for
bioanalytical detection are summarized in detail, from 2017 to now. Finally, inspired by the applications of
AIECL emitters, relevant prospects and challenges for AIECL sensors are proposed, which is of great sig-
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1 Introduction

Various biological molecules, such as biomarkers,"” toxins,>*
small biological molecules,® metal ions,” nucleic acid® and
others®'® play crucial roles in our daily lives, and their exces-
sive or too low presence could lead to severe threats to human
health. Therefore, the precise and selective detection of these
biological molecules has attracted widespread attention
recently. Electrochemiluminescence (ECL) refers to emitters
being oxidized or reduced to generate excited species with
higher energy, which could be released in the form of light
while returning back to the ground state.'™'? It is a unique
luminescence phenomenon, where light can be excited
without any external excitation source, and a lower background
signal observed, which is a major superiority over fluorescence
(FL)."* Therefore, ECL biosensors with good controllability,
easy operation and sensitive detection have currently received
more interest in the field of biological detection.'* ™ It is
worth noting that the optical properties of the luminophore
have a significant effect on the sensor, so some defects in ECL
probes, such as pollution of the target, poor biocompatibility
and lower quantum yield, could impede the development of
biosensors.'”'® Consequently, the design of a non-toxic,
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nificance for exploring more advanced bioanalytical detection technology.

efficient, easy to synthesize and functionalized biological
probe is of great significance for ECL biosensors.

The aggregation-induced emission (AIE) phenomenon
refers to weaker light being observed in dilute solution, while
stronger light could be emitted in the aggregate state or solid
film, which was first discovered by Tang’s group in 2001."?°
Most traditional organic light-emitting molecules with a large
planar n-conjugated structure display a severe quenching effect
in high concentration or the polymerization state due to inter-
molecular n-r stacking, which is a typical aggregation-caused
quenching effect (ACQ).>"** Unlike the traditional ACQ, AIE
molecules often have a non-coplanar structure.>® The proposed
AIE overcomes the self-quenching effect of conventional lumi-
nescent materials and, moreover, an extended luminous life
and more stable light could be observed.>* Since then, particu-
larly in recent years, this major discovery has opened up a new
path for biochemical analysis, and appealing emitters are
widely used in detection, imaging and physiotherapy, and this
brings about promising prospects for biosensors. Of course,
more fields for its application need to be explored.>* >’

Aggregation-induced electrochemiluminescence (AIECL)
refers to a phenomenon where an illuminant could emit an
extremely weak ECL signal in a good solvent, while an
obviously enhanced ECL signal is obtained in a poor solvent,
which combines the advantages of AIE material and ECL
technology.”® This is mainly attributed to the restricted mole-
cular motion in a poor solvent, in which the energy leakage of
the excited state molecules is blocked effectively, and more
energy could be consumed in the form of light during the
process of relaxation.>® In 2017, Cola’s team reported the
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electrochemiluminescence properties of a square planar Pt(u)
complex with a supramolecular nanostructure, and found that
the aggregated Pt(u) complex could perform stronger ECL
emission than the separated form, which is mainly induced by
the different energy gap between the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) in the self-assembly process. As a result, the novel
term “aggregation-induced electrochemiluminescence” was
proposed.*°

Biocompatibility in aqueous media and the complex diver-
sity of detection environments still is a major challenge for
organic materials in bioanalysis. However, after the proposed
notion of AIECL, emitters with the AIECL property inject new
possibilities for bioanalytical detection and application by ECL
sensors. Especially in the solid state, this has greatly solved the
compatibility problem between the illuminator and the bio-
logical medium in the ECL sensor, and effectively reduced the
background interference simultaneously and, as a result, it has
significantly enhanced the detection sensitivity.>' Afterwards,
more probes with the AIECL property in ECL sensors have
been reported, and huge potential and broad application pro-
spects are expected.

2 AIE emitters

2.1 Principle of AIE emitters

Regarding the AIE phenomenon, restricted intramolecular
motion (RIM), including restricted intramolecular rotation
(RIR) and restricted intramolecular vibration (RIV), is recog-
nized as a common principle to explain the AIE mechanism by
most researchers.’

2.1.1 Restricted intramolecular rotation (RIR). As a typical
AIE molecule, hexaphenylsilole (HPS) with a propeller struc-
ture performs as a non-coplanar structure, which consists of
six freely rotatable benzene rings and a central axis of a silole
molecule (Fig. 1A).** A larger amount of energy could be con-
sumed in solution owing to the strong molecular motion of
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the benzene ring rotor, and weaker light is observed. Whereas,
in the aggregate state, the intermolecular accumulation and
spatial physical restraint extremely limit the free rotation of
the rotor, and the non-radiative attenuation channel is blocked
and, thereby, a strong light is emitted when the excited mole-
cule returns to the ground state.

2.1.2 Restricted intramolecular vibration (RIV). With the
in-depth study of the AIE phenomenon, another theory of RIV
was proposed owing to pure RIR theory not being explain the
light emission of more AIE molecules, such as (Fig. 1B)
10,10',11,11"-tetrahydro-5,5"-bidibenzo[a,d][7Jannulenylidene
(THBA) with a flexible ethyl chain and tetraphenylethylene
(TPE) with four peripheral aromatic phenyl rings and a central
olefin stator.*** Similarly, the flexible part of the THBA mole-
cule vibrates strongly in a good solvent, huge energy is liber-
ated through the non-radiative transition channel, and weak
light is observed. The blocked movement of the molecule pro-
motes more energy to be released in the form of light in the
aggregate state.

Some other mechanisms, such as molecular confor-
mation,*® J-aggregate formation,*® E/Z isomerization,?” excited-
state intramolecular proton transfer’® and twisted intra-
molecular charge transfer®® can also be employed to help
explain the AIE phenomenon; however, they are all lack sys-
temicity and universality to a certain extent.*’

2.2 Novel AIE emitters

In addition to traditional AIE materials such as TPE and HPS,
researchers have tried to design various AIE molecules with
excellent optical properties, and many new AIE emitters have
been synthesized, such as TPE derivatives,*' phenyleneviny-
lene derivatives,*” silacyclopentadienes®® and fluorenonearyl-
amine derivatives etc.** In general, AIE emitters are mainly
divided into the following several categories: small organic
molecule AlEgens, organic macromolecular AlEgens, AIEgen
bioconjugates, metal-containing AIEgens and AIE polymers.
Since the first discovery of the small organic molecule
AlEgens in 2001, various AIE molecules with outstanding fea-
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Fig. 1 Fluorescence of perylene and HPS in a mixture of THF/water with different fw (A). RIV and RIR behavior of TPE and THBA respectively.
Adapted from (Wang et al. 2020) with permission of Chemical Reviews, copyright 2020 (B).
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tures have been designed through the introduction of different
substituents or other methods, and they were successfully
applied in biosensors.”> Yuan designed a small molecule
AlEgen (named TPY) through the reaction of 3-ethyl-2-methyl-
benzothiazol-3-ium bromide (an electron acceptor) and
TPE-CHO (an electron donor). Bright orange fluorescence can
be observed without hypochlorite, and then transformed to
blue in the presence of hypochlorite. The transition of
this color is mainly due to the oxidation of the ethylene
bridge; therefore, the sensor achieved an effective distinguish-
ing of hypochlorite through the significant conversion in
color.*®

Compared with the small molecular AlEgens, it is much
easier to adjust the structure, morphology and topology for
macromolecular AlEgens, in which the part of the AIE unit
could be introduced into a limited space, such as a metal-
organic framework (MOF) or covalent organic framework
(COF), or embedded in the chains or backbones of macromol-
ecular AlEgens.””*° As a typical example, a TPE@y-CD-MOF-K
complex was prepared through in situ encapsulation, and the
porous structure of y-CD-MOF provides more paths to encapsu-
late guest TPE molecules, and the fluorescence signal of the
complex is stronger than that of pure TPE molecules due to
the limited movement of TPE in the MOF. Impressively, nitro-
aromatic compounds could be detected through specific reco-
gnition between K" and nitro compounds.>°

An AIE bioconjugate is an emitter in which different bio-
molecules, such as amino acids, nuclei acids, proteins and
others, could interact with AIE molecules through specific
covalent linkages.”* For example, Yu recently synthesized AIE
emitter 4H-pyrimido-[2,1-b]benzothiazoles with different sub-
stitutions through the Biginelli reaction, and the fluorescence
signal could be adjusted by diverse substitutions. In the pres-
ence of bovine serum albumin (BSA), a higher signal could be
observed due to the limited intramolecular motion. A prepared
sensor based on this excellent strategy performed good detec-
tion for human serum albumin (HAS).”> Metal-containing
AlEgens are competitive candidates for an effective ECL
emitter. For example, a Tbh-based MOF was reported by intro-
ducing the AIE-active molecule TPE, where the intramolecular
motion could be suppressed due to the embedded AIE unit in
the rigid MOF matrix, which significantly improved the ECL
efficiency. Thus a highly selective “turn-off” sensor was pro-
posed for CrO,*>~, Cr,0,”~ and Fe®" detection, in which an
obvious quenching effect was observed with an increase in the
target.”®

As for an AIE polymer, it could perform with better optical
properties due to its aggregation characteristics.>® Very
recently, Zhang synthesized a supramolecular AIE polymer
(PT-G), which emitted yellow light in the aggregate state. Then
PT-GEu and PT-GTb were prepared through the coordination
effect between Eu®", Tb*>" and PT-G, respectively. Amazingly, a
“turn-off” light was obtained with the introduction of Eu** and
Tb>*, while a “turn-on” light was observed under exposure to
CN™ and ClO, ", which is attributed to the specific interactions
between Eu*" and CN~, Tb*" and ClO,".%"
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3 AIECL emitters

Up to now, as a new detection method, ECL sensing techno-
logy has developed rapidly, and a series of remarkable achieve-
ments have been obtained owing to its lower noise, faster
detection and higher sensitivity.**™® Since different illumi-
nants could directly determine the performance of the sensor
platform, some ECL emitters with insolubility, toxicity and
poor stability greatly limit the development of ECL
sensors.’>®"®! Therefore, the preparation of ECL emitters with
higher luminous efficiency and stability is essential.

Currently, organic illuminants have become popular in ECL
sensors due to their well designable structure, abundant
variety and high biocompatibility.®** Han designed a por-
phyrinic Zr metal-organic framework, PCN-224, and achieved
sensitive detection for porcine epidemic diarrhea virus with
the assistance of TiO, NPs, which acted as an accelerator and
promoted the generation of more SO, ~, thereby resulting in a
higher ECL signal.®*

Du et al. prepared CASQDs@MOF-5 through encapsulating
CdS quantum dots (CdSQDs) into MOF-5, which emitted two
ECL signals under different potentials. Then a potential
resolved multicolor electrochemiluminescence system was con-
structed through the intensity difference between these two
ECL signals.®® Also, very recently, lanthanide metal-organic
frameworks (LMOFs) with a self-luminescent property were
reported. The designed emitter with excellent ECL perform-
ance provides guidance for research into new ECL
illuminators.®®

In order to take full advantage of the unique properties of
organic ECL emitters, further types of ECL emitters were devel-
oped. It is worth mentioning that the rapid development of
AIECL emitters endows unprecedented activity for ECL sensors
after the proposed concept of AIECL by Cola’s group in 2017.
Over the last five years, much effort has been paid to develop-
ing different kinds of AIECL luminophores, which have been
applied to AIECL sensors, and effectively solved the problem
between signal intensity and biocompatibility in ECL sensors.

Recently, Xu et al. designed a series of iridium(m)-contain-
ing polytetraphenylethene Pdots (PTPE Pdots), and discussed
their different ECL properties through capping or embedding
the iridium complexes into the TPE chain. The results showed
that the end-capped copolymer suffered less damage to the
polymer backbone during the synthesis process, and promoted
rapid intramolecular electron transfer and, therefore, a higher
ECL signal was obtained. The relative ECL efficiency of the
end-capping copolymer was calculated to be 18.9% compared
with Ru(bpy);>*/tri-n-propylamine (TPrA). This suggests a new
idea for the design of ECL emitters with brighter light.®”

In addition, Carrara reported a redox metallopolymer based
on a cyclometalated iridium(m) center, where the iridium
redox center was decorated onto the polymer backbone. After
modifying the polymer on the electrode surface, a thin film
was formed, and a strong AIECL signal was emitted due to the
protected iridium metal center. The designed Ir(ur)-based poly-
mers obtained higher ECL efficiency and resolved the solubi-

This journal is © The Royal Society of Chemistry 2022
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lity problem in aqueous media for the iridium(m) complex, so
the obtained emitter displayed significant advantages for a
solid ECL sensor.*®

4 The construction strategy of AIECL
sensors

The effective and precise regulation of the luminescence pro-
perties of AIECL molecules is an important part of designing
and constructing highly sensitive sensors towards various bio-
molecules. Common construction strategies for AIECL sensors
are as follows (Fig. 2).°°

4.1 Target-mediated specific binding

Very recently, Lu and co-workers designed a series of tetraphenyl-
benzosilole derivatives with an AIECL property based on the inter-
molecular radical cyclization reaction of diphenylacetylenes and
triphenylsilane, among which 2,3-bis(4-cyanophenyl)-1,1-diphe-
nyl-benzosilole (TPBS-C) displayed the highest ECL efficiency
(184.36%), which is mainly attributed to the obstructed non-
radiative transition of aggregated molecules and the lowest
reduction potential of TPBS-C with electron-withdrawing cyano
groups. In this system, the sensor performed a “turn-oft”
response toward Cr'" due to the strong oxidation property of
Cr,0,°7, and the target could capture electrons in the reduction
of TPBS-C, and a decreased ECL signal was obtained (Fig. 3A).”°

4.2 Self-assembly

An AIECL sensor could be constructed through self-assembly,
such as electrostatic interaction, hydrogen bonding, hydro-
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Fig. 2 Common construction strategies for AIECL sensors.
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phobic effects and coordination/chelation etc. Interestingly,
Jiang proposed a hydrogel network composed of gold nano-
clusters, which could be connected with Ca®". The prepared
hydrogel network performed excellent AIECL emission, with
50-fold ECL enhancement. Finally, the AIECL signal of this
sensor was induced towards calmodulin through a specific
combination between calmodulin and the Ca®" linker
(Fig. 3B).”*

4.3 Reaction with enzymes

Reactions with enzymes could facilitate the cleavage or dis-
solution of ligands to form or dissolve aggregates. Very
recently, Li et al. reported a phosphate-containing TPE with
the AIECL property. The AlEgens could emit a strong anode
signal with the assistance of coreactant TEA. In the presence
of target ALP, the phosphate group of the AIEgens could be
decomposed, and a decreased ECL signal would be observed
(Fig. 3C).”>

4.4 Nanoencapsulation

Apoferritin (apoFt) with a cavity of 8 nm can serve as a host to
encapsulate a guest molecule and form bioconjugates with the
AIECL property. Very recently, Wei and his colleagues syn-
thesized an Ir(ppy);@apoFt bioconjugate through wrapping
fac-tris(2-phenylpyridine)iridium(ur) complexes into the apoFt
cavity. About 44.3 molecules of Ir(ppy); were encapsulated in
apoFt through intermolecular n-n stacking interactions and
hydrogen bonds. The restricted space with nano-encapsulation
greatly hindered the intramolecular movement of the AIE
molecule. In aggregates, the ECL signal of Ir( ppy);@apoFt was
5.3-fold stronger than in the monomers. The emergence of
this novel AIE bioconjugate provides a new method for the
design of more AIE molecules (Fig. 3D).”*

4.5 Other construction strategies

For example, Wang et al. prepared AlE-active Pdots through a
Suzuki reaction between TPE and boron ketoiminate. Then,
the prepared Pdots were decorated with ssDNA and used to
specifically recognize UO,>" through the coordinate bonds of
P=0 and U between the phosphonate groups. The ECL signal
was apparently enhanced with more UO,>", which is attributed
to the resonance energy transfer (RET) mechanism from UO,>*
to Pdots.”

Although the development of AIECL sensors is in its
infancy, it exhibits unique advantages in the fields of clinical
diagnosis, biomarker detection, and environmental and food
analysis, especially in biosensors.

5 Application of AIECL illuminants in
biosensors

AIECL-based biosensors have developed rapidly since the
introduction of AIECL emitters in recent years, which have

been employed to detect various targets accurately through
specific identification features, such as hydrogen bonding or a
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Fig. 3 The mechanism of a designed ECL sensor towards its target. Adapted from (Guo et al. 2020) with permission of Analytical Chemistry, copy-
right 2020 (A). Construction of an AIECL sensor for calmodulin detection. Adapted from (Jiang et al. 2019) with permission of Small, copyright 2019
(B). Detection principle of a designed ECL sensor for ALP. Adapted from (Li et al. 2021) with permission of Microchemical Journal, copyright 2021
(C). Assembly process of an ECL sensor based on Ir(ppy)s@apoFt for CYFRA 21-1 detection. Adapted from (Yang et al. 2021) with permission of

Analytical Chemistry, copyright 2021 (D).

hydrophobic effect.””> The remarkable cases of AIECL sensors
for biological analysis are shown in the following section

(Fig. 4).

5.1 Application in protein markers

Protein markers are important biochemical indicators, which
could be used to mark structural or functional changes in
organs, tissues, cells and subcellular structures in our bodies
due to their unique sensitivity.”*’” The sensitive and accurate
detection of a variety protein markers could provide early pre-
vention of many diseases.

As a traditional tumor marker, the abnormal expression of
mucin 1 (MUC1) in tumor tissue is closely related to cancera-
tion.”® Recently, Yuan designed an exquisite sensing platform
based on the strategy of “restriction of intramolecular
motions-driven ECL”. In this system, hexagonal tetraphenyl-
ethylene microcrystals (TPE MCs), as an aggregate state of the
TPE molecule, displayed the strongest ECL signal at 675 nm in
a poor solution, which was 12.7 times higher than that of the
TPE monomer. This is the result of the physical constraint.
Then, palladium nanospheres were used to capture Fc-labeled
substrate DNA in the sensor, and a “signal-off” model was
developed. After capturing MUCI1, the Fc-labeled DNA frag-
ments were released into solution, and a “signal-on” signal
could be realized (Fig. 5A).”° Afterwards, Xiao et al. fixed a
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Fig. 4 The main applications of AIECL emitters in bioanalytical testing.

TPE-based ligand with MOF to design a novel ECL emitter (Hf-
TCBPE), where the enrichment and concentration effect of the
MOF greatly shortens the distance of ion/electron-transfer
between the emitter and co-reactant, resulting in brighter light
signals. As a result, H-TCBPE achieved excellent performance
for MUC1 detection.®®

This journal is © The Royal Society of Chemistry 2022
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Wei proposed a dumbbell-plate-like MOF with AIECL pro-
perties due to a coordination effect between 1,1,2,2-tetra(4-car-
boxylbiphenyl)ethylene (H,TCBPE) and Zr(iv) cations. In this,
more H,TCBPE molecules were fixed in the MOF and, more-
over, the abundant porous structure of the MOF activated the
H,TCBPE ligands, which existed in internally and at the
surface of the MOF, and a powerful ECL signal was emitted.
Additionally, coreactant polyethyleneimine (PEI) was covalently
linked on the MOF to prepare Zr-TCBPE-PEI, which performed
self-enhanced ECL due to the intramolecular coreaction accel-
eration effect. Then, the ECL signal was effectively quenched
through the RET of quencher AuPd@SiO,. The well-prepared
ECL sensor was applied for neuron-specific enolase (NSE)
detection through the “on-off” mode (Fig. 5B).%"

As a typical tumor marker, the detection of cytokeratin 19
fragment 21-1 (CYFRA 21-1) is of great significance. Wei syn-
thesized an Ir(ppy);@apoFt bioconjugate with AIECL charac-
teristics as a probe. On the other hand, reduced graphene
oxide modified by Fe,N and gold nanoparticles was prepared,
and functioned as an electroactive substrate to accelerate the
reaction of free radicals, Therefore, this ECL immunosensor
for CYFRA 21-1 performed good detection with a limit of 0.43
pg mL™'.”? Similarly, the same team proposed another AIECL
emitter, TP-COOH NCs, which were prepared through wrap-
ping poly-(styrene-co-maleicanhydride) onto tetraphenylethyl-
ene nanocrystals. An ECL sensor for CYFRA 21-1 was fabri-
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cated based on TP-COOH NCs and iron-doped hydroxyapatite
(Fe-HAP), and the effective energy level matching and good
spectral overlap between TP-COOH NCs and Fe-HAP improved
the detection of CYFRA 21-1.%

Acute myocardial infarction (AMI) is one of the most threa-
tening cardiovascular diseases, and troponin I (TI) is an impor-
tant biological indicator of AMI. Recently, Saremi’s group fab-
ricated a disposable aptasensor for TI based on the deposition
of cyclometallated iridium(u)-polyvinylpyridine polymer nano-
particles (CIPNPs) on nitrogen-doped graphene, where the
sensor was assembled gradually through nitrogen-doped gra-
phene (NG), AuNPs-Apt and CIPNPs. More importantly,
CIPNPs showed higher ECL intensity in the aggregate state
compared with Ru(bpy);*>". In this system, ECL intensity
increased with increasing target concentration due to the
specific recognition of TI and aptamer, and the well-designed
aptasensor was perfectly utilized to detect TI in sample serum
(Fig. 5C).%%

The effective detection of M.SssI methyltransferase (M.SssI
MTase) is of great significance in clinical diagnosis and
research. It is worth mentioning that very recently Cui et al.
designed Ag-metal-organic gels (Ag-MOG) as an illuminant.
Inspired by the host-guest recognition of ferrocene (Fc) and
B-CD, a facile biosensor was constructed for M.SssI MTase
detection. In the absence of the target, double-stranded DNA
(dsDNA) formed from two single-stranded DNAs (biotinylated

CH,COOM, DMF

HAuCI,

Ag Metal-oganic gel

EtOH, 20 °C
—

Magnetic

separation

Fig. 5 Assembly process of an ECL sensor based on TPE MCs. Adapted from (Jiang et al. 2019) with permission of Analytical Chemistry, copyright
2019 (A). A designed sensor based on Zr-TCBPE-PEI for NSE detection. Adapted from (Li et al. 2022) with permission of Small, copyright 2022 (B).
The manufacture of an ECL sensor. Adapted from (Saremi et al. 2019) with permission of Microchimica Acta, copyright 2019 (C). ECL sensor based
on Ag-MOG for M.Sssl MTase. Adapted from (Cui et al. 2021) with permission of Analytical Chemistry, copyright 2021 (D).
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DNA-1 and Fc-labeled DNA-2) was hydrolyzed by the restriction
endonuclease Hpall. Then, Fc was liberated from the magnetic
beads (MBs) and interacted with p-CD specifically, resulting in
a quenched ECL signal. However, dsDNA could not be cleaved
in the presence of M.SssI MTase, which blocked the division
of Fe from MBs, and a higher ECL intensity was observed. The
sensitive detection of the target is attributed to the fascinating
supramolecular recognition system (Fig. 5D).%*

Moreover, Yang reported a distyrylarylene derivative, 4,4"-bis
(2,2-diphenylvinyl)-1,1-biphenyl (DPVBi), and then prepared a
solid-state high-efficiency ECL system for cTnl detection.
Compared with typical tetraphenylethylene and its derivatives,
a more stable and powerful ECL signal of DPVBi NBs was
received, which is mainly due to the band gap emission.®?

In addition, Jiang proposed a metal-binding protein respon-
sive hydrogel with AIECL, which performed satisfying detec-
tion for calmodulin in the range of 0.3 to 50 pg mL™".”* More
ECL sensors based on AIECL emitters have been established
for biomarker detection. All of these confirmed a promising
outlook.”>%%7

5.2 Application in ions

Some ions such as Mg”*, Ca>", Zn*", and Fe*" are important to
maintain healthy bodies, since they participate in normal

physical activity in our daily lives. However, some toxic metal

A
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ions such as Cr*/**, Pb**, Hg®" and Cd** could induce meta-
bolic disorders and generate fatal hazards.®*°* AIECL emitters
could be used as powerful probes in ECL sensors to detect
these ions rapidly through unique interactions, such as metal-
bridged crosslinking, chelation reaction, cleavage reaction and
coordination effect etc.”?

As one of the essential elements in our body, an abnormal
content of Cu** could cause a series of diseases.”® Fu et al. syn-
thesized a J-aggregate, 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin (TCPP). Compared with the monomer, a 5-fold
enhanced ECL signal for TCPP appeared at 675 nm. In order
to further investigate the relevant ECL mechanism, density
functional theory (DFT) calculations of the monomer and
dimer (minimum aggregate) were carried out, where the nar-
rower LUMO—HOMO band gap of the TCPP dimer effectively
shortens the electron transfer distance, which is beneficial to
the ECL emission of TCPP. Meanwhile, -cysteine capped zinc
oxide nanoflowers (ZnO@Cys NFs) were prepared, which
played the roles of coreactant accelerator and energy donor.
Thus, with resonance energy transfer (RET) from the ZnO@Cys
NFs (energy donor) to the TCPP J-aggregate (energy acceptor),
a solid-state detection platform was manufactured on the basis
of the RET mechanism, and the proposed ECL sensor showed
a highly selective and sensitive quenching effect for the detec-
tion of Cu®" in the range of 1.0 pM to 500 nM (Fig. 6A).%*
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Fig. 6 Schematic illustration of an ECL sensor based on TCPP J-aggregate towards Cu?*. Adapted from (Han et al. 2020) with permission of
Analytical Chemistry, copyright 2020 (A). The mechanism of a designed ECL sensor, molecular orbital amplitude plots and the calculated orbital
energy levels for TPE, TPE-(NO,)4, TPE-(NH;)4 and tolane molecules. Adapted from (Han et al. 2019) with permission of Analytical Chemistry, copy-
right 2019 (B). The assembly of a sensor for uranyl ions. Adapted from (Wang et al. 2020) with permission of Advanced Functional Materials, copy-

right 2020 (C).
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Recently, a series of different TPE derivatives were designed,
and the important effects of different substituents in the organic
compound for ECL emission were investigated through UV and
electrochemistry analysis. Among them, TPE-(NO,),/K,S,0g dis-
played the strongest ECL signal. It is worth noting that the ECL
intensity increased with an increase in R/B absorbance band
intensity ratios, and TPE-(NO,), exhibited the largest R/B ratio. In
addition, DFT was used to study the effect of electronic structure
on ECL emission. Analogous HOMOs appeared in these TPE
derivatives, which is mainly attributed to the C=C bond, while a
lower LUMO energy level appeared in TPE-(NO,),, where the nar-
rower LUMO—HOMO energy gap of TPE-(NO,), leads to easier
electron transfer. All of these might be due to the strong electron-
withdrawing group of -NO,. Taking advantage of the powerful
AlEgens, the as-prepared sensor based on TPE-(NO,),/K,S,0g
revealed sensitive detection towards iodide (Fig. 6B).”

In addition, Wang prepared an ECL-RET sensor for the
detection of UO,**, and the obtained LOD in this sensor is
lower than for other methods (Fig. 6C).”* Sun constructed a
metal sensor based on three-component Pdots with an AIECL
property, and obtained good detection for Pb**.”

5.3 Application in nucleic acids

Nucleic acid is indispensable for the construction of organ-
isms, playing an extremely important role in genetics,
mutation and protein biosynthesis.’”*® Accurate detection of
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nucleic acids could assist clinical diagnosis at the level of gene
expression.

Recently, Guo and his co-worker designed an AIECL-active
dichlorobis(1,10-phenanthroline) ruthenium(u) (Ru(phen),Cl,).
The ECL and PL signals were obviously enhanced with an incre-
ment in the H,O fraction (v%) from 30% to 70% in H,0/MeCN
media, increasing by 120 fold and 5.7 fold, respectively. In
MeCN, the excited state molecules Ru(phen),Cl,* interacted with
each other or with the surrounding solvents, which consumed a
large amount of energy in the process of non-radiative relaxation.
With the addition of water, Ru(phen),Cl, molecules aggregated
gradually due to weak intermolecular interaction, and the
vibrational and rotational relaxation of Ru(phen),CL* was
restricted, resulting in a stronger light. Therefore, an ECL sensor
based on the AIECL emitter was used to selectively identify
miRNAs according to the type and number of different nucleo-
bases (Fig. 7A).>°

Afterwards, Zhang prepared active Pdots through a nano-
precipitation method, which are composed of a classical TPE
derivate and benzothiadiazole (BT). BT with a hard frame and
good electrochemical property could reduce damage to the
conjugated structure of Pdots during the synthesis process,
which is conducive to the generation of a stable ECL signal.
Well-designed Pdots resolved the irreversible electric redox
defect of general Pdots, and higher luminescence efficiency
was observed in the aggregate state. Thus, a biosensor for
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Fig. 7 AIECL of the (Ru(phen),Cl,)/TPA system and its applications. Adapted from (Lu et al. 2020) with permission of Analytical Chemistry, copyright
2020 (A). Synthesis of active Pdots and the preparation of a sensor for miRNA-21. Adapted from (Zhang et al. 2021) with permission of Analytical
Chemistry, copyright 2021 (B). Construction of a Py-spc-CON emitter and a designed sensor for microRNA-21. Adapted from (Zhang et al. 2021)
with permission of Analytical Chemistry, copyright 2021 (C). Assembly process of a sensor for microRNA. Adapted from (Liu et al. 2019) with per-

mission of Analytical Chemistry, copyright 2019 (D).
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miRNA-21 detection was prepared based on target recycling
amplification, a catalytic hairpin assembly method and an
ECL-RET strategy (Fig. 7B)."*°

Very recently, Xiao’s group designed a new pyrene-based
sp> carbon-conjugated covalent organic framework nanosheet
(Py-sp®c-CON). This unique ultrathin nanosheet with large
amounts of luminophores shortened the electron and ion
transport channels, and further caused abundant excited state
emitters, which significantly amplified the ECL signal.
Subsequently, the accelerator S,04>~ further improved the ECL
signal. As a result, an appealing probe was employed to con-
struct a biosensor for microRNA-21 detection by using the
strategy of exo IIl-assisted target recycling amplification
(Fig. 7C)."°" Liu et al. also utilized BSA to stabilize tetraphenyl-
ethylene nanocrystals (BSA-TPE NCs), which showed excellent
AIECL properties in the presence of triethylamine (TEA), and
thus an ECL detection platform for microRNA based on
BSA-TPE NCs was constructed (Fig. 7D).'*

5.4 Application in small molecules

Many small molecules, such as dopamine, glucose and uric
acid, are essential for the normal operation of life
activities.'®% So, a variety of ECL sensors based on AIECL
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Re-adsorption
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materials have been reported for the detection of these small
molecules.

Chloramphenicol is a typical antibiotic, but many regions
have forbidden its use due to its extremely toxic side effects, so
the detection of chloramphenicol in food is essential for our
health.'®® Luo’s group synthesized a covalent organic frame-
work with AIECL groups (COF-AIECL) based on the Schiff base
reaction, which emitted a strong ECL signal under the coacti-
vator H,0,. Moreover, a mercapto-modified Co;0, nanozyme
was synthesized, and the ECL intensity was significantly
enhanced due to the catalytic effect of Co;0, on H,0,. As a
result, a novel molecularly imprinted chloramphenicol (CAP)
sensor based on the signal element COF-AIECL, the amplifica-
tion element Coz0, and a recognition element molecularly
imprinted polymer (MIP) was designed. The ECL signal was
effectively controlled by the elution and adsorption of CAP. In
this system, the detection of CAP in the range of 5 x 107** to 4
x 107" mol L' is satisfactory, with an LOD of 1.18 x 10"
mol L™ (Fig. 8A).""

Recently, Liang et al. reported a metal-free mass-amplifying
electrochemiluminescence film (MAEF) based on a synthetic
butterfly-shaped illuminator (BTD-TPA). The prepared MAEF is
different from other reported ECL systems, and a linearly
increased ECL signal could be observed with more modified
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MAEF on the Au-matrix. This is mainly due to the electro-
catalytic effect of the Au substrate promoting the reaction of
illuminant and coreactant; moreover, the nucleation centers of
the Au-matrix are conducive to the growth of grass-like aggre-
gates. The AIECL characteristics of BTD-TPA were verified in a
tetrahydrofuran/water (THF/H,O) mixture, where a sharply
enhanced ECL signal was obtained with the increase in water.
Besides this, orange-red light could be clearly observed. As a
result, the prepared sensor was used for dopamine detection,
and obtained a lower detection limit (3.3 x 107'® M). This
unique method provides a promising path for visual ECL
imaging (Fig. 8B)."%°

Up to now, more research on donor-acceptor AIE lumino-
phore has been reported. Wang prepared three Pdots (P-1, P-2
and P-3) through a Pd-catalyzed Suzuki coupling polymeriz-
ation reaction, in which, a 9-octyl-3,6-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole monomer (M2) was
employed as an electron donor, and 4,6-bis((E)-4-bromostyryl)-
2,2-difluoro-5-phenyl-2H-113,3,214-dioxaborinine ~ (M3)  was
used as an electron acceptor, and the TPE unit played the role
of an AlE-active moiety. The difference in these Pdots lies in
the ratio of TPE units. Among them, P-1 Pdots performed with
typical AIECL properties and emitted the strongest ECL inten-
sity due to the highest ratios of TPE (0.95). Finally, a sensor
based on P-1 Pdots was manufactured to detect catechol, epi-
nephrine and dopamine (Fig. 8C).'*°

Afterwards, Cui et al. designed three conjugated micro-
porous polymers (TBPE-CMPs) based on 1,1,2,2-tetrakis(4-bro-
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mophenyl)ethane (TBPE), where these polymers involved
different conjugated ligands, and the different energy gaps
generated in the TBPE-CMPs were used to adjust the electronic
transition from the valence band to the conduction band,
which promoted ECL emission to varying degrees. Among
them, TBPE-CMP-1 was chosen to detect dopamine due to its
better ECL emission, which is mainly caused by the enhanced
electron-hole recombination efficiency. The ECL efficiency was
computed to be 1.72% compared with [Ru(bpy);]*"/TPrA.
During the detection of dopamine, a linearly quenched ECL
signal was obtained in the range of 0.001-1000 mM
(Fig. 8D)."*°

Furthermore, Liu et al. designed donor-acceptor based cou-
marin derivatives, 6-[4-(N,N-diphenylamino)phenyl]-3-ethoxy-
carbonyl coumarin (DPA-CM), through a reprecipitation
method, and the “oxidation-reduction” mechanism of TPrA
and DPA-CM was verified by an electrochemistry study, where
the constructed ECL sensor was used for the detection of
ascorbic acid, uric acid and dopamine.'™* All of this demon-
strated a fascinating analytical application of an AIECL sensor
to small molecules.

In addition, Li reported a new AIECL emitter, a quaternary
ammonium salt group-functionalized TPE derivate (QAU-1)
with positive charge, and then QAU-1 was linked with Fc-
labeled ssDNA based on electrostatic interaction. With an
increase in the target, Fc molecules gradually fell off, and the
ECL signal of the proposed sensor increased with the incre-
ment of BLM.'"?
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Fig. 9 A prepared AIECL sensor for I, vapour detection. Adapted from (Wang et al. 2021) with permission of Journal of Materials Chemistry A, copy-
right 2021 (A). A prepared AIECL sensor based on ThT-CMP for RhB detection. Adapted from (Cui et al. 2021) with permission of ACS Applied
Materials Interfaces, copyright 2021 (B). A designed silole/K,S,0g system towards DNBP with various concentrations. Adapted from (Han et al. 2019)
with permission of Angewandte Chemie-International Edition, copyright 2019 (C).
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As one of the most ordinary mycotoxins in nature, is afla-
toxin B; (AFB1) widely scattered in animals and plants, and
severe threat occurs every year owing to its hard-to-decompose
and stable property.'"® Fang’s group prepared novel 9,10-
diphenylanthracene cubic nanoparticles (DPA CNPs) through a
simple reprecipitation method, and a powerful ECL signal
was observed in a mixture of water/N,N-dimethylformamide
(DMF), because free intramolecular rotation and vibration
are effectively limited in the aggregated state. In addition,
the small size confinement effect could also enhance the
emission of the ECL signal. Thus, a free-label sensor was pre-
pared based on DPA CNPs, and acceptable detection was
realized.'**

5.5 Application in other aspects

Since the discovery of the AIECL phenomenon, a series of
these new luminescent materials have been utilized in fields
such as immunity, metal ion, nucleic acid and small molecule
detection. Nowadays, they have also gradually attracted more
attention in other fields.

I, radioisotopes have an important effect in the early
warning of nuclear accidents, and bring heavy pressure on
environmental governance. Wang reported a polymer with
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AIECL properties, which was decorated with tertiary amine as
co-reactive groups; moreover, the tertiary amine plays a role as
a vapor capturing and sensing group in an ECL sensor. This
work is the first time it has been used to monitor radioactive I,
vapour, which has a great potential for public security
(Fig. 9A).'*

Cui designed a thiophene tetraphenylethene-based conju-
gated microporous polymer (ThT-CMP), which could emit
positive and negative ECL signals with the coreactants TPrA
and S,04>” at the same time. Then a dipolar AIECL sensor was
prepared for rhodamine B (RhB) detection (Fig. 9B).''®

Han et al constructed a heterogeneous aggregation-induced
emission ECL (HAIE-ECL) in the silole/K,S,05 system, which rea-
lized the sensing of organic-based ECL in the water phase by
solving the crucial problem of water insolubility for the specific
recognition of di-n-butyl ortho-phthalate (DNBP) plasticizer, and
this strategy achieved satisfactory detection for DNBP (Fig. 9C).""”

All the above cases illustrate the wide applications of AIECL
illuminants in ECL biosensors, which provides a theoretical
basis for future market development. And the representative
examples of electrochemiluminescent sensors based on aggre-
gation-induced emission probes for bioanalytical detection are
shown in Table 1.

Table 1 Representative examples of electrochemiluminescent sensors based on aggregation-induced emission probes for bioanalytical detection

Sensing AIECL emitter
Target analyte strategies (with coreactant) Linear range LOD Ref.
Crgw) Turn on TPBS-C (S,04°7) 10" to10* M 0.83 pM 70
Ca** Turn off AIECL-type hydrogel system 0.3-50 pg mL ™" 0.1 pg mL ™" 71
TPE-pho (TEA)
ALP Turn off Ir( ppy)s@apoFt bioconjugate 0.1-6.0 UL™" 0.037UL™" 72
(TPrA)
CYFRA 21-1 Turn on Pdots (TPrA) 1 pg mL™" to 50 ng mL™" 0.43 pgmL™" 73
Uranyl ion Turn on TPE MCs (TEA) 0.05 to 100 nm 10.6 pm/2.5 74
ppt
MUC1 Turn on Zr-TCBPE-PEI 1fgmL ™" to 1 ng mL™" 0.29 femL™ 79
NSE Turn off TP-COOH NCs (S,05>7) 0.0001 to 10 ng mL ™" 52 fg mL ™ 81
CYFRA 21-1 Turn off CIPNPs (TPA) 107-500 ng mL™" 0.01471 pg 82
mL™"
TI Turn on MOG (S,05>") 0.1 pM to 10 nM 20 fM 83
M.SssI MTase Turn on DPVBI NBs (TEA) 0.05 to 100 U mL ™" 3.5 ><110’3 8] 84
mL~
cTnl Turn off TCPP J-aggregate (S,05>7) 0-100 pg L™* 43 fg mL ™" 85
cu* ECL-RET TPE-(NO,); (S,05>") 1.0 pM to 500 nM 0.33 pM 94
Todide Turn off DPF (TEA) 5 to 2000 nM 0.23 nM 95
Pb** Turn on Ru(phen),Cl, (TPrA) 100 pM to 1.0 uyM 38.0 pM 96
miRNAs — Pdots (TPrA) — — 99
miRNA-21 ECL-RET Py-sp?c-CON (S,05>7) 0.1 fM to 100 pM 32:00:00 100
microRNA-21 Turn on BSA-TPE NCs (TEA) 100 aM to 1 nM 46:00:00 101
microRNA Turn on COF-AI-ECL (H,0,) 100 aM to 1 nM 13.6 aM 102
Chloramphenicol Turn on BDT-TPA (TEOA) 5x10 to4x107"°M 1.18x10 "M 107
Dopamine Turn off P-1 Pdots (TPrA) 5x10°to4x10°M 33x107°M 108
Datechol, dopamine and Turn off TBPE-CMP-1 (TPrA) 2nMto1mM,10nMto100 yMand 1,7and3nM 109
epinephrine 10 nM to 500 pM
Dopamine Turn on QAU-1 (S,04>7) 0.001-1000 pM 0.85 nM 110
Bleomycin Turn on DPA CNPs (TPrA) 0.01 to 10 000 pM 4.64 fM 112
aflatoxin B1 Turn off Conjugated polymer Pdots 0.01 pg mL™" to 100 ng mL ™" 3 fgmL™" 114
(TEA)
1, vapor Turn off ThT-CMP (TPrA) 0-100 pg L™* 0.13 ppt 115
RhB Turn off HPS (82082_) 0.0001 to 10 pM 0.055 nM 117
Plasticizers Turn on 5-2500 nM 0.15 nM 117
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6 Conclusions and prospects

In this work, we introduced the phenomenon, principle and
main applications of AIE and AIECL emitters. The applications
of AIECL emitters in ECL sensors over the past five years were
summarized. A variety of AIECL illuminants perform appealing
properties, which opens a new avenue for the development of
novel ECL biosensors. The proposed AIECL not only overcomes
the notorious ACQ in the aggregate state or solid film, and
greatly improves the sensing capability, but also solves the
application restrictions of ECL sensors in aqueous or other
media. Nowadays, ECL biosensors based on AIECL emitters
are developing rapidly and performing with great potential due
to their unique optical properties.

Up to now, only limited AIECL illuminators have been
exploited in biosensors among the existing large number of
AIE materials, and it is expected that there will be more abun-
dant AIECL illuminant types. In order to obtain various AIECL
illuminators and broaden the application of AIECL sensors,
more methods for manipulating AIECL molecules need to be
developed. AIE bioconjugates have received more attention
due to their better water solubility and biocompatibility in bio-
sensors, especially in the biomedical field. For example, AIE
bioprobes based on enzyme-responsive peptides perform with
excellent specificity and have potential value. The enzymatic
hydrolysis of a peptide can induce the aggregation of AIE mole-
cules, which could be used to detect enzymatic activities
closely related to some diseases. This has been widely applied
in fluorescence analysis but rarely reported in ECL sensors
recently.'"®

On the other hand, while AIECL emitters are employed in
many detection systems, most exhibit a “turn-off” detection
mode, where the quenching effect is enhanced with increasing
target, and a gradually decreased ECL signal could be
observed. This type of sensor is very susceptible to interference
from various components, and false detection can appear. In
contrast, the “light-up” detection based on AIE materials has
attracted a lot of attention in the field of bioanalytical detec-
tion due to its unique advantages. In particular, the target can
induce the formation of aggregates through hydrogen
bonding, electrostatic attraction, coordination cyclization and
target-induced charge transfer etc., resulting in an opened ECL
emission. This target-induced “signal-on” mode partially
avoids the decreased ECL signal due to nonspecific binding.

Additionally, the original design of the AIECL emitter has a
huge number of vacancies; therefore, it is very promising to
design a novel AIECL emitter with a stable structure and a
lower redox potential, which could significantly reduce the
damage to biomolecules. Finally, in AIECL-based biosensor
systems, it is also essential to find more coreactants that could
match with the AIECL molecules. With the advancement of
microarray technology and the development of AIECL illumi-
nators, the miniaturization of biosensors is expected to be rea-
lized quickly and applied in practical applications. Although
the development of these sensors is in its initial stage, it is an
emerging and attractive research field.

This journal is © The Royal Society of Chemistry 2022
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