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Biothiols are important species in physiological processes such as regulating protein structures, redox homeostasis and cell
signalling. Alternation in the biothiol levels is associated with various pathological processes, therefore non-invasive fluorescent
probes with high specificity to biothiols are highly desirable research utilities. Meanwhile, fluorescent probes with aggregation-
induced emission properties (AIEgens) possess unique photophysical properties that allow modulation of the sensing process
through controlling the aggregation-disaggregation or the intramolecular rotational motions of the fluorophores. Herein we
review the recent progress in the development of biothiol-specific AIEgens. In particular, the molecular design principles to
target different types of biothiols and the corresponding sensing mechanisms are discussed, along with the potential of the future

design and development of multi-functional bioprobes.
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1 Introduction

Biological thiol-containing molecules (biothiols), including
cysteine (Cys), homocysteine (Hey), glutathione (GSH), and
hydrogen sulfide (H,S), are essential biomolecules that play
a critical role in numerous physiological processes, such as
redox homeostasis, cell signalling and detoxification [1-3].
Abnormal concentrations of biothiols have been reported to
associate with many medical conditions. For example, ele-
vated levels of labile Cys may be involved in neurodegen-
eration whereas low Cys levels may lead to growth
retardation, hair depigmentation, liver damage, skin lesions
and weakness [4-9]. Hcy, the homologue of Cys with one
more methylene group, is implicated in vascular and renal
diseases [9]. High concentration of Hcy in blood may be a
risk factor for cardiovascular and Alzheimer’s disease,
neural tube defects, complications during pregnancy, in-
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flammatory bowel disease and osteoporosis [10,11]. GSH,
the most abundant thiolated tripeptide, is an important anti-
oxidant that regulates the intracellular buffering system. By
scavenging the reactive oxygen species (ROS) and free ra-
dicals, GSH prevents cells from damage caused by oxidative
stress and toxins. GSH also participates in affecting the ef-
fectiveness of chemotherapy [12-14]. H,S, a well-known
poisonous and flammable gas, has critical biological func-
tions. It is an important endogenous gaso-transmitter with
relatively high concentration in the brain. It is involved in
learning and memory, regulation of blood pressure, in-
flammation as well as metabolism [15]. Abnormal con-
centration of H,S has been found in conditions such as
Alzheimer’s disease and diabetes [16]. It can also bind to
iron in the mitochondrial cytochrome enzymes and lead to
apnea asphyxiate.

To date, there have been many analytical methods devel-
oped for biothiol detection, such as high-performance liquid
chromatography (HPLC) [17-19], mass spectrometry (MS)
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and capillary electrophoresis [20]. These methods, however,
suffer from disadvantages such as invasive, complicated and
expensive instruments, and laborious sample separation/
purification. In recent years, fluorescence-based analytical
technologies have attracted substantial interest as they are
non-invasive and capable of real-time monitoring of biolo-
gical events both in vitro and in vivo. To employ such
techniques for biothiol detection, the availability of fluor-
escent probes with high specificity and sensitivity is the pre-
requisite.

To target biothiols, the most straightforward way is to
make use of the strong nucleophilic property of the thiol
group. A number of thiol-based reactions that readily occur
in mild conditions can be applied in the design strategies
(Figure 1). Examples include cyclisation with aldehydes
[21], Michael addition at o,B-unsaturated carbonyl moieties
[22,23], cleavage of sulfonamide and sulfonate esters
[24,25], conjugate addition cyclisation with acrylates
[26,27], aromatic substitution rearrangement [28] and native
chemical ligation [29].

A major shortcoming associated with the earlier generation
of biothiol-specific probes is that they are generally derived
from those conventional fluorescent dyes, which are strongly
emissive when solubilised in organic solvents but quenched
in biological aqueous environment where they aggregate due
to poor solubility. This phenomenon is known as aggrega-
tion-caused quenching (ACQ). In biological settings, this
undesirable effect can be especially problematic when high
probe concentration is required, or multiple reactive sites are
present in a single biomolecule of interest. In 2001, Tang et
al. [30] found an opposite luminescence phenomenon to the
ACQ effect. Such molecules exhibit no or only weak emis-
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sion in the solubilised state, but become progressively
emissive upon forming aggregates. This distinctive phe-
nomenon was denominated “aggregation-induced emission
(AIE)”, which has been attracting increasing attention since
it provides a powerful and versatile strategy for designing
new generation probes that eliminate the aforementioned
problems. By harnessing the unique AIE feature, a wide
range of bioprobes have been developed, for example, for
following protein aggregation in neurodegenerative disease
models [31], for detecting apoptosis in cells [32], for mon-
itoring telomerase activity in cancer diagnosis [33], and for
following ROS in inflammatory and normal cells [34]. Me-
chanistic studies have attributed the AIE phenomenon to the
restricted intramolecular rotation (RIR) of the aromatic
moieties [35]. When the AlE-active molecules (AIEgens)
form aggregates, the intramolecular rotation is suppressed
and the m-m interaction inhibits the excitonic non-radiative
transition, resulting in activation of strong emission. Such
process can also be used to modulate the fluorescence be-
haviour of AlEgens. In general, interacting with analytes that
induce aggregation or disaggregation of the AIEgens can
lead to enhanced or weakened fluorescence respectively. In
this respect, biothiol-specific probes derived from AIE-ac-
tive scaffolds have the capability of visualising and quanti-
tatively measuring Dbiothiols with wide range of
concentration, as well as proteins that contain multiple free
cysteine moieties. Examples of well documented AIE-active
scaffolds include the tetraphenylethene (TPE) and silole
derivatives [36]. Through introduction of thiol-reactive
moieties onto these scaffolds, a series of novel thiol-specific
AlEgens have been developed.

In this review, by illustrating some symbolic examples, we
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Chemical reactions involved in the detection mechanism of biothiol-specific fluorescent probes (color online).
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aim to briefly summarise the recent progress in the devel-
opment of biothiol-specific AlEgens. In particular, we
highlight the principles in the molecule design strategies and
their biological applications where available.

2 AlE-active Cys/Hcy/GSH probes

2.1 Thiol-reactive AIEgens based on derivatisation

The robust Michael addition reaction can readily occur under
mild conditions and has been widely applied in designing
thiol-specific probes for protein labelling. Several thiol-re-
active groups have been engaged, among which the mal-
eimide (MI) group is the one that has been extensively
explored due to its high specificity. Tang et al. [37] reported
the first example of thiol-specific probe, TPE-MI (1). In-
troducing the MI group quenched the fluorescence of the
TPE core, rendering the whole molecule non-emissive in
both solution and aggregate state. This quenching effect was
attributed to the exciton annihilation process associated with
the n-m electronic conjugation of the carbonyl (C=0) and
olefinic (C=C) groups. Model reactions proved that when
thiol was added, a thiol-ene hydrothiolation reaction could
occur rapidly at ambient condition, where the thiol group
conjugated onto the C=C double bond in the MI moiety,
breaking the n-m conjugation and recuperating the AIE ef-
fect. As a result, 1 was applied as a “light-up” probe for
selective detection of Cys on a TLC plate. When excited at
365 nm, only the Cys spot rapidly emitted bright blue light
when 1 was applied, while other amino acids remained non-
emissive. This technique was proven to be sensitive to Cys
from 1 to 100 ng/mL, as well as GSH. 1 Showed good cell
permeability and no cytotoxicity, and this supports its po-
tential application in mapping the level of intracellular thiols.

In aqueous media, 1 was non-emissive even when con-
jugated with free thiols. A probable explanation for this
observation is that conjugation to small and soluble biothiols
could not sufficiently constrain the intramolecular motion of
the TPE core, failing to trigger its fluorescence. This unique
AIE feature endows 1 with the ability to detect unfolded
proteins, even in the intracellular environment where GSH is
abundantly present. Cys residues are usually buried in folded
proteins, but become exposed on protein surface when the
proteins unfold. Based on this idea, Hong, Hatter and cow-
orkers [38] demonstrated the use of 1 to report the change in
cellular unfolded protein load. Disruption of the cellular
protein homeostasis (proteostasis) can promote protein un-
folding, which in turn results in accumulation of aggregated
proteins (Figure 2(a)). Such process has been associated with
many medical conditions, especially in neurodegenerative
diseases.

1 is the first chemical probe reported for measuring un-
folded proteins as a reflection of proteostasis capacity in live
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cells without expressing exogenous proteins. Confocal mi-
croscopy images (Figure 2(b)) showed that 1 was con-
centrated in the region of endoplasmic reticulum (ER), the
anticipated major location of protein synthesis and folding.
By applying a variety of stressors to proteome foldedness,
including heat shock (Figure 2(c, d)), tunicamycin
(Figure 2(e)), inhibition of hub chaperone Hsp90 with no-
vobiocin, and hydrogen peroxide (Figure 2(f)), the fluores-
cence intensity was enhanced in comparison with the control
cells. 1 was also applied in monitoring the collapse of pro-
teostasis in stem cells derived from Huntington’s disease
patients and model cells that express mutant proteins. Fur-
thermore, 1 was capable in detecting protein damage in
malaria parasites treated with a frontline anti-malaria drug,
dihydroartemisinin (DHA).

Similar to maleimide, benzoquinone (BQ) can also react
with thiols via Michael addition reaction. Chi et al. [39]
reported a TPE-based probe that incorporates a BQ moiety.
TPE-BQ (2, Figure 3) exhibited fluorescence turn-on upon
reacting with thiols. Density functional theory calculations
illustrated the complete separation of the electron delocali-
sation of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). This sug-
gested that the fluorescence quenching was originated from a
photo-induced intramolecular charge transfer (PICT) pro-
cess. When the BQ unit reacted with thiols, it became a
hydroquinone and the PICT process was interrupted, leading
to fluorescence enhancement. Meanwhile, the change in
conjugation also caused alternation in the UV-Vis spectra,
which enabled “naked eye” Cys detection. 2 could react with
Cys rapidly, thus enabled real-time Cys tracking in 30 s with
a detection limit of 0.88 pM.

Michael addition can also occur between a thiol and an
o,B-unsaturated carbonyl/ketone moiety. Tang et al. [40]
reported a TPE-based probe linked to a pyridine ring (TPE-
Py, 3, Figure 3) via an a,B-unsaturated ketone. Upon adding
biothiols, the unsaturated ketone is undermined, resulting in
the disruption of molecular backbone conjugation and sub-
sequent change in emission. In the detection medium com-
prised of acetonitrile/phosphate buffer (20:80 v/v, 20 mM,
pH 8), 3 displayed a strong yellow emission at 550 nm. In-
terestingly, addition of Hcy induced an obvious blue-shift to
455 nm, whereas Cys and GSH only caused a drastic de-
crease in emission intensity. This suggested that 3 can be
used as a selective probe for Hcy detection, where the de-
tection limit was found to be 0.346 pM, well covering the
physiological level of plasma Hcy.

The aforementioned thiol-ene click reaction can also occur
at an unsaturated double bond conjugated to other electron-
withdrawing moieties. For example, Tang et al. [41] reported
the probe TPE-Cy (4) comprised of a TPE scaffold and an
electron-withdrawing hemicyanine unit. This probe has been
found capable of differentiating Hcy over Cys, GSH and
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Figure 2 (a) Strategy for assaying protein foldedness via access to buried Cys thiols utilising TPE-MI; (b) confocal microscopy images for TPE-MI staining
of HeLa cells with ER Tracker counterstain; (c) unfolding of the proteome by heat shock as assessed by denaturation of Renilla luciferase and luciferase
activity; (d) heat shock treatment of HeLa cells at 42 °C for 45 min and subsequent time course of recovery at 37 °C; (e) effect of overnight tunicamycin
treatment on HeLa cells; (f) effects of hsp90 inhibitor novobiocin (800 uM for 6 h) and free radical generator, hydrogen peroxide (100 uM for 1 h) on

HEK293 cells [38] (color online).

TFPE-Py (3)

Figure 3 Molecular structures of probes 2 and 3 (color online).

other amino acids. After adding Hcy, the red emission of 4
alone in pH 8 buffer was suppressed while a strong blue
emission appeared. In the case of Cys, only very weak blue
emission was observed. NMR analysis demonstrated that the
thiol group reacted with the double bond (highlighted in
Figure 4) via a 1,4-addition, which was preferential for the
less sterically hindered Hey. On the other hand, the bulky
GSH was the least reactive one thus no obvious change in
emission could be observed (Figure 4).

The strong electron-withdrawing malonitrile group has

been incorporated in the probe TPE-DCV (5, Figure 5) [42],
which reacts with biothiols via the thiol-ene click reaction. 5
showed fluorescence turn-on effect selectively with GSH but
not Cys, Hey or other amino acids in the detection medium
(water:ethanol=68%:32%, v/v). It was speculated that GSH,
but not Cys or Hcey, could induce a significant increase in
hydrophilicity, causing aggregation and emission of the 5-
GSH adduct. 5 could also be used as a label-free sensor for
the activity of glutathione reductase, which cleaves GSSG to
produce GSH so as to regulate the redox balance. The similar
design strategy has also been applied in the malonitrile-
containing silole derivative by Tang et al. [43]. The probe
DMTPS-p-DCV (6, Figure 5) could differentiate GSH from
Cys and Hcy in terms of distinct kinetic, while DMTPS-m-
DCYV (7, Figure 5) with the substitution on the meta-position
showed high selectivity to Cys with a detection limit as low
as 0.5 uM. The underlying mechanism can be attributed to
their molecular structures and the solubility of the probe-
thiol adducts.
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Figure 4 Emission ratio changes of probe 4 (10 uM) upon addition of
1 mM different amino acids or GSH in pH buffer. Inset: solution of 10 pM
4 in blank buffer or 100 mM GSH, Cys and Hcy (left to right) under UV
lamp; molecular structure of probe 4 [41] (color online).

TPE-DCV (5)

DMTPS-p-DCV (6)

DMTPS-m-DCV (7)

Figure 5 Molecular structures of probes 5, 6, and 7 (color online).

Another thiol-specific electrophilic group is the C=N
double bond of the Schiff base. Xia, Tang et al. [44] syn-
thesised a Schiff base-bearing TPE-coumarin hybrid (TPE-
Cou, 8, Figure 6) as a fluorescence turn-on probe. 8 exhibited
weak emission at 487 nm in THF solution owing to the
strong photo-induced electron transfer (PET) process of the
Schiff base C=N bond, as well as the active intramolecular
rotation of the TPE core. The HOMO and LUMO of 8 have
been calculated to prove the above inference, suggesting that
the coumarin unit and the C=N linker both play key roles in
determining the photoluminescence (PL) properties. Unlike
most TPE derivatives that are strongly emissive in solid
state, the aggregate of 8 was only weakly fluorescent. Its
crystal structure revealed that the whole molecule had a
coplanar and rigid configuration. This led to the multiple n-n
stacking interactions and PET process of the Schiff base,
causing fluorescence quenching and red-shift in emission
(590 nm). When exposed to thiols, the TPE core allowed the
nanoaggregates to emit strongly at 473 nm as the PET pro-
cess was blocked. The sensing mechanism was attributed to
the conjugation addition involving thiol and the Schiff base
unit, which breaks the C=N double bond and undermines the
through-bond conjugation of the overall molecule. The
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TPE-Cou (8)

Figure 6 Molecular structure of probe 8 (color online).

sensitivity of this probe to Cys, Hcy and GSH was in-
vestigated by fluorescence titration, and an excellent linear
relationship between the PL intensity ratio and Cys con-
centration (5—500 uM) was established. This suggested the
suitability of 8 for quantitative detection of Cys. In addition,
this probe was highly specific to Cys and Hcy, which pro-
duced almost 30-fold enhancement in emission. However,
the relatively bulky GSH could hardly enter the inner cavities
of the nanoaggregates, resulting in lower reactivity compared
to Cys and Hcy.

A similar mechanism was also seen in the CPA probe (9,
Figure 7) developed by Qi et al. [45]. Different from the turn-
on phenomenon observed for 8, this probe exhibited a no-
table blue-shift in emission (from 575 to 450 nm) when ex-
posed to Cys (Figure 7). Evaluation of its specificity and
anti-jamming capability to Cys has indicated that this probe
is a promising colorimetric chemosensor. Moreover, a linear
relationship between the PL intensity and Cys concentration
in the range of 1-13 uM was obtained, which suggested that
9 is an excellent ratiometric Cys probe.

In addition to the aforementioned examples, alkyl halide,
such as the bromomethyl moiety, is another functional group
capable of covalently labelling biothiols. Tang et al. [46]
reported their TPE derivative 1-[4-(bromomethyl)phenyl]-
1,2,2-triphenylethene (10) and successfully applied it in
specifically pre-staining Cys-bearing proteins in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE, Figure 8). Comparing with the commercial dye
Coomassie brilliant blue (CBB) utilised in protein staining,
10 could selectively target BSA (35 Cys) and yeast enolase
(1 Cys) but not horse myoglobin (0 Cys). The AIE property
of 10 led to fluorescence enhancement at 480 nm in ag-
gregated state, which showed 3-fold increase in emission
after reacting with the free thiol groups. This phenomenon
was attributed to the elimination of internal heavy atom ef-
fect of bromide that was substituted by thiols, which in-
creased the signal-to-noise ratio and enabled the effective
application in pre-staining SDS-PAGE gel.

Another approach to thiol detection through conjugation is
the cyclisation with aldehydes. Sun, Tang et al. [47,48]
prepared a series of aldehyde-functionalised TPE- and silole-
based probes (11, 12 and 13, Figure 9), and applied them in
discriminating Cys and Hcy using the distinct kinetics of
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Figure 7 Fluorescence intensity changes of probe 9 (5 pM) in the pre-
sence of a gradually varied concentration of Cys (0-15 uM) in HEPES
buffer. Inset: solution of 9 in blank buffer and 15 uM Cys under UV lamp;
molecular structure of probe 9 [45] (color online).

BSA Enolase
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Figure 8 (a) Molecular structure of probe 10; (b) inverted SDS-PAGE
fluorescence image of 10 labeled proteins (BSA, Enolase, and Myoglobin,
left to right) with various contents of Cys residue; (c) image of the same gel
post-stained with Coomassie R-250 [46] (color online).

cyclisation of the thiazolidine and thiazinane rings. In this
system, 11, 12 and 13 along showed weak emission in the
HEPES-DMSO mixture (v/v=50/50) owing to their moderate
solubility in this medium. Upon adding Cys, the free thiol
and amino groups rapidly reacted with their aldehyde moi-
eties, turning the reaction mixture turbid due to the lowered
solubility of the resulting thiazolidine derivative. The
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TPE-ALD (11} DMBFDPS (12)

DMTPS-ALD (13)

Figure 9 Molecular structures of probe 11, 12 and 13 (color online).

fluorescence peaks of both probes exhibited marked en-
hancement and blue-shift. In contrast, there was little change
observed when Hcy was added to the probe-containing
media. Notably, probe 11 outshined the other two probes in
performance in terms of faster response and greater emission
enhancement, implying that it could be applied as a potential
indicator for Cys deficiency. In addition, their good sensi-
tivity, specificity and selectivity have also been demonstrated
in this article.

2.2 Thiol-reactive AIEgens based on cleavage

The thiol detection mechanism of all aforementioned ex-
amples are based on derivatisation, where the biothiols are
conjugated to the probes to trigger easily detectable changes
in their photophysical properties. Another efficient strategy
to achieve thiol detection makes use of the thiol-reactive
fluorescence quenchers. For example, the widely-used 2,4-
dinitrobenzenesulfonyl (DNBS) group can be conjugated to
an amine-containing AlEgen to switch off its emission. The
sulfamide linkage can be cleaved by the nucleophilic thiol
group, and the AIEgen would become fluorescent with in-
tensity corresponding to the concentration of the thiol(s) of
interest. Based on this principle, Tong et al. [49] reported
their salicylaldehyde azine-containing turn-on probe DNBS-
CSA (14, Figure 10). Interestingly, the probe produced ob-
vious response to biothiols on test papers, indicating its great
potential in thiol detection on solid phase. The same design
was used in TPENNO, (15, Figure 10) developed by Wang et
al. [50]. Its ability in discriminatory detection of Cys over
Hcy and GSH is dependent on the different reaction kinetic
profiles. Another effective quencher is the acrylate group
conjugated at the hydroxyl moiety, which serves as the Cys
recognition site and the excited-state intramolecular proton
transfer (ESIPT) blocker. This has been reflected in the de-
sign of 16, 17, and 18 (Figure 10) [51-53]. The acrylate
group could be cleaved off by Cys in aqueous solution under
mild conditions, releasing the free hydroxyl group and thus
producing strong emission enhancement.

Except for modifying the core-quencher conjugation,
probe-peptide conjugates have provided a novel design
strategy towards turn-on probes. Liu et al. [54] demonstrated
that conjugating the TPE core with hydrophilic peptide
fragments, such as poly-aspartic acid (Asp) peptides, could
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Figure 10 Molecular structures of probes 14-18 (color online).

fine-tune the aggregation in aqueous media and thus the AIE
characteristics. They synthesised a water-soluble probe-
peptide conjugate TPE-SS-Ds (19, Figure 11(A)) that links a
penta-Asp peptide to the TPE core via a cleavable thiol-
reactive disulfide bridge. This probe was found useful in
detecting GSH in vitro. 19 was nearly non-emissive in the
DMSO/water mixture (v/v=1/199). Upon addition of GSH,
the disulfide bridge was specifically cleaved, causing ag-
gregation of the hydrophobic TPE core, which emitted at
465 nm when excited at 304 nm. A linear relationship be-
tween the PL intensity and the GSH concentration was es-
tablished with a detection limit of 4.26 uM, indicating the
promising application of 19 in quantificational bio-sensing.
Further research introduced the cyclic RGD (cRGD) peptide
as a selective targeting domain for o,f; integrin, a protein
found in many angiogenic cancers [55]. The resulting probe
TPE-SS-D5-cRGD (20, Figure 11(A)) exhibited strong blue
emission in live cell imaging, when incubated with the hu-
man glioblastoma cell lines that over-express o,; on the cell
membrane. On the contrary, its precursor 19 showed nearly
no response under the same condition (Figure 11(B)).

3 AlE-active H,S probes

Development of novel ratiometric AlEgens specific for H,S
detection has been a hot research topic, owing to the sig-
nificant implications of H,S in physiological and pathophy-
siological processes. A few of such probes have emerged in
recent years. Notably, their detection mechanisms make use
of the strong reducing power exhibited by H,S. Tang et al.
[56] reported a tetraphenylpyrazine (TPP)-based probe
(TPP-PDCYV, 21, (Figure 12(a)) bearing an electrophilic
malonitrile group as the H,S-reactive site. 21 exhibited
classical AIE characteristic in DMSO/water mixtures with
various water fractions (f,), and strong emission was ob-
served when f,>50%. In the medium comprised of DMSO/
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Figure 11 (A) Molecular structures of probe 19 and 20; (B) confocal
microscopy images of U87-MG (a, b) and MCF-7 (c, d) cells after in-
cubation with 20 (a, c) and 19 (b, d). The nuclei were stained with pro-
pidium iodide [54,55] (color online).

PBS (25 uM, v/v=9:1), 21 exhibited an orange-yellow
emission peaked at 565 nm, whereas upon adding 10 eq. of
NaHS (an in situ H,S generator), the emission was gradually
shifted to 429 nm because the donor-acceptor system was
destructed. The ratio between the PL intensities at 429 and
565 nm continued increasing within 10 min, clearly reveal-
ing the detection process ((Figure 12(b)). This indicated that
21 is capable of real-time H,S detection. A linear relationship
between the PL intensity and NaHS concentration in the
range 075 and 150-225 pM was obtained, indicating that
21 is promising for quantitative H,S detection with a limit of
0.5 uM (Figure 12(c)). Furthermore, by analysing various
anions and biothiols, 21 showed strong selectivity to H,S
compared with those previously reported non-AIE probes
[57]. It was found that the probe first undergoes a nucleo-
philic addition with H,S, then a possible hemolysis and hy-
drolysis to form the intermediate. The oxidation reaction
takes place quickly between the intermediates, generating the
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Figure 12 (a) H,S detecting mechanism of 21; (b) plot of PL intensity ratio versus the number of scan in a total time of 25 min. Inset: fluorescence of 21
before and after reacting with NaHS; (c) plot of PL intensity ratio versus NaHS concentration [56] (color online).

dimer as a final product (Figure 12(a)).

Measuring the cellular level of H,S in vivo is another great
challenge. To address this problem, Tang et al. [58] reported
a dual signaling probe TPE-NP (22, Figure 13(a)) that con-
sists of the TPE core and two dinitrophenyl ether (NP)
moieties. Due to the electron transfer between the TPE and
NP unit, the whole molecule showed no absorption and
emission in visible region. However, when H,S was added to
the aqueous solution of 22, both absorption (450 nm) and
emission (480 nm) enhancement were observed instantly,
resulting in prompt color changes of solution. Addition of
various anions and sulfur-containing analytes did not lead to
the above response, suggesting the excellent selectivity of 22
towards H,S. Live cell imaging (Figure 13(b)) clearly
showed that the H,S level elevated with time under starva-
tion, suggesting that 22 is an ideal tool to further investigate
H,S level in vivo under physiological conditions.

The azide group can be reduced to amine in the presence of
H,S, and this was made use of in TPE-Az (23) reported by
Tang et al. [59]. This simple probe showed no emission in
solution or aggregation state. However, it could be reduced
by H,S into the emissive product TPE-AM (Figure 14). 23
has also been developed into a facile tool for direct mea-
surement of the H,S concentration in various biological
systems.

4 Conclusions and further perspectives

In this review, we have discussed a number of AlEgens
specific for biothiol detection. Taking advantage of the
strong nucleophilic characteristics of thiols, Michael addi-
tion across an unsaturated bond has been the most widely
applied mechanism in biothiols detection. Cleavage of
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Figure 13 (a) Molecular structure of 22; (b) fluorescence images of H,S:
22-loaded C. elegans, sensor for H,S under stimulation with SNP, and 22-
loaded zebrafish stimulated with H,S. (c¢) Fluorescence and (d) absorbance
responses of 10 mM TPE-NP to various analytes in aqueous solution: (1)
control, (2) T, (3) Br', (4) CI, (5) CO;*, (6) HCO;, (7) HaPO[, (8) HPO,?
,(9)NO;, (10) VC, (11) Zn*, (12) Mg®, (13) K, (14) Ca*", (15) Ac , (16)
$,0,7, (17) S,0.7, (18) S,057, (19) SO, (20) SO, (21) ButOOH, (22)
ClO, (23) H,0,, (24) NO, (25) Oy, (26) O, (27) OH, (28) ONOOQO, (29)
GSH, (30) Hey, (31) S*, (32) HS [58] (color online).

Figure 14 The reduction reaction of 23 by H,S (color online).

fluorescence quenchers through displacement is another
approach to design turn-on thiol probes. Besides, disulfide
cleavage and azide reduction have also been exploited in the
GSH and H,S detection, respectively. All probes discussed
here exhibit remarkable optical properties in the media upon

addition of the analytes of interest, providing powerful tools
for direct detection of biothiols. The experimental results
indicate that the AIE cores play a vital role in determining the
optical behaviour in the sensing process. It is notable that
most of the discussed probes can be used for rational de-
tection and the detection limits are in the range of physio-
logical concentration of their intended target(s). Considering
the critical roles of these biothiols in both physiological and
pathophysiological processes, the AlEgen strategy can be
generalised to perform various tasks in biological applica-
tion.

However, the study on this topic still requires a much-
needed boost. For example, to realise the long-term tracking
of biothiols in vivo, AlEgens with longer excitation and
emission wavelengths are in great demand in the future de-
velopment. Reversible reaction-based probes will be another
important area to exploit for real-time monitoring of the
dynamic changes in biothiol levels, which will be un-
doubtedly most useful in the study of oxidative stress and
related diseases.

In summary, some excellent thiol-specific AIEgens have
emerged in recent years, which have demonstrated the po-
tential as powerful tools for bio-sensing and imaging, site-
specific protein labelling, as well as quantification of un-
folded cellular proteins. Nevertheless, remarkable opportu-
nities remain on the combination of rational structural design
of probes and utilisation of them for visualising important
biological related processes involving biothiols ex vivo and
in vivo. Assays based on the AIE thiol probes are to be
developed for clinical use, such as early diseases diagnosis,
real-time tracking of disease progression at the molecular
level, as well as pertinent drug discovery.
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