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Twisted Intramolecular charge transfer (TICT)-based fluorescent probes are crucial in chemical sensing due
to their sensitivity and specificity. These probes undergo conformational changes upon interacting with target
analytes, resulting Their environment-dependent emission
characteristics make them ideal for detecting variations in solvent polarity, microviscosity, and specific
chemical species. Recent advances have expanded their applications to organic optoelectronics and non-
linear optics. This review discusses the design principles, mechanisms, and applications of TICT-based probes,
emphasizing their role in detecting cations, anions, and neutral molecules. We describe their advantages,

in  measurable fluorescence responses.

such as fluorescence turn-on or turn-off responses and potential for ratiometric detection, which inherently
corrects for interferences. Challenges in developing these probes, including fluorescence quantum yield and
photostability, are also addressed. Potential directions for future research are highlighted, including the need
for improved biocompatibility and multimodal imaging capabilities, with the aim of enhancing their utility in
environmental monitoring, biomedical research, and clinical diagnostics.
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1. Introduction

With the concept of fluorescence proposed by Sir George Gabriel
Stokes in 1845 and additional reports about the observed fluores-
cence in natural compounds, the modern theoretical
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understanding of fluorescence began to take shape and continues
to develop to this day.'™ The characteristics of the phenomenon of
fluorescence make it a potential tool for the visual detection of
target analytes, especially against dark backgrounds. At the same
time, the structures of fluorescent probes can be varied to facilitate
control over excitation and emission wavelengths, chemical reac-
tivity and localization, enabling highly selective and easy-to-
observe detection methods for target analytes.>® Therefore, over
the past several decades, fluorescent probes have been widely used
in chemical biology, biochemistry, pharmacology, environmental
science and medical theranostics, due to their advantages in terms
of low cost, ease of operation, high sensitivity, non-invasiveness
and the ability to monitor biological processes in situ.” '° Gener-
ally, the most commonly exploited mechanisms of fluorescence in
fluorescent probe design include PeT (Photoinduced Electron
Transfer), ICT (Internal Charge Transfer), FRET (Foster Resonance
Energy Transfer), AIE (Aggregation-Induced Emission) and ESIPT
(Excited-State Intramolecular Proton Transfer). In this review, we
focus on fluorescent probes based on twisted intramolecular
charge transfer (TICT), or combined mechanisms (AIE/TICT and
PeT/TICT) for detecting biologically and/or environmentally impor-
tant species.

1.1 Fluorescence of DMABN

Half a century ago, Lippert et al. discovered that 4-(dimethyla-
mino)benzonitrile (DMABN) has dual fluorescence emission,
consisting of two bands: the A band ('L,) with a longer

This journal is © The Royal Society of Chemistry 2025
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“anomalous” wavelength and a B band ('L,) with a shorter

“normal” wavelength.'""?

This kind of dual fluorescence could

be fine-tuned using solvents of different polarities (Fig. 1(A)
and (B)).">"* In nonpolar solvents, DMABN emits only B band
fluorescence. When dissolved in more polar solvents, the A
band appears and undergoes a red shift as the polarity of the
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solvent increases. At the same time, the fluorescence intensity

ratio of the A band to the B band increases.

1.2 Mechanism of TICT

14,15

Subsequently, Grabowaski et al. studied DMABN and proposed
the mechanism of TICT.'®'” As shown in Fig. 2, DMABN is
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excited into the locally excited state (LE) from the ground state
(GS) upon photoexcitation. In nonpolar solvents, the molecule
tends to keep a coplanar conformation stabilized by electronic
conjugation so that only the B band can be observed. In
contrast, in polar solvents, because of the unstable coplanar
conformation, the dimethylamino group will twist so that the
dihedral angle between the benzonitrile and dimethylamino
motifs will change from planar to perpendicular. Due to this
structural change, the ICT process will be promoted. At the
same time, the electron will transfer from the dimethylamino
group (the electron donor) to the benzonitrile group (the
electron acceptor)."*'® A distribution between the two geome-
tries occurs, which ultimately results in the dual fluorescence:
the fluorescence emission of the B band, produced by the
radiative transition from LE/ICT to GS, and the other fluores-
cence emission of the A band, produced by the radiative
transition from TICT to GS'. Alternatively, the molecule may
relax from TICT to GS’ through nonradiative decay, which
would lead to a fluorescence quenching of the A band.'® In
TICT fluorescence, the quasi-planar emission state is defined as
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the “LE” state in nonpolar molecules, whereas it is defined as
the “ICT” state in dipolar molecules."*"°

Because of the geometric structural change from the ground
state to the TICT state, the emission from the TICT state usually
has a red shift, which results in a large Stokes shift.'® At the
same time, this kind of emission shift can be used to generate
systems exhibiting near infrared emission which is helpful
for detection and tracking in vivo.' ' Due to intramolecular
charge transfer being affected by the polarity of solvents,
TICT-based fluorophores are sensitive to their local environ-
ment.>>*” Significantly, the dual emission of TICT-based
fluorophores can enable ratiometric detection. Pointedly,
ratiometric fluorescent probes can avoid interference and
ensure more reliable and accurate results, due to the built-in
correction.>**”! On the other hand, the nonradiative decay
from TICT to GS’ contributes to an increase in heat production,
which can lead to applications in photothermal therapy
(PTT).>"*>73> Nevertheless, due to radiationless transitions,
the fluorescence quantum yield of TICT-based fluorophores
can be low.?!
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(A) Excited-state equilibrium of DMABN. (B) Fluorescence spectrum of DMABN in different solvents (hexane = n-hexane, EE = diethyl ether,

DCM = dichloromethane, ACN = acetonitrile, EtOH = ethanol, MeOH = methanol).
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Fig. 2 Jablonski diagram of twisted Intramolecular charge transfer (TICT)
dynamics.

1.3 Design of TICT-based fluorescent probes

In general, the most common approach for developing TICT-
based fluorescent probes relies on two design strategies: fluores-
cence turn-on or fluorescence turn-off. Both these designs
involve an electron donor, molecular rotors, linkers and an
electron acceptor (Fig. 3). A turn-on probe will perform an
intramolecular twisting motion in the excited state and switch
on the TICT process, which results in the observation of low or
no fluorescence signals. After exposure to a specific analyte, the
molecular rotor will be blocked or removed to inhibit TICT and
result in a strong fluorescence output. On the other hand, a

This journal is © The Royal Society of Chemistry 2025

turn-off probe adopts the opposite design approach. This probe
will initially exhibit a temporary restriction of the molecular rotor.
Then after the probe interacts with a target analyte or environ-
mental condition, the rotor will be freed and the TICT process will
be restored. This can lead to the changes of fluorescence signals
from strong to weak. At the same time, this kind of design can also
be used to exploit non-radiative relaxation for PTT treatment.

This review discusses recent advances in the development of
fluorescent probes based on TICT. We focus on probes
designed to detect important species in the environment or
biological context. We discuss their main working mechanisms
and limitations. In addition, we provide our own perspective on
these probes. Finally, the current challenges and future oppor-
tunities for the development of TICT-based fluorescent probes
are outlined.

2. TICT-based fluorescent probes for
cations
2.1 Proton (H')

The proton (H') is one of the most important species in cells, and
plays a key role in regulating cell homeostasis and metabolic
pathways.>**” Normally, the pH value of mammalian cell orga-
nelles and compartments needs to be maintained in a range from
4.5 to 8.0.>® pH imbalance can lead to cell dysfunction and may
be associated with diseases such as Alzheimer’s disease, renal
failure and cancers.’*** Therefore, monitoring changes in pH
can provide effective insights into the diagnosis of diseases and
for monitoring the development of a disease state.

Yu et al. introduced a 1-piperidinyl group on to a 4-phenyl-
oxy-1,8-naphthalimide skeleton to obtain a TICT-based fluor-
escent probe (Napa-pp). A (2-dimethylamino)ethyl sidechain
was appended to the imide nitrogen to improve the water
solubility of Napa-pp, which has a reported pK, value of 5.32.
The acidic environment of lysosomes, with a pH ranging from
5.0 to 6.0, can protonate the nitrogen atoms on the piperidinyl
group and the (2-dimethylamino)ethyl group, thereby inhibiting

Chem. Soc. Rev,, 2025, 54, 12080-12141 | 12083
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Fig. 3 Diagrammatic representation of the most common strategy underlying the design of turn-on (A) and turn-off (B) TICT-based fluorescent probes.

the TICT process and switching on the fluorescence of Napa-pp,
enabling the visualization of lysosomes in living cells (Fig. 4).**

Doria et al. developed a pH-dependent red fluorescent probe
(NDI-5) based on a water soluble naphthalenediimide. NDI-5
was non fluorescent under neutral or basic conditions and
remained blue in colour. However, acidic conditions can pro-
tonate NDI-5 and switch on a strong red fluorescence emission
due to the interruption of the TICT process. NDI-5 was success-
fully used to monitor the inhibition of Vacuolar type H'-
ATPases (V-ATPases) by Bafilomycin A1 (BafA1) (Fig. 5). Signifi-
cantly, V-ATPases were confirmed as the main mediators reg-
ulating pH in cancer cells and their upregulation has been
observed in most human tumour cells.*> Based on the

fluorescence signals of NDI-5, the hypothesis of BafA1’s endo-
cytic sequestration within cancer cells and endosome/lysosome
escape was confirmed. At the same time, these results also
demonstrated that NDI-5 is a permeable pH probe for cancer
cells based on the turn on and off TICT processes.*®

Zhu et al. designed a coumarin-based wide-range pH-
responsive fluorescent probe (L6) including a benzimidazole
group as a proton-responsive site (Fig. 6). When the pH value
ranged from 4.5 to 8.5, L6 produced a strong green emission at
497 nm under 371 nm excitation due to the ICT process. Under
more acidic conditions (pH ranging from 1.0 to 3.0), a brilliant
blue emission at 440 nm was observed when excited at 371 nm.
However, under basic conditions (pH ranging from 10.5-13.5),

A
Napa-pp
(o]
N /
NT\__N
AN
o O ©
TICT ON
OH || H* Hela Cells
Aex=365 Nm
(0] Aem=450 nm
n—H / ;
©) N /\/ n-—H
®\
N
TICT OFF

Fig. 4

(A) The proposed mechanism of Napa-pp. (B) The PL emission ratio changes of Napa-pp (4.5 pM) at 450 nm (F/Fo) with different pH values in

DMSO-H,0 (1:250, v/v) buffer solution, Aex = 365 nm, Pg is the PL intensity at pH = 7.0. (C) Confocal fluorescence images of living Hela cells incubated
with Napa-pp (4 uM) for 0.5 h. Image reproduced with permission from ref. 44. Copyright 2014, The Royal Society of Chemistry.
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NDI-5-1 + BafAl

(A) The proposed mechanism of NDI-5. B. Cell imaging studies of NDI-5 in PC-3 cells. UNT: untreated cells. NDI-5: PC-3 cells incubated with

60 pmol L~* NDI-5 for 90 min. NDI-5 + BafAl: PC-3 cells incubated with 60 pmol L™ NDI-5 for 90 min and treated with 50 nmol L™ of BafAl for 3 h.
Scale bars: 10 um. Image reproduced with permission from ref. 46. Copyright 2015, The Royal Society of Chemistry.
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Fig. 6 The proposed mechanism of L6.

the fluorescence of L6 was quenched and a red shift of the
maximum absorption wavelength in the UV-VIS spectrum was
observed because deprotonation promoted the TICT process.
Besides, the reversibility of L6 fluorescence was demonstrated
by the alternating addition of tetra-N-butyl ammonium hydro-
xide (TBAOH) and HCIO,. Significantly, during the switching
process, there was almost no loss in fluorescence efficiency. Due
to the low solubility of L6, the probe response was evaluated in a
DMSO/H,0 (1:9, v/v) HEPES buffered solution.””

2.2 Copper (Cu®)

As an indispensable trace element, copper plays an essential
role in aerobic organisms.*® Its redox activity makes copper a
catalytic and structural cofactor for enzymes involved in an
array of biochemical processes.’® Adequate copper levels sus-
tain the growth, proliferation and development of both humans
and human pathogens.*® However, defects in copper home-
ostasis and copper ion overload can lead to a series of genetic

This journal is © The Royal Society of Chemistry 2025

Fluorescence on

Fluorescence off

diseases and neurodegenerative disorders, such as Menkes
disease, Wilson’s disease, Alzheimer’s disease, Parkinson’s
disease and prion disease.**>* This makes it necessary to
develop fluorescent probes for copper detection in the environ-
ment and for copper imaging in biological contexts.

Zong et al. designed a turn-on TICT fluorescent probe (NDI-4)
based on a core substituted naphthalenediimide linked with to
1,4,7,10-tetrathia-13-azacyclopentadecane group as the Cu*" respon-
sive site (Fig. 7). Due to the TICT effect, NDI-4 was nearly non
fluorescent even though there was strong ICT effect between the
alkyamino electron donor and the naphthalene diimide electron
acceptor. After the nitrogen and four sulfur atoms on the 1,4,7,10-
tetrathia-13-azacyclopentadecane group coordinated with Cu®*, NDI-
4 emitted a strong red fluorescence at 638 nm because of the
inhibition of the TICT process. NDI-4 exhibited high sensitivity with
a detection limit of 4 uM and excellent selectivity towards Cu>*.>

Garecia et al. developed a TICT turn-off fluorescent probe (6b)
based on a 1,7-dipyridyl-bis(pyrazolo)pyridine (PBP) (Fig. 8).

Chem. Soc. Rev., 2025, 54,12080-12141 | 12085
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Fig. 7 The proposed mechanism of NDI-4 towards Cu?*. Image repro-
duced with permission from ref. 53. Copyright 2016, Elsevier.

This tridentate ligand contained a fused tricyclic structure with
two alkyl and three aryl substituents, as well as three pyridyl
nitrogen atoms as suitable motifs to ligate Cu®'. The probe
exhibited strong blue fluorescence and a large Stokes shift,
which is one of the advantages of the TICT mechanism. When
Cu*" formed a complex with 6b, the structure became more
rigid and ligand-metal charge transfer became the dominant
process due to the tridentate binding mode. This resulted in
fluorescence quenching through inhibition of the TICT process.

TICT ON

"Turn-On"
Fluorescence

L,-Cu?*

L = NH,CH,CH,NH, or CN°

View Article Online

Review Article

Additionally, the binding between 6b and Cu®" was shown to be
reversible. Ethylenediamine has a high affinity for Cu** and it
was demonstrated that 6b-Cu®" can release 6b with recovery of
fluorescence upon the addition of ethylenediamine.’*

Rai et al. developed a ratiometric turn-on activity-based fluor-
escent probe (APDA) based on TICT/ICT. The probe consisted of a
polycyclic aromatic core with a diaminomaleonitrile (DAMN) as
the response site for Cu®>" (Fig. 9). APDA was observed as a
reddish-brown solution by the naked eye under UV light at
365 nm. At the same time, due to the TICT mechanism, there
are a strong emission at 563 nm and a weak emission at 418 nm
in the fluorescence emission spectrum under excitation at
387 nm. The addition of Cu”* resulted in hydrolysis of the imine
bond and release of an aldehyde derivative with a strong blue
emission at 418 nm when excited at 387 nm, due to interruption
of the TICT process. Furthermore, APDA was used to image Cu®*
in live human breast cancer cells. Since TICT-based APDA
exhibits dual emission, two channels were used to observe the
fluorescence changes of APDA in the presence or absence of Cu”".
There was an obvious fluorescence change in the blue channel
while insignificant fluorescence was observed in the green chan-
nel. In addition to Cu®*, APDA also exhibited a similar response
to hypochlorite anion (ClO™).>®

Fluorescence
Quenching

Fig. 8 The proposed reversible working mechanism of 6b with Cu®*. Image reproduced with permission from ref. 54. Copyright 2019, American

Chemical Society.

Aem=563 Nm

1ex=387 nm
(strong)

Aem=418 nm
(weak)
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Fig. 9 The proposed mechanism of APDA with Cu?*.
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2.3 Iron (Fe*" and Fe")

Iron is the most abundant transition metal in the human body
and participates in various biological events based on its redox
activity.”>” Normally, biological iron exists in the form of Fe**
and Fe*".”® However, iron overload can result in the excessive
production of reactive oxygen species (ROS), which then causes
severe cell damage and organ dysfunction.>>®® At the same
time, the disruption of iron homeostasis is associated with
various diseases such as cancer, neurodegenerative disorders
and hepatitis.>™®* So, it is highly desirable to develop fluor-
escent probes to detect and image iron in biological systems.

Hirayama et al. developed an activity-based switch-on fluores-
cent probe (RhoNox-1) for Fe*" detection and imaging (Fig. 10),
based on a rhodamine fluorophore. The tertiary amine N-oxide
group in RhoNox-1 is not conjugated with the m-system of the
fluorophore, as it lacks a lone pair. This led to a blue shift in the
absorption spectrum of RhoNox-1 compared to the parent fluor-
ophore, thodamine B. The presence of the N-oxide group also
resulted in only weak emission from RhoNox-1 due to TICT. Fe**
can mediate the reductive deoxygenation of the N-oxide group,
unmasking a tertiary amine group and thereby resulting in a
strong and selective fluorescence response. RhoNox-1 was also
used to image basal and endogenous labile Fe*" in living HepG2
cells. However, RhoNox-1 exhibited pH dependence within a
physiological pH range.®

Lamoria et al. designed a series of fluorescent and colori-
metric turn-off probes (3a-b and 5a-b) based on benzimidazo-
lium or bis(benzimidazolium) motifs as electron acceptors with
oxazolines as response sites and electron donors (Fig. 11). Due
to the perpendicular arrangement of oxazoline and benzimida-
zolium, the TICT phenomenon occurred and led to large Stokes
shifts of 3a-b and 5a-b with emissions at about 367 nm in
water. Upon the addition of Fe*", 3a-b and 5a-b can form a
complex, which resulted in the fluorescence quenching of 3a-b
and 5a-b. These probes were used to detect Fe*" fluorocolor-
imetrically in real water samples.®®

2.4 Mercury (Hg>")

Mercury ions (Hg”") and organomercury species are a significant
public health concern, as they are extremely harmful to humans
and other organisms.®® Methylmercury produced by microbial
biomethylation of Hg”* is bioaccumulative in the environment
and can target the central nervous system, causing brain
damage and neurodegenerative diseases if ingested.®”*® Hence,
it is important to develop fluorescent probes for monitoring

ex=540nm
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N~
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RhoNox-1 Rhodamine B

Weak fluorescence Strong fluorescence

Fig. 10 The proposed mechanism of RhoNox-1 with Fe?*.
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Fig. 11 The proposed mechanism of 3a—b and 5a—b with Fe** (R = H,
CHs). Image adapted with permission from ref. 65. Copyright 2024,
Elsevier.

mercury in the environment to avoid disasters like the Minamata
tragedy.”>”*

Tharmaraj et al. designed a turn-off colorimetric and fluores-
cent probe (1) with a dansyl core linked with a sulfonamide-
thiophenol motif as the binding site for Hg** (Fig. 12). Upon the
addition of Hg>*, N,S-chelation occurred. TD-DFT calculations
indicated separated charge distributions between the HOMO
and LUMO of the complex of Probe 1 and Hg*". Specifically, the
HOMO was localised on the N,N’-dimethylaminonaphthyl group
whereas the LUMO was primarily localised on the thiophenol ring
and sulfonamide group. Thus, when excited, electron transfer
from the N,N'-dimethylaminonaphthyl donor to the sulfona-
mide-thiophenol acceptor occurred. Given the TICT process was
switched on, the fluorescence of 1 was quenched upon Hg>*

7.x=350 nm
~ N - 2en=496 nm
B
o= ? =0
NH
SH

1
Fluorescence on Fluorescence quenching

Fig. 12 The proposed mechanism of 1 with Hg?*.
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Fig. 13 The proposed working mechanism of NDI-1 with Hg?". Image
reproduced with permission from ref. 73. Copyright 2012, American
Chemical Society.

complexation. The probe was used to detect Hg®" in real water
samples with excellent selectivity over other metal ions.”>

Li et al. selected a naphthalenediimide as a reporter motif
connected to a di-2-picolylamine as a receptor motif for Hg”* to
obtain a near-infrared (NIR) fluorescent probe (NDI-1) (Fig. 13).
An alkylamine was appended to the NDI core as a strong
electron donor to extend the push-pull system, to tune the
emission to the NIR region. Due to the TICT mechanism, NDI-1
was nearly non fluorescent. However, after Hg”" complexed
with the di-2-picolylamine group, the electron donating ability
of the di-2-picolylamine group was attenuated. At the same
time, the dihedral angle between the naphthalenedimide core
and the di-2-picolylamine group increased, which inhibited the
TICT process and resulted in strong red-to-NIR emission. The
probe was successfully used to image Hg”" in live HeLa cells.”

Zhang et al. developed a TICT-based fluorescent probe (L-1)
with both colorimetric and fluorescence channels for Hg>"
detection (Fig. 14). The probe consisted of two naphthalene
Schiff bases as reporter motifs and a combination of hydroxyl
and imine groups as the coordinating groups. The TICT process
resulted in an “off” state of fluorescence for L-1. However,
when Hg>" coordinated with the hydroxyl and imine groups of
L-1, Zhang et al. propose that the relative orientation of the two
naphthalene groups was altered. This led to reduced electron
transfer and contributed to the formation of the coplanar
conjugated system. As such the inhibition of the TICT process
and promotion of the ICT process resulted in the appearance of

Rem=413 NM

1e,=387 nm

L1
Fluorescence off
Yellow colour

Fluorescence on
Colourless

Fig. 14 The proposed working mechanism of L-1 with Hg>*.
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a strong blue fluorescence and a colour change of the solution
from yellow to nearly clear.”

Jha et al. developed a pyrano[3,2-c]julolidine-2-one-based
ratiometric fluorescent probe (PYJO4) to coat test strips to detect
Hg>" in aqueous solution and image Hg>" in living cancer cells
(Fig. 15). The probe exhibited an emission at 530 nm due to the
LE state and another stronger emission at 665 nm due to the
TICT state. After Hg>" bound with the dipicolylamine receptor,
the conformation reportedly changed from the twisted state to a
planar state and inhibition of the TICT process resulted in an
enhanced fluorescence emission at 530 nm and a decreased
fluorescence emission at 665 nm. Meanwhile, detection by
PYJO4 was reversible, through the addition of potassium iodide
(K1) solution. Since 1™ has a high affinity for Hg>", forming
[Hgl,J>~, the coordination of PYJO4 with Hg>" is reversed when
KI was added. Over a pH range from 5 to 9, the probe response
was pH-independent. Moreover, PYJO4 coated test strips could
be used to detect concentrations as low as 200 ppb Hg>", which
implies great potential for monitoring Hg”* in aqueous environ-
mental samples.”

Zong et al. designed a switch-on fluorescent probe (NDI-5-2)
based on a naphthalenediimide fluorophore with a bis(2-(3,5-
dimethylpyrazol-1-yl)ethyl)amine binding site for Hg”* (Fig. 16).
The TICT process resulted in weak fluorescence emission of
NDI-5-2. However, on the addition of Hg>", a complex between
NDI-5-2 and Hg”" was formed, and the fluorescence quantum
yield increased from 0.28% to 8.83%. In addition to a strong red
emission at 651 nm, the probe also exhibited excellent sensitivity,
with a limit of detection of 1.3 pumol L™'. In addition, the

A
S
| Hg?t _ |l
N~ NN
N
N N A
| N N I N N
= \\fo 7 (o]
B B
N N

PYJO4

Aem=665 nm (TICT) Aem=530 nm (LE)

Restricted TICT

PYJO4 Li* Na* K' Cs' AP’ Mg* ca* Ba* cr** Mn*

-

Fe?* Fe¥ Co® Ni** Cu’ Cu* zn*" Hg* Pb* Ag* Cd*

Fig. 15 (A) The proposed mechanism of interaction of PYJO4 with Hg?*.
(B) PYJO4 coated test strips with different metal ions under a UV lamp with
the excitation wavelength of 365 nm. Image reproduced with permission
from ref. 75. Copyright 2016, The Royal Society of Chemistry.
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Fig. 16 The proposed mechanism of NDI-5-2 with Hg®*. Image reproduced with permission from ref. 76. Copyright 2017, Elsevier.

reversibility of NDI-5-2 coated test strips was confirmed by adding
KL Since I” has a high affinity for Hg>", forming [Hgl,]*", the
coordination of NDI-5-2 with Hg”" is reversed when KI was added.
In living MCF-7 cells, NDI-5-2 exhibited good cell permeability for
the imaging of Hg>*.”®

2.5 Zinc (Zn*")

Zinc is an indispensable micronutrient for humans, is a cofactor
of numerous enzymes and is involved in various biological
processes.””””® However, excess free zinc in the human body is
closely associated with a number of diseases such as Alzheimer’s
disease, brain injury, diabetes and epilepsy.”” ** In addition, in
the environment, zinc pollution can also lead to problems, such
as decreased soil microbial activity and land degradation.®®
Hence, it is necessary to develop fluorescent probes to detect
and monitor Zn>" levels in vivo or in the environment.

Zheng et al. developed a fluorescent probe (HL') based on
two Schiff bases for Zn>" detection (Fig. 17). Upon the addition
of Zn*', the two nitrogen atoms and the hydroxyl oxygen
formed a tridentate complex. The pyridine ring and the phenyl
ring of the HL'-Zn>* complex were nearly orthogonal, as shown
by X-ray crystallography. The presence of the ethoxy group as an
electron donor induced TICT, with this zinc complex exhibiting
an emission maximum at 493 nm. However, due to the similar

OEt 4

Fig.17 The
Chemistry.

This journal is © The Royal Society of Chemistry 2025

electronic configurations of Zn** and Cd**, HL" can also respond
to Cd** although in this case emission is from the LE state.
Notably, the X-ray structure of the HL'-Cd** complex shows the
pyridine and phenyl rings to be near coplanar in the solid state.
When excited at 350 nm in ethanol, the fluorescence emission of
HL' changes from 463 nm to 493 nm upon the addition of Zn>*
With higher concentrations of Zn**, the fluorescence intensity at
493 nm increased linearly. The limit of detection for Zn>" was
1.11 uM. By comparison, the addition of Cd**, HL' gave fluores-
cence with an emission maximum at 463 nm (i.e. no red-shift due
to TICT) and the limit of detection for Cd*" was 9.2 uM.*>

2.6 Magnesium (Mg>")

Magnesium is the second most abundant ion in cells, which
plays a vital role in metabolic pathways, genomic stability and
DNA processing.?*#* Bodily levels of magnesium have a close
relationship with cardiovascular diseases, accelerated aging
and tumours.?* Therefore, it is desirable to explore the devel-
opment of fluorescent probes for Mg>" detection.

Liu et al. selected a biarylpyridine as the fluorophore and a
crown ether group as the response site to obtain an ON-OFF-
ON fluorescent probe 2 triggered by protons for Mg>* detection
(Fig. 18). When excited at 312 nm, the probe had a fluorescence
response at 399 nm. If alkali or alkaline earth cations were

proposed mechanism of interaction of HL* with Zn®* and Cd®*. Image adapted from ref. 82. Copyright 2015, The Royal Society of
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Fig. 18 The proposed working mechanism of 2 with H* and Mg?*.

added directly, a blue shift of the probe’s emission and
decrease in fluorescence intensity was observed, coupled with
reduced selectivity towards Mg>". However, upon the addition
of Brgnsted acid, the fluorescence emission of the probe at
399 nm was quenched due to activation of the TICT process.
After subsequent coordination of Mg”" with the crown ether
group of the probe, the TICT process was inhibited, and the ICT
process was activated. The complex exhibited a strong fluores-
cence emission at 460 nm and excellent selectivity towards
Mg>* over other alkali and alkaline earth cations.®

3. TICT-based fluorescent probes for
anions
3.1 Acetate (AcO )

Acetate (AcO ) has an essential role in various metabolic functions,
such as energy production and macromolecule biosynthesis.*® At
the same time, AcO™ can promote the survival of cancer cells under
hypoxic stress as an epigenetic metabolite.’” However, the mecha-
nism of how AcO™ participates in biological processes remains
unclear.®® Hence, it is necessary to develop fluorescent probes for
monitoring AcO™ and exploring its (patho)physiological functions.

Lin et al. developed a reversible fluorescent probe (LX) based
on a naphthalene and quinoline fluorophore for AcO™ detec-
tion (Fig. 19). The unbound state of the probe exhibited TICT
and resulted in an “off”’ state of fluorescence. However, Lin
et al. propose that after AcO™ interacted with the hydroxyl and
imine groups of LX through hydrogen bonding, the imine C-C
bond rotation was inhibited. So, the TICT process was switched

HO = ~
TICT state N> AcO” N‘/ H\ 0
N =F N N0
— | A [ A
= %

"Fluorescence off" “Fluorescence on"

Fig. 19 The proposed mechanism of interaction of LX with AcO™. Image
reproduced with permission from ref. 88. Copyright 2014, Elsevier.
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to an ICT process with the observation of a strong fluorescence
signal with an emission maximum at 520 nm when excited at
435 nm in DMSO solution. The addition of H' can disrupt the
hydrogen bonds between AcO~ and LX, which recovered the
TICT state and reduced the fluorescence, demonstrating rever-
sibility. The probe exhibited excellent sensitivity towards AcO™
with a detection limit of 0.4 pM.%®

3.2 Cyanide (CN")

Cyanide salts exhibit acute toxicity in humans, by blocking the
mitochondrial electron transport chain through inhibition of
cytochrome c¢ oxidase, interfering with aerobic respiration and
leading rapidly to death.®>°° However, cyanide has extensive
applications in various industrial fields, such as plastics man-
ufacturing, mining and electroplating.’® The discharge of the
related wastewater carries the risk of causing environmental
pollution problems and drinking water contamination. There-
fore, it is desirable to explore fluorescent probes for cyanide
(CN™) detection.

Chen et al. selected a 9-anthryl fluorophore and a dicyano-
vinyl group as the response site for CN™ to synthesize a series of
activity-based turn-on fluorescent probes (C1-C3) (Fig. 20). Due
to steric crowding, the dicyanovinyl group was twisted and the
fluorescence of C1-C3 was quenched due to the TICT process.
However, the addition of CN™ resulted in the formation of
adducts by conjugate addition to the dicyanovinyl motif. In
these adducts, the TICT process was suppressed, which
favoured emission from the LE state. For C3, the fluorescence
was enhanced by about 242-fold upon the addition of CN™. At
the same time, C3 exhibited excellent sensitivity towards CN—
with a detection limit of 1.14 pM, which is below the safe CN™
level for drinking water set by the WHO. Chen et al also
exchanged the 9-anthryl fluorophore for a porphyrin group,
another kind of m-conjugated skeleton, to produce probe C5.
Porphyrin C5 exhibited weak fluorescence similar to C1-C3.
Upon the addition of CN™, the fluorescence emission was once
again enhanced. The introduction of different electron donors
and different m-conjugated skeletons was shown to modulate
the emission wavelengths of the probe-cyanide adducts from
blue to red.”

This journal is © The Royal Society of Chemistry 2025
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TICT 1o;=450 nm TICT

Non-coplanar Coplanar

Weak Fluorescence Strong Fluorescence

Fig. 21 The proposed working mechanism of S1 with CN™.

Balamurugan et al. developed a ratiometric turn-on fluor-
escent probe (S1) based on an imidazoanthraquinone for
detecting CN™ (Fig. 21). The nitro group in the o-position and
the N-H of the imidazole moiety hindered the adoption of a
coplanar conformation around the biaryl bond. Thus, the TICT
process was operative, with donation from the electron rich
imidazoanthraquinone moiety to the electron poor nitrophenyl
group, resulting in only weak fluorescence emission at 554 nm
for S1. The addition of CN™ can deprotonate the imidazole N-H

Weak Fluorescence

of S1 to give the corresponding anion that can achieve co-
planarity, and which has enhanced electron density for the
imidazoanthraquinone moiety, resulting in inhibition of the
TICT process and a red shift in the fluorescence, with strong
emission at 570 nm being observed. S1 exhibited excellent
sensitivity and selectivity towards CN~ when used with real
waste samples. Additionally, the probe also exhibited good cell
permeability for imaging CN~ in living RAW264.7 cells.”
Pegu and Das developed two self-assembled nano fluores-
cent probes (Benz-d-CF; and Benz-m-CF;) for CN™ detection in
conjunction with cetyltrimethylammonium bromide (CTAB)
(Fig. 22). These probes consisted of quinazoline-fused benzi-
midazole skeletons with two different phenyl substituents to
impart donor-acceptor characteristics. The C-N single bond of the
phenyl substituents reportedly can twist and hence these probes
exhibit TICT properties. In aqueous solutions containing CTAB,
the two probes dispersed readily in water. Hydrogen bonding
interaction and n-rn interaction helped to self-assemble the nano
aggregates. At the same time, the TICT process resulted in an
almost complete quenching of the fluorescence of the probes.

Strong Fluorescence
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Fig. 22 The proposed mechanism of action of Benz-d-CFz and Benz-m-CF3 with CN™. Image reproduced with permission from ref. 93. Copyright

2024, The Royal Society of Chemistry.
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Upon the addition of CN™, disaggregation of the nano aggregates
reportedly occurs. The authors state that co-planarity is therefore
achieved leading to an enhancement of the ICT process and an
enhanced fluorescence emission at 460 nm for Benz-d-CF; and
485 nm for Benz-m-CF; when excited at 365 nm. Besides, the
detection of CN~ when using Benz-d-CF; and Benz-m-CF; was
shown to be reversible upon addition of Cu®>". When Benz-m-CF;
was used for the analysis of drinking water samples, excellent
selectivity and sensitivity towards CN~ with a detect limit of
496.5 nM was observed.”

3.3 Hypochlorous acid (HCIO)

Hypochlorous acid (HCIO) is an important ROS in biological
systems, and is generated based on the reaction between
hydrogen peroxide (H,0,) and chloride ions catalysed by mye-
loperoxidase (MPO) in neutrophils.®**> HCIO is essential in the
immune defence system, however, excess levels of HCIO can
lead to cell apoptosis and oxidative stress.’®™*® This is closely
associated with tissue damage and various diseases, such as
Parkinson’s disease, Alzheimer’s disease, atherosclerosis, acute
liver injury and cancers.””*®" As such, the development of
fluorescent probes for monitoring and imaging HCIO in a
biological context is desirable for understanding its role in
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Fig. 23 The reversible working mechanism of NI-Se.
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Fig. 24 The proposed mechanism of Mito-QL with HCIO.
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related diseases and advancing relevant therapeutic and diag-
nostic strategies.

Lou et al. developed a reversible fluorescent probe (NI-Se) for
HCIO detection in vivo. The probe consisted of a 1,8-naph-
thalimide fluorophore and a selenide as the response site
towards HCIO (Fig. 23). The oxidation-reduction cycles between
the selenium group with ROS and glutathione (GSH) facilitated
reversible detection. The Se---N nonbonding interaction was
enhanced in the excited state, which contributed to the intra-
molecular twisting. The on state of the TICT process quenched
the fluorescence of NI-Se. However, upon the addition of HCIO,
the oxidation of the selenide to the corresponding selenoxide
inhibited the Se---N nonbonding interactions as well as the
TICT process, leading to the recovery of fluorescence emission.
The detection process was shown to be reversible by addition of
thiols or H,S. In addition, NI-Se exhibited low cytotoxicity when
used to image HCIO in living RAW264.7 cells, and was used for
the visualization of HCIO and the repair by antioxidants in an
LPS (lipopolysaccharide) mouse model.'*%

Mu et al. designed a mitochondrial-targeted fluorescent
probe (Mito-QL) for detecting HCIO with a large Stokes shift
of 203 nm (Fig. 24). The probe was non-fluorescent due to the
TICT effect between the dimethylaniline group and the quino-
linium moiety. The addition of HCIO resulted in the hydrolysis
of the N,N-dimethylthiocarbamate moiety and revealed the
fluorophore with strong red fluorescence emission at 590 nm
when excited at 387 nm due to the ICT process. Mito-QL was
demonstrated to have mitochondrial targeting ability and was
able to image exogenous and endogenous HCIO in the mito-
chondria of living cells. The positive charge on the nitrogen
results in a mitochondrial targeting group between the fluor-
ophore and response site to HCIO, and avoided off target
fluorescence interference. It was also shown that Mito-QL could
be used to monitor HOCI during ferroptosis caused by ROS-
induced lipid peroxidation.'®*

Shao et al used a benzohemicyanine fluorophore with a
thiomorpholine receptor to construct an activity-based fluorescent
probe (BCy-S) for HCIO detection (Fig. 25). The thiomorpholine

Ney=387 nm
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Fig. 26 The proposed mechanism of action of NDI-15 based on a displacement strategy.

group of the probe exhibited TICT upon excitation, leading to the
weak fluorescence of BCy-S. Upon the addition of HCIO, oxidiation
at sulfur resulted in the generation of the sulfoxide. This introduc-
tion of an electron-withdrawing motif to the amino auxochrome
suppressed the TICT process, leading to a strong red fluorescence
emission at 628 nm upon excitation at 420 nm. BCy-S exhibited pH
independence, a large Stokes shift, high sensitivity (35.2 nM limit
of detection) and excellent selectivity. In addition, BCy-S was used
to visualize HCIO in living HeLa cells and zebrafish, supporting the
photostability and biocompatibility of the probe.'®

3.4 Sulfide (8*)

Depending on different pH values, sulfide may exist in three
protonation states: $*>7, HS™ and H,S. When the PpH is below 7,
H,S predominates. When the pH varies from approximately 7 to
approximately 12, HS™ is the major species; under more basic
conditions, dianionic S*~ is the major species'®® Sulfide is a
potentially toxic anion, which can irritate mucous membranes
and with continuous exposure to high concentrations can lead
to respiratory paralysis.'” % As such, it is important to
develop fluorescent probes for sulfide detection.

Zong et al. developed a reversible fluorescent probe (NDI-15)
with a naphthalenediimide fluorophore as electron acceptor
and a 2-((pyridine-2-ylmethyl)amino)ethanol receptor as elec-
tron donor for detecting S*~ (Fig. 26). The perpendicular
orientation of the fluorophore and the receptor in the excited
state promoted the TICT process, which led to no fluorescence
emission of NDI-15. Cd** can coordinate with the probe to form

This journal is © The Royal Society of Chemistry 2025

NDI-15-Cd>*, which effectively inhibited the TICT effect and
recovered the strong fluorescence emission. Upon the addition
of $*7, Cd*" can be removed by S*~ from the 2-((pyridine-2-
ylmethyl)amino)ethanol moiety of NDI-15-Cd>* in order to
release NDI-15, through the formation of the sparingly soluble
Cds. This in turn results in a fluorescence decrease due to the
recovery of the TICT process. Based on this displacement
mechanism, NDI-15 exhibited excellent sensitivity with a detec-
tion limit of 8.7 uM for the detection of §>~."°

Ren et al. developed a turn-on activity-based fluorescent
probe (BH-HS) consisting of a BODIPY fluorophore and a
hemicyanine receptor for H,S detection (Fig. 27). In the excited
state, the TICT process from the dimethylaniline group to the
hemicyanine moiety occurred, which quenched the fluores-
cence of BH-HS. The addition of (highly nucleophilic) H,S
resulted in nucleophilic addition to the iminium group of the
hemicyanine, giving a product in which the TICT process was
inhibited, resulting in a strong fluorescence response. BH-HS
exhibited high selectivity towards H,S and excellent sensitivity
with a detection limit of 1.7 uM which is below the physiolo-
gical H,S concentration in the serum and the brain of mam-
mals. BH-HS was also used to image the levels of exogenous
and endogenous H,S in living HeLa cells."™

Meng et al. designed an activity-based fluorescent probe
(TBF-SS) consisting of a triphenylamine-benzofuran fluorophore
and a nitrofluorobenzoate receptor (Fig. 28) for H,S,, detection.
(Note that such polysulfides also exist predominantly as anions
at physiological pH). The fluorophore was linked with the

Chem. Soc. Rev., 2025, 54,12080-12141 | 12093
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receptor motif by an ester linkage. The non-coplanarity of the
benzofuran unit and the nitrofluorobenzene group and the
charge transfer from the triphenylamine group to the benzo-
furan unit resulted in the TICT effect, based on rotation around
both ester C-O single bonds. This TICT process effectively
quenched the fluorescence of TBF-SS. The addition of H,S,
resulted in an SyAr reaction with the nitrofluorobenzoate ring,
leading to elimination of fluoride and formation of an aryl
polysulfide. In the second reaction step, the other terminal
sulfur atom attacks the ester carbonyl, leading to loss of an
acylpolysulfide fragment, cleavage of the ester and formation of
TBF-SS-OH. As the TICT process is no longer operative in TBF-
SS-OH, a “turn-on” fluorescence response is observed. TBF-SS
exhibited high selectivity towards H,S,, over other RSS such as
H,S. This selectivity is due to the mechanism of action of the
probe, since the formation of the acylpolysulfide byproduct in
step 2 is viable for H,S, where n = 2 (giving the byproduct shown
in Fig. 28), n =3 or n = 4, but not for n = 1. Hence, whilst H,S can
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participate in the initial SyAr step, the second step (required for
the fluorescence response) does not occur. TBF-SS has excellent
sensitivity with a detection limit of 10 nM and was used to
monitor the H,S,, levels in tea samples and to image exogenous
H,S, in living MCF-7 cells."">""?

3.5 Bisulfite (HSO; )

Bisulfite (HSO; ™) has been widely used as an antioxidant and
preservative in foods, beverages and pharmaceuticals.'** On
the other hand, bisulfite can lead to cell necrosis, cell division
inhibition and cell death."* In addition, exposure to certain
levels of bisulfite can cause asthma or allergic reactions.'*®
Hence, it is necessary to develop fluorescent probes for bisulfite
detection.

Zhu et al. developed a 1H-Benzo[e]indolium-based fluores-
cent probe (BIFS) for HSO; ™ detection (Fig. 29). In the excited
state, an electron is transferred from the piperidinyl donor to
the 1H-Benzo[e]indolium acceptor. At the same time, twisting
of the piperidinyl moiety disrupts the co-planarity. The on state
of the TICT process results in BIFS exhibiting weak fluores-
cence. However, the addition of HSO;~ promoted its nucleo-
philic addition to the o,B-unsaturated iminium group and
switched off the TICT process to achieve a strong fluorescence
emission at 465 nm when excited at 322 nm. The detection
limit of BIFS towards HSO;~ was 3.0 nM, illustrating the
excellent sensitivity of the probe. In addition, BIFS exhibited
good cell permeability when used to image HSO; in living
A549 cells.""”

Yu et al. developed a coumarin-based two photon fluores-
cent probe (DMPCA) for detecting HSO;~ (Fig. 30), using a

Aem=465 NM

r i

Non-TICT
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This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs01118f

Open Access Article. Published on 21 November 2025. Downloaded on 12/19/2025 12:47:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

7.6,=345 nm/700 nm

HSO3
Q o ‘T P
\) \]
5° x° : . -
HN" g HN 9 “ ) | 4
o NX o o NH o Heart Spleen
\ CLP
.............. >
ONOO S
B © P vy
N HN Al Z ‘ "
N ~ .' .' ( ' { v
1 1 1 3 \ ’ ’
HO 3 ), —_— L 4
o Lungs Liver
High Ty
’ \
a ‘ \
[ ! o— ' ‘T‘n
AN =
77—~ 7
Sl e

Kidney

Fig. 31 The proposed mechanism of ER-ONOO™~ with ONOO ™ and the visualization of ONOO™ in ER and CLP. Image reproduced with permission from

ref. 125. Copyright 2023, American Chemical Society.

N,N-dimethylamino group as the electron donor to construct
the TICT system. The introduction of the phenyl acetylene
linker aimed to increase the two-photon absorption cross-
section of the system, since previous studies on structurally
similar probes had indicated that this parameter could be
improved by extending the conjugation of the system."'® HSO, ™~
can react with the aldehyde, forming an adduct which turns off
the TICT process and changes the fluorescence emission from
weak to strong. DMPCA was used to image HSO;  in living
HeLa cells under two-photon excitation, and the probe exhib-
ited low cytotoxicity and good cell permeability.**°

3.6 Peroxynitrite (ONOO )

Peroxynitrite (ONOO ™), is a ROS and reactive nitrogen species
(RNS), and is a short-lived oxidant."**'*! It is an endogenous
toxicant but also a cytotoxic effector that can combat invading
pathogens.'®* In addition, the production of peroxynitrite is
closely associated with the pathogenic mechanisms of various
diseases, such as neurodegenerative disorders, cardiovascular
diseases and inflammatory diseases.'*>'** Hence, it is very
important to develop fluorescent probes to monitor ONOO™ in
physiological systems, to further explore its biological functions
and better understand the pathologies of related diseases.
Zhan et al. developed a two-photon turn-on fluorescent
probe (ER-ONOO ) targeting the endoplasmic reticulum (ER)
for ONOO™ detection (Fig. 31). The probe consisted of a 1,8-naph-
thalimide fluorophore, an N-methyl-N-(4-hydroxyphenyl)amino

This journal is © The Royal Society of Chemistry 2025

receptor and a p-toluenesulfonamide group used for ER targeting.
When oxidative N-dearylation occurred upon the addition of
ONOO™, the TICT process was switched off and pronounced
fluorescence emission at 557 nm could be observed upon excita-
tion at 450 nm. ER-ONOO™ exhibited a rapid response and
excellent sensitivity with a detection limit of 5.2 nM towards
ONOO™. As expected, ER-ONOO™ accumulated and detected
ONOO' in the ER. In addition, ER-ONOO™ exhibited good sensing
performance when imaging exogenous ONOO™ in living H1299
cells, monitoring the changes of ONOO™ levels in a cellular
hypoxia model and elucidating the functions of ONOO™ in the
sepsis of CLP (cecum ligation and puncture) mouse models.'*®

3.7 Potassium permanganate (KMnO,)

Potassium permanganate (KMnO,) has been widely used in
organic and analytical chemistry, in water disinfection and in
the treatment of skin infections, and exhibits potential risks for
environmental pollution and human health."*®

Wang et al. developed a TICT-based turn-on fluorescent
probe (OCPE) for KMnO, detection (Fig. 32). The probe con-
sisted of a coumarin fluorophore and an acryloyl group as a
typical twisting group in which the carbon-carbon double bond
worked as the response site for KMnO,. The free rotation of the
acryloyl group quenched the fluorescence of the coumarin
fluorophore. Upon the addition of KMnO,, the carbon-carbon
double bond was oxidized, and the ester bond was cleaved. Due
to the cleavage of the twisting group, the coumarin fluorophore

Chem. Soc. Rev,, 2025, 54, 12080-12141 | 12095
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Fig. 32 The proposed mechanism of OCPE with KMnO,.

was released and a strong fluorescence emission at 458 nm was
achieved upon excitation at 342 nm. OCPE exhibited a rapid
response (within 3 s), excellent sensitivity (LOD: 0.95 nM) and
high selectivity towards KMnO,. As such OCPE-impregnated
paper test strips were fabricated to detect KMnO, in solution. In
addition, OCPE exhibited good sensing performance when
tracking solids and airborne microparticulates using a hydro-
gel as a carrier. OCPE was embedded in a polyacrylamide
hydrogel with an interpenetrating network which worked as a
carrier to construct the OCPE-hydrogel sensor. KMnO, solid
could physically attach to the surface of this kind of sensor
and then diffuse into the microliquid environment. Finally,
KMnO, reacted with OCPE to switch on the bright blue
fluorescence response. KMnO, solid in the range of 2.3 to
31.2 pm at amounts from 6.6 to 31.2 pg could be detected by
the OCPE-hydrogel sensor. When it came to airborne KMnO,
microparticles, the fluorescence imaging of particles which
were 2.3 um in diameter (6.6 pg) was achieved using the
OCPE-hydrogel sensor."'*®

3.8 Dihydrogen phosphate (H,PO, )

Phosphate ions play a vital role in signal transduction and
energy storage in biological systems and are also crucial to
modern agriculture.'*” However, excess levels of phosphate can
lead to the eutrophication of waterways."®

Shi et al. developed a colorimetric and fluorescent probe (S,)
consisting of a phenazine fluorophore and a response site
based on imidazole and pyridine for H,PO,” detection (Fig. 33).
Due to the TICT process between the pyridine and phenazine
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moieties, S, achieved a fluorescence emission at 540 nm when
excited at 416 nm. Zn>* could coordinate with the nitrogen of the
imidazole and pyridine groups so that the dihedral angle between
the two aromatic rings decreased and the electron transfer was
suppressed. Due to the recovery of the co-planarity of the conju-
gated system, a strong red fluorescence was observed at 600 nm
when excited at 400 nm. Upon the addition of H,PO, ", the complex
(S;-Zn) between S, and Zn>" was decomposed and the TICT process
recovered. So, the fluorescence emission maximum returned to
540 nm when excited at 400 nm. In addition, S,-Zn exhibited
excellent selectivity towards H,PO,~ when incorporated into paper
test strips.'*** Members from the same group had previously
shown that the system also works with Cd**.*2*”

4. TICT-based fluorescent probes for
small neutral molecules
4.1 Hydroxyl radical (*OH)

The hydroxyl radical (*OH) is a typical reactive oxygen species
(ROS), which plays an important role in physiological and
pathological processes. It is involved in the immune response
to pathogens, being used to kill invading microorganisms."*%3
However, the overproduction of hydroxyl radical may cause cell
death and DNA mutations."*> Meanwhile, hydroxyl radical is
closely related to autoimmune diseases, inflammatory diseases
and cancer.'****13¢ Hence, the development of fluorescent
probes for *OH detection is desirable to enable the diagnosis
and evaluation of the pathologies of inflammation and cancer.
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Fig. 33 The proposed mechanism of action of S, with Zn?* and S,-Zn with H,PO, .
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Chen et al. developed a turn-on fluorescent probe (RH-EDA)
based on edaravone and rhodamine for *OH detection (Fig. 34).
In the excited state, due to the non-symmetric structure of RH-
EDA and its intramolecular charge transfer, a strong push-pull
effect can be produced, resulting in structural twisting between
the diethylamino donor and the rhodamine acceptor and the
formation of the TICT state. The TICT process and N-acyl
substructure resulted in minimal fluorescence of RH-EDA.
The addition of *OH opened the ring of the pyrazolone motif
and led to the deacylation of the rhodamine nitrogen. The
inhibition of the push-pull effect and the TICT process led to
an increase of fluorescence at 579 nm upon excitation at
550 nm. RH-EDA was used to image endogenous *OH in living
cells and zebrafish with high selectivity and sensitivity. Upon
stimulation with B-lapachone, which is an anticancer drug used
to trigger *OH generation in living cells, RH-EDA discriminated
cancer cells from normal cells by detecting different levels of
.OH.137

4.2 Cysteine and homocysteine (Cys/Hcy)

The proteinogenic amino acid cysteine has an essential role in
intracellular glutathione regulation, however, it can also be
neurotoxic due to the generation of hydroxyl radicals during
cysteine autoxidation."*® Meanwhile, cysteine has a close relation-
ship with the pathologies of cardiovascular diseases, Alzheimer’s
disease, stroke, neural tube defects, venous thromboembolism,

Cys/Hcy

inflammatory bowel disease and osteoporosis.'*° The mechanisms
of Cys/Hcy in these diseases remain unclear, so it is important to
develop fluorescent probes to image and track Cys/Hcy in vivo for
the further exploration of their function in various diseases.

Wei et al. constructed a two-photon TICT-based fluorescent
probe (NQ) consisting of a quinoline fluorophore and an N,N-
dimethyl group as a typical TICT twisting group for the detec-
tion of cysteine and homocysteine (Fig. 35). The perpendicular
structure in the excited state and the charge-separation between
the 4-ethynyl-N,N-dimethylaniline group and the quinoline-2-
carbaldehyde group promoted the TICT process and resulted in
fluorescence quenching. The addition of Cys or Hcy could
recover the co-planarity, inhibit the TICT effect and achieve a
strong fluorescence emission. NQ exhibited pH independence,
excellent sensitivity and high selectivity towards Cys and Hcy
over other analytes. NQ also exhibited low cytotoxicity and good
sensing performance when used to monitor changes in Cys
levels in living cells using two-photon excitation."*®

4.3 Formaldehyde (HCHO)

Formaldehyde (HCHO) is a common chemical pollutant, espe-
cially found in building materials.'** Excessive exposure to high
concentrations of HCHO can lead to severe physiological
responses such as lachrymation, sneezing, coughing, nausea
and death.'** At the same time, HCHO is also a reactive
carbonyl species (RCS) and participates in various biological

7:=370 /800 nm

Fig. 35 The proposed mechanism of action of NQ with Cys/Hcy.
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rocesses.'**™1%7 Hence, it is necessary to explore the develop-
)

ment of fluorescent probes for the detection of HCHO in
biological systems and the environment.

Chen et al. developed an activity-based fluorescent probe
(BHA) based on BODIPY-substituted hydrazine for HCHO
detection (Fig. 36). The TICT process between the 8-hydrazino
group and the BODIPY fluorophore led to BHA being non-
fluorescent. The addition of HCHO results in reaction and
formation of a hydrazone, resulting in the TICT process chan-
ging to an ICT process and a fluorescence response being
observed. BHA exhibited high selectivity towards HCHO and
excellent sensitivity with a detection limit of 0.18 pM. The probe
was also successfully used to image endogenous HCHO in
living HeLa cells."*?
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4.4 Hydrazine (NH,NH,)

Hydrazine has been found in plants and the environment, and
is widely used in industry, with applications including as a fuel
for rocket propulsion, photographic chemicals, weapons, cata-
lysts, corrosion inhibitors and emulsifiers."**™**° In addition,
hydrazine also serves as a synthetic intermediate to produce
various drugs, such as nifuroxazide, carbidopa, hydralazine and
iproniazid.’*>** Furthermore, hydrazine is also a neurotoxin,
which can lead to DNA damage and exhibits a close relation-
ship with various diseases due to carcinogenic and mutagenic
effects, such as lung damage, respiratory tract infection and
liver damage.'*® Various jurisdictions set limits on the concen-
tration of hydrazine in drinking water at a low micromolar
level.">® Hence, it is very important to develop fluorescent
probes for detecting hydrazine in the environment and for
monitoring hydrazine in biological systems.

Chen et al. developed a turn-on fluorescent probe (C3) with a
dicyanovinyl receptor for hydrazine detection (Fig. 37 and 20
where C3 was used for the detection of cyanide anion). In the
excited state, the diphenylamine group functioned as electron
donor and the dicyanovinyl group served as the electron acceptor.
At the same time, the anthryl group was non-coplanar with the N-
phenyl groups. This enabled the TICT process and hence rendered
the probe only weakly fluorescent. The addition of hydrazine
results in the formation of TP by conjugate addition to the
dicyanovinyl group and subsequent loss of malononitrile. This
eliminates the TICT process to achieve a strong fluorescence
emission. C3 exhibited high selectivity towards hydrazine and
excellent sensitivity with a detection limit of 7 ppb.">*

Zhou et al. self-assembled a turn-on nanoribbon-based fluor-
escent probe (NDI-AB 1) for detecting hydrazine hydrate (Fig. 38). A
phenolic azobenzene group as an electron donor was appended to
the imide nitrogen of the naphthalenediimide to construct the
probe. Due to the non-planar structure and the TICT effect, NDI-
AB 1 exhibited only weak fluorescence. When dissolved in water,
NDI-AB 1 self-assembled into nanoribbons and the fluorescence
was further quenched due to n-r interactions. Upon addition of

Fig. 38 The proposed mechanism of action of NDI-AB 1 with NH,NH,. Image reproduced with permission from ref. 155. Copyright 2015, The Royal

Society of Chemistry.
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Fig. 39 The proposed mechanism of DPA with NH,NH,.

hydrazine hydrate, the hydroxy group reportedly underwent tauto-
merism to a quinoidal structure to inhibit the TICT process. At the
same time, hydrogen bonds between hydrazine and the imide
carbonyls or the quinone increased the interaction of NDI-AB 1
with hydrazine hydrate. This led to the formation of an electron
donor-acceptor (EDA) complex between the electron-deficient NDI
core and the electron-rich hydrazine; the presence of the NDI
radical anion in this EDA complex was confirmed by EPR spectro-
scopy. Because of the hydrogen bonds and the electron density of
the radical anion, n-n stacking was disrupted, which led to a nano
structural change from ribbons to vesicles. Finally, the radical
anion as aggregates resulted in strong fluorescence emission at
405 nm when excited at 302 nm."*®

Gupta et al. developed a ratiometric activity-based fluores-
cent probe (DPA) consisting of an anthracene fluorophore and a
dicyanovinyl receptor for hydrazine detection (Fig. 39). The
TICT process from the anthracene group to the cyano group
generated red fluorescence emission at 600 nm when excited at
385 nm. The dicyanovinyl group as a receptor motif reacted
with hydrazine to produce a hydrazone (by the same mecha-
nism as for C3, see Fig. 37 above) and switch on the ICT process
to achieve a blue fluorescence emission at 435 nm instead of a
TICT-induced emission when excited at 385 nm. DPA exhibited
high selectivity and excellent sensitivity with a detection limit of
7.85 nM. Additionally, DPA-loaded test paper strips were used
to successfully detect hydrazine vapor.'®® It is interesting to
compare the hydrazine probes C3 and DPA, since they share the
same dicyanovinyl receptor motif and anthracene fluorophore.
However, whereas DPA is emissive both in the presence and
absence of hydrazine (i.e. a ratiometric probe, where the TICT
process results in a bathochromic shift of the emission), it
seems that the addition of a diarylamine electron-donor motif
to the C3 structure renders the TICT process only minimally
emissive, making C3 a “turn on” probe instead.

4.5 Hydrogen peroxide (H,0,)

Hydrogen peroxide (H,0,), as a typical ROS, is the metabolite of
incomplete oxygen reduction."”” The superoxide anion (0,*~) can
be generated by the one-electron reduction of oxygen induced by
electron leakage from mitochondria or the oxygenation of
organic molecules by cytochrome P450 enzymes. Then, it may
be converted to H,O, by the action of superoxide dismutase.">® In
general, cellular H,0, is generated spontaneously or enzymati-
cally, it can diffuse across cellular membranes and it is involved

This journal is © The Royal Society of Chemistry 2025
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in regulation of various physiological processes.">” High levels of
cellular H,O, are closely related to DNA damage, cardiovascular
diseases and neurological disorders.">*™*®" Hence, it is desirable
to develop fluorescent probes to monitor and track cellular H,O,
to better understand the pathologies of the diseases in which it is
implicated.

Kumar et al. developed a dimethylaminocinnamaldehyde
imine arylboronate fluorescent probe (3) for H,0O, detection
(Fig. 40). Electron transfer from the dimethylamino donor to
the imino acceptor led to a TICT-induced orange fluorescence
emission at 566 nm. Upon the addition of H,0, at pH 7.0, the
arylboronate group (an electron-withdrawing group) was oxidised
to a phenol moiety (an electron-donating group), which in turn
increases the pK,y of the dimethylamino group resulting in
protonation. The inhibition of the TICT process resulted in a
blue shift of fluorescence emission from 566 nm to 484 nm. To
confirm this mechanism, the fluorescence behaviour of 3 at
different pH values was studied. At pH 6.0, only the delocalized
excited emission at 484 nm was observed while there is no TICT
emission band at 566 nm. This supports the authors’ proposal
that protonation of the dimethylamino group can effectively
inhibit the TICT process. In addition to exhibiting high selectivity
towards H,0, in aqueous solutions, the probe was also used to
image the H,0, level changes in living PC3 prostate cancer cell
lines."*

Wu et al. developed a coumarin-based fluorescent probe
(Cou-CHO) for H,0, detection in conjunction with trichloroa-
cetonitrile (Fig. 41). The TICT process resulted in weak fluores-
cence of the probe. However, upon the addition of H,0,, a
reaction between H,O, and the trichloroacetonitrile occurred
(the Payne reaction) to produce trichloroperoxyacetamidic acid.
This was followed by a Dakin oxidation, in which the nucleo-
philic trichloroperoxyacetamidate anion attacks the aldehyde of
Cou-CHO. A 1,2-migration then affords a formate ester, which
undergoes hydrolysis to generate Cou-OH. Overall, the aldehyde
electron acceptor motif was transformed into a hydroxyl elec-
tron donor motif. As such, the TICT process was inhibited which
led to a strong fluorescence emission. Cou-CHO exhibited high
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Fig. 40 The proposed working mechanism of 3 with H,O5.
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Image reproduced with permission from ref. 167. Copyright 2018, Elsevier.

selectivity towards H,O, over other ROS and excellent sensitivity
with a detection limit of 31 nM. In addition, the probe displayed
pH-independence in the range from 5.0 to 7.2. Moreover, the
fluorescence intensities of Cou-CHO were relatively stable at pH
values from 6.5 to 7.8, which supported the use of Cou-CHO in
living systems. As such Cou-CHO was used for imaging exogen-
ous and endogenous H,0, in living HepG2 cells.'®

4.6 Nitrogen dioxide (NO,)

The detection of landmines and hidden explosives in public
areas is very important from a security perspective.'®* The most
common chemical explosives contain nitro groups and nitra-
mines, which can produce oxides of nitrogen (NO,) after
exposure to photoirradiation or heating.'®® At the same time,
nitrogen dioxide (NO,) is the main component of NO,. NO, is a
common atmospheric pollutant, which is produced by forest
fires, volcanic action, fossil fuel combustion and incineration.
Overexposure to NO, can result in respiratory irritation."®®
Therefore, the development of fluorescent probes for NO, on-

HO .
HO

CBBA

NO TICT EMISSIONS
PULL-PULL FLUOROPHORE

Fig. 43 The proposed mechanism of CBBA with carbohydrate triols.
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site detection would be helpful to deal with environmental,
military and potential health threats.

Chen et al. selected a coumarin fluorophore and an oxime
receptor to construct a turn-off TICT-based fluorescent probe
(3-0DC) for NO, and nitramine detection (Fig. 42). The oxime-
containing structure of 3-ODC did not undergo TICT, resulting
in strong fluorescence emission from this species at 481 nm
when excited at 411 nm. The addition of NO, resulted in formal
hydrolysis of the oxime motif to an aldehyde, giving 3-ADC.
Then, because of the twisting of the dimethylamino group, the
TICT process was activated in 3-ADC, resulting in quenching of
the fluorescence. 3-ODC exhibited high selectivity towards NO,
and nitramines in aqueous solutions.'®’

4.7 Carbohydrate triols

Carbohydrates are the most abundant biomolecules on earth,
with glucose being the product of photosynthesis.'®® They are
of fundamental importance in physiological systems in roles
such as energy storage and transfer, as well as being central to
the pathology of diabetes, hypoglycaemia and hereditary fruc-
tose intolerance.® 7" Hence, it is desirable to develop fluor-
escent probes for detecting carbohydrates in biological contexts
for the exploration of relevant disease.

Oesch et al. developed a TICT-based fluorescent probe
(CBBA) for detecting carbohydrate triols (Fig. 43). The probe
consisted of a cyano-modified biphenyl core and a boronic acid
group as the response site for carbohydrate triols. Since in the
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ground-state the biphenyl dihedral angle was between 35° and
37° based on DFT calculations, CBBA exhibited little or no
push-pull characteristics. After carbohydrate triols reacted with
the boronic acid of CBBA and formed a sp*-hybridized boronate
ester, the boron-containing functional group was converted
from an electron withdrawing group to a donating group,
generating a system with push-pull electronic characteristics.
Consequently, a red shift in the fluorescence spectrum was
observed due to the TICT process being activated. With higher
concentrations of carbohydrate triols, the fluorescence inten-
sity increased. This probe provided a new strategy to distin-
guish carbohydrate triols from carbohydrate diols."”

Saito et al. developed two TICT-based turn-on fluorescent
probes (4 and 5) for p-fructose detection (Fig. 44). The probes
consisted of a p-(dimethylamino)phenyl-modified B-diketonato
difluoroborate core and a boronic acid receptor. The TICT
process resulted in only weak fluorescence for 4 and 5. After
p-fructose reacted with the boronic acid to form a boronate
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ester, the TICT process was inhibited, and the probes exhibited
strong fluorescence emission. Of the two probes, 4 was more
sensitive than 5 towards p-fructose, due to the substituent
pattern (para-boronic acid motif) leading to direct conjugation
of the donor and acceptor functional groups.'”?

4.8 Tricresyl phosphate (TCP)

Tricresyl phosphate (TCP) is an organophosphate flame retardant
which has been widely used various industry sectors, such as
furniture upholstery, textiles and chemical products.’”**”® How-
ever, TCP is highly toxic and inhibits the activities of key enzymes,
which leads to neuropathy and reproductive toxicity.”””*”® During
the production and application of TCP, it can be released and
accumulate in the environment.'”® Due to the potential risks to
human health, it is desirable to develop fluorescent probes for TCP
detection.

Tian et al. used 9-(2,2-dicyanovinyl)julolidine (DCVJ) as
a TICT-based fluorescent probe for TCP detection (Fig. 45).
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Fig. 44 The proposed working mechanism of 4 (para-B(OH),) and 5 (meta-B(OH),) with p-fructose.
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(A) The proposed mechanism of DCVJ with TCP. (B). (a) Fluorescence spectra of DCVJ (20 uM, Aey = 440 nm, H,O : MeOH = 13:2), TCP (6.67 ug

mL~%, Jex = 440 nm, H,O : MeOH = 13:2) and DCVJ/TCP (cpcvg = 20 uM, crcp = 6.67 pg mL~%, Jex = 440 nm, H,O : MeOH = 13:2); (b) fluorescence

spectra of CCVJ (20 uM), TCP (18 pM) and CCVJ/TCP. Image reproduced
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DCV] consisted of a julolidine core and a dicyanoalkene recep-
tor. The construction of the D-n-A system facilitated the TICT
process resulting in weak fluorescence. Both DCVJ and TCP are
hydrophobic molecules, so it is possible for DCV]J to interact
with TCP due to hydrophobic interactions. To confirm this
hypothesis, CCV]J was designed, containing a cyano group with
a carboxyl group to generate a hydrophilic molecule as a control
molecule. After mixing with non-fluorescent TCP, CCV] was
unable to detect TCP, while DCVJ exhibited a strong fluores-
cence response at 630 nm. It was suggested that the hydrophilic
carboxyl group reduced the hydrophobic interaction between
the fluorophore and TCP, which resulted in the lack of response
to TCP. The enhanced interaction between DCV] and TCP
blocked the rotation of the rotor of DCV]J resulting in inhibition
of the TICT process and strong fluorescence at 630 nm upon
excitation at 440 nm. DCVJ exhibited rapid response, pH
independence, high selectivity and excellent sensitivity with a

detection limit of 4.82 ng mL™*."%°

4.9 Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are produced by daily human
activities and many different industry sectors, such as household
products, transportation, cooking, manufacturing, construction
and fuel storage."®"'® 1t is estimated that about 50-300 types of
VOCs can be detected in the indoor air of schools, offices, homes,
shops and other commercial buildings.'®* Many institutions have
set guidelines to restrict human exposure to VOCs in workplaces,
such as the National Institute of Occupational Safety and Health,
the Environmental Protection Agency and the European Agency for
Safety and Health."®® Many VOCs are toxic and harmful to
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physiological systems, such as the respiratory, cardiovascular
and immune systems.'® Hence, it is necessary to develop fluor-
escent probes for the detection of VOCs in the environment to
limit potential risks to human health.

Zhang et al. developed a fluorescent probe (DPINO) based on
a dimethylaniline naphthol Schiff base for detecting VOCs (Fig. 46).
DPINO was aggregated in a disordered fashion on a cellulose film,
and the intermolecular voids facilitated intramolecular twisting.
The nonradiative decay caused by the TICT process led to weak
fluorescence emission of the probe. Upon interaction with VOCs,
the intermolecular voids were filled, which resulted in the restric-
tion of intramolecular motion and generation of a rigid conforma-
tion. Due to the inhibition of the TICT process, a strong
fluorescence emission at 566 nm was observed upon excitation at
370 nm. MMA is an insensitive luminogen and does not respond to
VOCs. Furthermore, it has a similar excitation wavelength to
DPINO, so it can be used as a reference for a better visual contrast.
With the inert reference frame of MMA, DPINO was used as a
smart label on textiles with “VOC” lettering. Under a UV lamp, only
the MMA frame exhibited fluorescence. Upon the exposure to
VOCs, obvious fluorescence of the “VOC” lettering was observed,
which indicates the switching on of the DPINO fluorescence."

5. TICT-based fluorescent probes for
biomacromolecules
5.1 Serum albumin (SA)

Serum albumin (SA) is the most abundant protein in plasma,
and is also one of the most important proteins in human
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Fig. 46 The proposed mechanism of DPINO as a wearable smart label for detecting VOCs. Image reproduced with permission from ref. 186. Copyright

2023, Elsevier.
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Fig. 47 Design strategy of TICT-based fluorescent probes for SA detection.

physiology.®” Its main functions are to maintain plasma
osmotic pressure and plasma volume and to transport fatty
acids, drugs, hormones and metabolites.'®® The level of SA can
not only have a large impact on the pathologies of cardiovas-
cular diseases and rheumatologic autoimmune diseases, but
can also act as a biomarker for COVID-19, and in nephrology
and oncology."®® Therefore, it is desirable to develop fluores-
cent probes for the in vivo monitoring and quantification of SA.

Human serum albumin (HSA) consists of three globular
domains which have similar structures. Each domain has two
subdomains which are called as subdomain IA, IB, IIA, IIB, IIIA
and I1IB."° It has been suggested that subdomain IIA and IITA
are two high affinity binding sites for small heterocyclic and
aromatic compounds, subdomain IB and IIIB are two binding
sites for long-chain fatty acids, and albumin’s N-terminus and a
site centered around residue Cys-34 are two binding sites for
metals.’®""*> These six subdomains are the dominant areas for
ligand binding of HSA, and are also used for probe targeting.
The sequence homology between bovine serum albumin (BSA)
and HSA is close to 76%."°*'* Due to the high structural
similarity between HSA and BSA, the ability to distinguish
these two types of SA becomes a difficult challenge for the
design of SA detection probes.

In general, fluorescent probes for SA detection based on
TICT are composed of an electron donor, an electron acceptor
and a linker (Fig. 47). The linker generally comprises an alkenyl
group. At the same time, in addition to participating in the
construction of a push-pull system, the electron donor and the
electron acceptor sometimes includes typical rotors, such as
the N,N’-dimethylamino group or N,N’-diethylamino group.
This kind of design can contribute to the TICT process and
the “off” state of the fluorescence signal. Based on non-
covalent binding, SA can block the intramolecular rotation of
the probe. Due to the inhibition of the TICT process, a strong
fluorescence response will be observed. Recently, TICT-based
fluorescent probes for SA detection have been developed, which
are shown in Table 1. Most of them are highly sensitive towards
SA and exhibit excellent sensing performances for SA detection
in real blood or urine samples.

5.2 Mitochondrial DNA (mtDNA)

Mitochondrial DNA (mtDNA) is composed of a closed circular
double-stranded molecule of 16 569 DNA base pairs, containing

This journal is © The Royal Society of Chemistry 2025
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37 genes which encode 13 proteins, 22 tRNAs and 2 rRNAs.*"?
mtDNA is involved in the regulation of various biological pro-
cesses and the production of important biomolecules, such as
NADH dehydrogenase and ATPase.>'*'” In addition, mtDNA is
more sensitive to cellular damage than nuclear DNA due to the
lack of protective histones, limited DNA repair mechanisms,
proximity to the ETC (electron transport chain), higher replica-
tion rate and genotoxins.>'**'"® Hence, it would be helpful to
develop fluorescent probes to detect mtDNA in order to evaluate
cellular health.

Wang et al. developed a dicyanoisophorone-based fluores-
cent probe YON for the visualisation of mtDNA (Fig. 48). The
introduction of two electron-withdrawing dicyanoisophorone
groups contributed to the construction of a linear A-n-D-n-A
system to enhance the TICT effect and to impart appropriate
amphiphilicity for the specific binding with mtDNA. Upon the
addition of mtDNA, YON inserted into the minor groove of
mtDNA, which then blocked the rotation of the C-C single bond
of the conjugated alkenyl bond linker. As such, the TICT process
was inhibited, and strong fluorescence emission at 640 nm was
observed when excited at 435 nm. YON exhibited excellent
specific binding affinity and sensitivity when used to monitor
the mtDNA level changes in live HepG2 cells and realized the real-
time evaluation of cellular health status during apoptosis.”*°

5.3 Ribonucleic acid (RNA)

Ribonucleic acid (RNA) is a product of cellular metabolism and
has multiple functions in biological systems, such as gene
regulation, protein synthesis and reaction catalysis.>*'>*?
RNA includes tRNA, mRNA and rRNA, among which rRNA is
the most abundant RNA produced in the nucleolus.*** The
structural variations of RNA in vivo are closely related to the
occurrence of various genetic diseases.??>**® Hence, the devel-
opment of fluorescent probes for detecting, monitoring and
imaging RNA in vivo are useful for the diagnosis and treatment
of genetic diseases.

Cao et al. developed a TICT-based fluorescent probe 8 for the
detection and imaging of rRNA (Fig. 49). The probe consists of a
naphthalimide fluorophore with a dimethyl amine group at C4.
Here, the dimethyl amine group served as not only an electron
donor but also a rotor. So, in the excited state, the dimethyl
amine group was twisted about 90° with respect to the fluoro-
phore core. L1-stalk, as a dynamic domain of the 23S rRNA, was

Chem. Soc. Rev., 2025, 54,12080-12141 | 12103
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Table 1 TICT-based fluorescent probes for SA detection
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Research Selectivity between HSA
group Structures of probes Binding site LOD and BSA Application
. . Detection of HSA levels in human
Reja et al.'*® 11 nM High selectivity towards blood serum samples of
N HSA over BSA - .
‘ hypertensive patients
Probe 6
, ¢ TIA
sy \ Gite I . Quantitative detection of HSA in
Li et al.**® @E'N/ 26.16 nM Responding to both HSA urine samples of healthy
i) and BSA
volunteers
NIR-HSA
°r\°3 1.7 nM (PBS buffer)

OO 4 ) 29.5 nM (artificial ) o o ] ]

Shen et al.*®” @\ @A“ °\\/oJ a-helices from IIA hyman urine) High selectivity towards  Quantitative detection of HSA in
’ (Nj and IIIA HSA over BSA artificial human urine samples
DB-16C6
i BI-FPI: High selectivity
BI-FPI: I1A BI-FPIL: 0.01 pM towards HSA (the intensity

O Site I

N
i\
BIFPI (for HSA detection)

NTPS-FPI: 1I and
g IIIA

Liu et al.**®

Samanta Non-site-specific
et al.™ binding
Li et al*® IIA and IB
y 2 IIA
Zheng et al?® <, ; \S\{H Site I
| s
SCD not binding
with site I and II
"o SCD/Hg>" complex:

Du et al. 1IIA

Site II

flen)

— N o)
»os B P II7A and the
Lee et al. ™™ s interface between
o >on  IIA and IIB
7
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Luo et al.>** O b T IB
Ys8
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Site II

Ke et al.**®
O
)j |
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Br
NI-1
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NTPS-FPI: 0.03 pM

6.5 nM

1.91 mgL ™"

18.1 nM

1.6 ugL*

8 nM

0.06 uM

0.21 nM

in BSA 3-fold less)

NTPS-FPI: High selectivity
towards BSA (the intensity

in HSA 2.5-fold less)

Responding to both HSA
and BSA

High selectivity towards
HSA over BSA

High selectivity towards
HSA over BSA

Responding to both HSA
and BSA

High selectivity towards
HSA over BSA

High selectivity towards
HSA over BSA

High selectivity towards
HSA over BSA

Quantitative detection of HSA and
BSA in PBS buffer

Detection of HSA levels in body
fluid samples and artificial
human urine samples

Detection of HSA levels in human
blood serum samples from
healthy individuals and patients
with liver disease

Detection of HSA levels in human
blood serum samples from heal-

thy individuals and hypertension
patients

Detection of HSA levels in
artificial human urine samples

Detection of HSA levels in
artificial human urine samples

Imaging HSA in 4T1 live cells

Detection of HSA levels in human
urine samples
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Table 1 (continued)
Research Selectivity between HSA
rou Structures of probes Binding site LOD and BSA Application
group P g pp
2o High selectivity towards Detection of HSA leyels in human
Su et al. 4.14 nM HSA over BSA urine samples and imaging
diflunisal in live HeLa cells
207 1 High selectivity towards  Detection of HSA levels in human
Fan et al 1.32 mg L HSA over BSA blood serum samples
Monitoring HSA level changes in
— ischemia-reperfusion and
o / N . nephrotoxic drug-induced AKI,
Wang et al.** N°M 1B 5.4 nM Eﬁngggmg to both HSA and detection of HSA in human
o s urine samples from healthy
donors and patients with chronic
nephritis
209 T 0 e 1 High selectivity towards  Quantitative detection of HSA in
Zhang et al. My ™ o IB 0.264 pg mL HSA over BSA PBS buffer
Faaf TMIA
0" o :
\ Site II Regulation of ible lipid
A . gulation of reversible lipi
Zhang et al.**° - 1.21 mg mL ! fgnggjmg to both HSA droplet staining in live cells by the
b complex of N-BF2 and HSA
N-BF,
Bandyopadhyay i A High selectivity towards  Detection of HSA levels in human
et al.”" o O ve- 1B 1.43 yM HSA over BSA urine samples
NPNF
II1A
Site II
[o} N 0
Detection of HSA levels in human
. . urine samples of healthy donors,
Dai et al.*"? OO NS 461 pg Lt ﬁlsgAh Osveelchtls\gty towards .14 imaging endogenous HSA in
OH \@ ER and exogenous HSA

N
; |
50,

NITH

selected as an rRNA model to further explore the binding
mechanism between probe 8 and rRNA based on molecular
docking simulations. Upon the addition of rRNA, the probe
was bound in the hydrophobic core of rRNA through hydrogen
bonding interactions. Due to the rigidification of the dimethyla-
mine group and the inhibition of the TICT process, the probe
exhibited a strong fluorescence response at 532 nm when excited
at 450 nm. Because of the specific binding with rRNA, the probe
exhibited excellent selectivity towards rRNA over other nucleic
acids and biomolecules. At the same time, the probe exhibited
good sensing performance and cell permeability when used to
image rRNA in the nucleolus and cytoplasm of live HeLa cells.>**

Wang et al. developed a near infrared fluorescent probe QOT-
NA based on TICT with a large Stokes shift for RNA detection
(Fig. 50). The probe was constructed using a furyltriphenylethylene
conjugated through an alkenyl linkage with an N-ethyl-
quinolinium. The TICT process led to weak fluorescence of QOT-

This journal is © The Royal Society of Chemistry 2025

accumulating on lysosomes

NA. However, upon the addition of RNA, the V-sharped structure of
the probe helped it insert into the groove of RNA due to the
electrostatic attraction between the positively charged probe and
the negatively charged RNA. Inhibition of the TICT process
resulted in the recovery of strong fluorescence at 660 nm when
excited at 540 nm in Tris-HCI buffer. However, QOT-NA can not
only respond to RNA but also produces fluorescence response with
the addition of DNA. In addition, it was also found that GSH and
Sn** could affect the specific binding between the probe and RNA
to some extent. QOT-NA exhibited excellent sensing performance
and photostability when applied to imaging endogenous RNA in
liver cancer cells.””

Jiang et al. developed a reversible fluorescent probe Nu-AN
based on a 3-pyrroline modified naphthalimide for RNA detection
(Fig. 51). The unrestricted twisting of the 3-pyrroline group
switched on the TICT process. At the same time, the n-n stacking
between the naphthalimide core and the hydrogen bonding

Chem. Soc. Rev., 2025, 54,12080-12141 | 12105
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Fig. 48 The proposed working mechanism of YON with mtDNA. Image
reproduced with permission from ref. 220. Copyright 2022, American
Chemical Society.
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Fig. 49 The proposed working mechanism of probe 8 with rRNA. Image
reproduced with permission from ref. 224. Copyright 2019, American
Chemical Society.
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Fig. 51 The proposed mechanism of Nu-AN with RNA. Image repro-
duced with permission from ref. 228. Copyright 2024, Wiley.

between the probe and solvents also promoted fluorescence
quenching. However, upon the addition of RNA, Nu-AN reversibly
inserted into the hydrophobic pocket of RNA. Due to the steric
effect in the hydrophobic pocket, the TICT process was inhibited
and the hydrogen bonding interactions were reduced, resulting in
a strong fluorescence response at 530 nm when excited at 465 nm.
In addition, Nu-AN exhibited excellent selectivity towards RNA
over DNA. Nu-AN was shown to label the nucleolus and visualize
nucleolar morphology. Meanwhile, the probe was also used to
observe morphological changes in nucleoli induced by ActD and
Flavopiridol which are two RNA synthesis inhibitors. In addition,
the reversible binding of Nu-AN with RNA did not interfere with
nucleolus morphology, and also did not affect the photostability
of the probe.**®

5.4 Ribonuclease (RNase)

Ribonuclease (RNase) composed of endonucleases is one type
of nuclease. RNase are found in various organs in the human
body, and play a vital role in biological processes, such as gene
replication, DNA repair, cell growth and gene recombination.>** %!

Fig. 50 The proposed working mechanism of QOT-NA with RNA. Absorption and emission spectra shown in (A) were acquired in pure water. Image

reproduced with permission from ref. 227. Copyright 2022, Elsevier.
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Fig. 52 The proposed working mechanism of H2 for detecting RNase
using an “off-on-off” strategy. Image reproduced with permission from
ref. 235. Copyright 2018, Elsevier.

Clinical studies have suggested that the activities of RNase are
closely related to the pathologies of various cancers, such as
ovarian, pancreatic, thyroid and bladder cancer.***** In addi-
tion, RNase A has also been shown to have tumour-suppressive
activity.”>* Hence, it is desirable to develop fluorescent probes to
monitor and track RNase in vivo to further understand its
functions in disease pathologies.

Du et al. developed an off-on-off fluorescent probe H2 for
label free detection of RNase (Fig. 52). Due to the TICT process,
the probe exhibited low fluorescence background. The addition
of RNA promoted the formation of a H2-RNA complex based on
the electrostatic interaction between the ammonium cation of H2
and the phosphate anion of RNA, which switched on the strong
fluorescence response at 695 nm when excited at 580 nm due to
inhibition of the TICT process. Upon the addition of RNase, due
to the cleavage of the phosphodiester bonds between uracil and
cytosine, the hydrolysis of RNA quenched the fluorescence of the
H2-RNA complex by releasing H2. The probe exhibited high
selectivity towards RNase over other proteins and enzymes
including DNase based on this off-on-off strategy.>*** The same
probe had previously been reported for the detection of HSA
(Table 1, entry 1), as well as for the detection of casein.>**?

5.5 Vicinal dithiol-containing proteins (VDPs)

Vicinal dithiol-containing proteins (VDPs) are native proteins
with proximate cysteine-sulfhydryls used for reversible dithiol/
disulfide conversions.>*® The balance between protein vicinal
dithiols and disulfides ensures VDPs play an important role in
the maintenance of redox homeostasis in physiological
systems.>*”**® Due to their involvement in protein synthesis
and related functions, VDPs have a close relationship with
the development of various diseases, such as cancers, neurolo-
gical diseases and human immunodeficiency virus type 1
(HIV-1).*%97242 Therefore, it is important to develop fluorescent
probes for monitoring VDPs in biological contexts.

Wang et al. developed a ratiometric fluorescent probe CAsH2
consisting of a 7-diethylaminocoumarin as a fluorophore unit
linked to a 1,3,2-dithiarsolane as the response site for VDP
detection (Fig. 53). CAsH2 has a main ICT emission peak at

This journal is © The Royal Society of Chemistry 2025
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Fig. 53 The proposed mechanism of CAsH2 with VDPs.

495 nm with a TICT emission peak at 550 nm due to twisting of
the 5-membered dithiarsolane ring when excited at 415 nm.
Upon the addition of VDPs, the protein vicinal dithiols can bind
with the trivalent arsenic of the probe so that the environment
of the probe changes from polar water media to the hydropho-
bic protein domain with lower polarity. This results in an
enhancement of the ICT-induced fluorescence emission at
495 nm and the inhibition of the TICT-induced fluorescence
emission at 550 nm achieving ratiometric detection of VDPs
with high sensitivity (LOD: 2.6 nM) when excited at 415 nm. At
the same time, CAsH2 exhibited high selectivity, photostability
and cell permeability when imaging VDPs in live cells.”*

5.6 p-Galactosidase (p-gal)

B-Galactosidase is a glycoside hydrolase in biology and
physiology.>** The levels of B-galactosidase are closely related to
the pathology of primary ovarian cancer and cell senescence.**>>*°
Hence, B-galactosidase can be used as a potential biomarker for
%% As such, the development of fluorescent probes
for the visualisation of B-galactosidase is of great significance for
the diagnosis and treatment of ovarian cancer.

Niu et al constructed a fluorescent probe TC-gal for
B-galactosidase visualization by using a fluorophore with large
conjugated structure based on tetraphenylethylene and coumarin
and a p-galactose as the response site (Fig. 54). Due to the twisting
at the tetraphenylethylene part, the TICT process resulted in a
fluorescence off state. Then upon the addition of B-galactosidase,
the galactose group of the probe was hydrolysed and the hydroxyl
group was revealed. The off state of the TICT process and the on
state of the ICT process led to a strong fluorescence response. TC-
gal exhibited high selectivity towards B-galactosidase and excel-
lent sensitivity. In addition, the probe was successfully used to
image and monitor changes of endogenous f-galactosidase in
live SHIN3 and senescent A549 cells.>"

ovarian cancer.

5.7 Amyloid

Alzheimer’s disease is a neurodegenerative disease that has a
great impact on the elderly population around the world.>**

Chem. Soc. Rev,, 2025, 54,12080-12141 | 12107
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The accumulation of amyloid has been closely associated with
the onset and development of Alzheimer’s disease,>*® in parti-
cular extracellular amyloid-f (Ap), which accumulates and
forms plaques 10 to 30 years before the onset of Alzheimer’s
disease.>®*>*° Therefore, it is important to develop useful
fluorescent probes to visualize amyloid in vivo for a better
understanding of the pathology of Alzheimer’s disease and to
aid the discovery of potential therapeutics.

Yue et al. developed a novel near infrared fluorescent probe
DANIR 4b for the visualisation of amyloid-f plaques (Fig. 55).
The N,N’-dimethylamino group served as an electron donor and
the dicyanomethylene group as an electron acceptor. At the
same time, the biaryl ring system comprising a 2-phenylpyridine
motif introduced a m-electron bridge with scope for twisting.
The TICT process resulted in quenching of the probe. However,
upon the addition of amyloid-B plaques, strong interaction with
the probe blocked such rotation around the biaryl bond of the
probe. The suppression of the TICT process resulted in strong
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Fig. 56 The TICT mechanism of 5k. Image reproduced with permission
from ref. 260. Copyright 2024, The Royal Society of Chemistry.

fluorescence from DANIR 4b at 642 nm when excited at 530 nm.
The probe exhibited high affinity for AP plaques and excellent
sensing performance for amyloid-f plaques in brain sections
from Tg mice and patients with Alzheimer’s disease.””’

Venkatesh et al. developed a turn-on fluorescent probe 5k
based on a bimane derivative with a N,N’-dimethylamino group
for detecting oS fibrils (a-synuclein protein fibrillar aggregates)
(Fig. 56).°®**° ¢S is an intrinsically disordered protein com-
posed of 140 amino acids and is mainly produced in the central
nervous system. Its self-assembled amyloid aggregates can
eventually form amyloid-rich inclusions, which are a hallmark
of neurodegenerative diseases.”>® The blocking of the TICT
process by aS fibrils resulted in switching on of the probe’s
fluorescence. 5k exhibited high selectivity towards «S fibrils
and excellent sensitivity when used to detect amplified fibrils
generated from seeds extracted from brain samples of 3 patients
with Alzheimer’s disease and 3 patients with Parkinson’s
disease.>*’

Anwar et al. developed a turn-on rofecoxib-based fluorescent
probe RC-1 for imaging AP plaques (Fig. 57). The probe consists

/CN

in vivo
&
ex vivo

/

Fig. 55 The proposed mechanism of DANIR 4b with extracellular amyloid-f plaques. Image reproduced with permission from ref. 257. Copyright 2022,

Elsevier.
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Fig. 57 The proposed working mechanism of RC-1 with AB plaques. Image reproduced with permission from ref. 261. Copyright 2024, Elsevier.

of a coumarin-modified rofecoxib fluorophore and a diethyl-
amino group as the response site as well as an electron donor.
RC-1 could insert into the hydrophobic cavity of A plaques and
interact with the amino acid residues His13 and 14 through
hydrogen bonding and n-rn interactions. The inhibition of the
molecular twisting led to an inhibition of the TICT process
resulting in a strong fluorescence response collected from
580 nm to 700 nm when excited at 488 nm. The probe exhibited
high selectivity, excellent sensitivity with a limit of detection of
123.5 nM and mitochondria-targeting ability in live cells. In
addition, RC-1 was used to inhibit AB aggregation and promote
the disassembly of Af plaques as well as to specifically image
AP plaques by penetrating the blood-brain barrier of mice with
Alzheimer’s disease.”!

Needham et al. developed a Thioflavin T (ThT) based fluor-
escent probe THX for visualising the formation of amyloid fibrils
(Fig. 58). The design strategy involved introduction of a methoxy
group to increase the electron density of the benzothiazolium

»® o

oligomers

monomers fibrils A 4

"o 00— | TERHORT

Fig. 58 Amyloid fibril formation and the proposed working mechanism of
ThX. Image reproduced with permission from ref. 262. Copyright 2020,
The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2025

core, and a pyrrolidine whose rotation could be restricted. This
design improved the electron density, lipophilicity and binding
affinity of the probe. Rapid rotation of the bond between the
dimethylaniline and the benzothiazole switched on the TICT
process resulting in quenched fluorescence. Upon the addition
of wild-type oS aggregates, the intramolecular twisting was
blocked and a strong fluorescence response at 587 nm was
observed when excited at 488 nm. THX was used to visualise
wild-type oS aggregates and to monitor the process of amyloid
formation through protein aggregation, which provides great
potential to monitor -sheet species at the early stage of amyloid
aggregation formation at the bulk and single-aggregate levels.>*>
Tao et al. also developed a ThT-based fluorescent probe AH-2
for imaging AP plaques (Fig. 59). Based on computer-aided
modelling, the structure of AH-2 was confirmed and exhibited
low fluorescence background due to the TICT process and a
strong intramolecular push-pull effect. The probe exhibited
excellent sensitivity and high binding affinity when used to
image AP plaques in mouse brain tissue and naturally aging live
mice. In addition, AH-2 was also used to demonstrate the
efficacy of anti-AD agents using fluorescence visualisation.>®?
Wang et al. constructed a framework for developing
hemicyanine-based fluorescent probes to visualise AP aggrega-
tion (Fig. 60). Using computational modelling, 15 hemicyanine
derivatives (A-C) were designed to achieve enhanced TICT.
With the growth of AP protein aggregatess, the size of the
available binding pocket decreases accordingly. As such, probes
having a large molecular size would be suitable for the large
cavity of the binding site to image the protein aggregation at an
early stage. Conversely, small molecular size probes can detect
and image the protein aggregation at final stage. At the same
time, the interaction with AR aggregates blocked the intra-
molecular twisting and switched off the TICT process resulting
in strong fluorescence. Among all the probes, A3 (Lex = 458 nm,
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Fig. 60 The chemical structures of hemicyanine-based fluorescent probes.

Aem = 500 nm, measured in DCM) could be used to monitor the
final maturation of fibrils, B3 (Jex = 482 nm, Aey, = 525 nm,
measured in DCM) for intermediate fibril formation while A4
(Aex = 561 nM, Aepy = 595 nm, measured in DCM) and C3 (Ley =
478 nm, Jem = 520 nm, measured in DCM) could be used for the
early stage of aggregate formation.*®*

Miao et al. used a N,N-dimethylaminophenyl electron donor,
a thiophene bridge and a benzo[cd]indol-1-ium electron accep-
tor to construct a TICT-based turn-on fluorescent probe DMP2
for the visualisation of AP plaques (Fig. 61). After inserting into
the hydrophobic pocket of Ap plaques, DMP2 combined with
aggregated amyloid fibrils, then the N,N-dimethylaminophenyl

|

AD model mice

ot X
N k N

< AB bindin
B—g>

“off” state

View Article Online

Review Article

Aex=488 nm
Aem=595 nm

Strongly fluorescent

.

A4 AS5

group exhibited reduced conformational freedom and the TICT
process was turned off, which resulted in the activation of NIR-
II fluorescence. As such DMP2 exhibited excellent sensitivity,
selectivity, cytocompatibility and cell permeability when used
to image AP plaques in a live mouse model.>®®

5.8 Protamine

Protamine is an alkaline protein that is rich in arginine and is
positively charged.>*>**” It has pharmacological effects and is
used in vascular and cardiac surgery.”’®® However, excessive
intake of protamine can cause a series of side effects, such as
idiosyncratic fatal cardiac arrest.>®® Hence, it is important to

NIR-II
fluorescence

Fig. 61 The proposed mechanism of DMP2 with AB plaques. Image reproduced with permission from ref. 265. Copyright 2022, Wiley.
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Fig. 62 The proposed working mechanism of IDL-FP with protamine. Image reproduced with permission from ref. 270. Copyright 2024, Wiley.

develop fluorescent probes for protamine detection and in vivo
monitoring.

Gao et al. developed a TICT-based fluorescent probe IDL-FP
for protamine detection (Fig. 62). The probe employs an alkene
to conjugate a indolyl-imidazolinone scaffold as electron accep-
tor and a 4-dimethylaminophenyl motif as electron donor. At
the same time, the anionic carboxylate group served as the
response site for protamine. Due to the negative charge of IDL-
FP, protamine could combine with the probe based on electro-
static interactions. Binding in the protein cavity suppressed the
molecular twisting of IDL-FP and inhibited the TICT process,
resulting in an enhanced fluorescence response at 630 nm
when excited at 490 nm. The probe exhibited rapid response,
pH independence, high selectivity and excellent sensitivity,
with a limit of detection of 8.87 ng mL™". IDL-FP was used to
detect protamine in spiked human serum samples.?”°

5.9 Cytochrome P450 (CYPs)

Cytochrome P450 (CYPs), mainly found in the liver and small
intestine, are enzymes involved in the redox reactions of drug
metabolism.>”" CYPs exhibit low substrate specificity and many
diverse subtypes are known, of which CYP1, CYP2 and CYP3 are
the three main subtypes responsible for drug metabolism.””* As
one of the most important CYP subtypes, CYP3A4 accounts for
about 30% of all the CYPs in the human liver and small intestine
and participates in about 50% of drug metabolism.”” At the
same time, the activity of CYP3A4 is one of the most important
markers for differentiation and maturation of intestinal epithelial
cells and hepatocytes, whose monitoring has great potential in
drug discovery applications for regenerative medicine.””*>”
Hence, it is desirable to develop fluorescent probes for visualizing
CYP3A4 for further application in the field of drug discovery.
Hanaoka et al. developed a rhodamine-based fluorescent
probe 2-Me PeER for the visualisation of CYP3A4 (Fig. 63). The
introduction of a methyl group at the ortho position of the
dialkylamino group led to the steric repulsion between the
methyl group and the alkyl group on the nitrogen atom, which
disrupted the co-planarity of 2-Me PeER. This enhancement of
the TICT process quenched the fluorescence of the probe. At
the same time, a long alkyl chain was introduced to improve the
lipophilicity of the probe, in order to achieve high binding
affinity for CYP3A4. Upon the addition of CYP3A4, 2-Me PeER
was N-dealkylated resulting in strong fluorescence at 550 nm

This journal is © The Royal Society of Chemistry 2025
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Fig. 63 The proposed working mechanism of 2-Me PeER with CYPs.
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when excited at 520 nm. 2-Me PeER exhibited excellent sensing
performances when monitoring the activity of CYP3A4 with
excellent selectivity and sensitivity in vitro and in live HepaRG
cells. In addition, the probe was used to visualize mature
hepatocyte-like cells with high CYP expression, which high-
lights its great potential in the application as a cell sorter.”®

5.10 p-Lactoglobulin (B-LG)

B-Lactoglobulin (B-LG) is a type of globular protein which is
composed of a polypeptide backbone with ao-helix motifs con-
taining 162 acidic/basic and hydrophilic/hydrophobic amino
acids.””® As one of the proteins in whey, B-LG is also an allergen
in dairy products.’®*®*®! The allergic reactions induced by B-LG
result in skin redness, hives, skin itching and gastrointestinal
discomfort.”®**%* For newborn babies, milk allergy can in some
cases affect their normal growth.>®* Therefore, it is crucial to
develop fluorescent probes that can detect B-LG easily and with
high selectivity and sensitivity to effectively avoid B-LG asso-
ciated allergy hazards.

Gadly et al. developed a TICT-based fluorescent probe GEM-
DNS consisting of a gemcitabine derivative modified by a dansyl
group for B-LG detection (Fig. 64). The TICT process resulted in
quenched fluorescence of GEM-DNS. However, upon the addition
of B-LG, the probe inserted into the hydrophobic pocket of f-LG.
This tight interaction based on electrostatic interactions blocked
the rotation of GEM-DNS and suppressed the hydrogen bonding
interactions between the probe and water, which resulted in a
strong fluorescence response from GEM-DNS. GEM-DNS exhib-
ited pH and temperature dependence. In addition, the probe was
used to detect B-LG in real milk and whey samples with excellent
selectivity towards B-LG and high sensitivity.**
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Fig. 64 The proposed mechanism of GEM-DNS with B-LG. Image adapted with permission from ref. 283. Copyright 2023, Elsevier.

6. TICT-based fluorescent probes for
visualizing cellular microenvironments
or interrogating biomolecular
interactions

Intracellular viscosity is one of the most important parameters to
evaluate the cellular microenvironment, and plays a vital role in
signal transduction, biomolecular interactions and metabolite
diffusion.”®*** Due to the diversity in composition of organelles,
the intracellular microenvironment is extremely heterogeneous,
resulting in regional differences in viscosity.”*®***° Recent studies
have shown that abnormal intracellular viscosity is closely
related to various diseases, such as inflammation, diabetes,
fatty liver disease, atherosclerosis, hypertension, Alzheimer’s
disease, Parkinson’s disease and malignant tumours.>*°>%¢
Hence, the development of fluorescent probes for visualizing
intracellular viscosity will help to further understand the pathol-
ogies of related diseases, and provide potential for the diagnosis
and future treatment of these diseases.

In general, the strategy of developing a TICT-based fluores-
cent probe for viscosity visualisation is to use a conjugated linker
to combine an electron-donating group and an electron-
withdrawing group to construct a D-n-A system (Fig. 65). The
n-conjugated linker undergoes rotation to promote the TICT
process. Under high viscosity conditions, the twisting of the
linker is disfavoured, inhibiting the TICT process and switching

low or no
fluorescence
hv

TICTON

uA/ﬂ:‘D/

A Electron acceptor
N’

N

High viscosity

Low viscosity

on the fluorescence emission. Recent research focused on TICT-
based fluorescent probes for viscosity detection are included in
Table 2.

In addition, due to the special working mechanism (Fig. 66),
TICT-based fluorescent probes can be used to distinguish and
mark different organelles based on polarity. When a TICT-based
fluorescent probe is excited from the ground state to the LE
state, highly polar environments facilitate the intramolecular
rotation and the TICT process to achieve a fluorescence emis-
sion with longer wavelength or a nonradiative relaxation from
TICT to GS'.**° On the other hand, less polar environments
inhibit the TICT process and let the radiative transition of the
molecule occur from the LE state to the ground state to achieve
a fluorescence emission with shorter wavelength.**' Recent
research focused on TICT-based polarity-responsive fluorescent
probes for the visualisation of organelles are summarised in
Table 3.

Duangkamol et al. developed a novel TICT-based coumarin
fluorescent probe LD-PYR for the visualisation of lipid droplets
in cancer cells (Fig. 67). The probe consists of a coumarin-based
electron acceptor and a pyrene-based electron donor. LD-PYR
exhibits excellent sensitive to polarity and viscosity, and could
achieve fluorescence emission intensity changes at about 560 nm
when excited at 420 nm. Lipid droplets are normally present at
higher levels in cancer cells than in healthy cells.****® At the
same time, the components in lipid droplets are more hydro-
phobic and viscous than the cytosol. As such, due to

strong
hv TICT OFF fluorescence

\A/#\D/;

—

Electron donor Linker

Fig. 65 The normal design strategy of TICT-based fluorescent probes for viscosity visualisation.
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Table 2 TICT-based fluorescent probes for viscosity detection
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Dai et al.**”

Ph-ene-cyclo

|
XX
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Tang et al.**’
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Chen et al.>*°

Sun et al.***

Liang et al.*>*®
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Zhang et al.** |

Wang et al.>**

Mito-HCA
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One- and two-photon fluorescence imaging for viscosity in nystatin-induced
HeLa cells

Detection of ionophore-induced cellular viscosity changes in mitochondria,
monitoring the viscosity during mitophagy, imaging viscosity in cirrhotic liver
tissue and monitoring viscosity in zebrafish

Detection of viscosity changes in live MCF-7 cells and staining of the
mitochondria, as well as visualisation of inflammation-induced viscosity
change of cytosol in the liver of live mice

Monitoring the viscosity changes in monensin-induced or nystatin-induced
live HeLa cells

Detection of intracellular viscosity change upon treatment with ionophores in
live A549 cells

Monitoring mitochondrial viscosity with FLIM imaging in live HeLa cells,
visualisation of viscosity changes in the tissues from LPS-induced
inflammation in mice, and imaging viscosity changes due to inflammation
in zebrafish

Monitoring the mitochondrial viscosity changes in live A549 cells treated
with monensin or nystatin, and visualization of viscosity variation during
mitochondrial autophagy

Imaging mitochondrial viscosity changes under osmotic shock, starvation
stress and ionophore incubation
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Zhang et al.>*®
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Cheng et al.*”
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Visualisation of viscosity changes in live A549 cells incubated with nystatin

Imaging viscosity changes in live HepG2 cells incubated with nystatin or
rotenone and in LPS-induced cellular acute inflammation model, and
visualisation of viscosity changes in zebrafish and mice during acute
inflammation

Monitoring the intracellular mitochondrial viscosity changes in live HeLa cells
treated with nystatin or monensin, and visualisation of viscosity changes in live
zebrafish, mouse tumour slices, live mice and mouse liver/kidney injury

Real-time observation with viscosity changes in live cells induced by nystatin,
and imaging in living mouse fatty liver disease model based on viscosity
difference

Monitoring viscosity changes in live glucose-induced HL-7702 cells, and
imaging organ damage in diabetic mice based on fluorescence lifetime

One- or two-photon monitoring of viscosity changes in live nystatin-induced or
monensin-induced HeLa cells, and imaging of viscosity changes in mice liver
tissue slice and live mice stimulated by LPS, nystatin and monensin

This journal is © The Royal Society of Chemistry 2025
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group Structure of probe Application
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Zong et al.’"! B o~ and monitoring mitochondrial viscosity during apoptosis, and distinguishing
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High-fidelity imaging of mitochondrial viscosity changes in abnormal living
HeLa cells, and monitoring viscosity changes in living mice with gastritis by
oral administration

Detection of mitochondrial viscosity in live MCF-7 cells treated with nystatin,
monensin and LPS, and monitoring the viscosity changes during autophagy

Detection of mitochondrial viscosity changes in live nystatin-induced or
rotenone-induced U87MG cells, and in vivo imaging in orthotopic glioblastoma
models

Monitoring drug-induced changes in mitochondrial viscosity in live HeLa cells,
and distinguishing cancer cells from normal cells based on viscosity
differences

Imaging viscosity changes in live drug-induced HeLa cells, distinguishing
cancer cells from normal cells based on viscosity differences, and visualisation
of tumours in live mice models as well as photoacoustic imaging

Monitoring viscosity changes in live drug-induced HeLa cells, and ability to
target lipid droplets

Monitoring lysosomal viscosity changes during autophagy and ferroptosis,
distinguishing cancer cells from normal cells based on viscosity differences,
and imaging tumours in live mice models

Monitoring lysosomal viscosity changes in live drug-induced HepG2 cells and
tracking mitophagy, and imaging lysosomal viscosity in the liver tissues of a
NAFLD mouse
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Fig. 66 The proposed polarity-responsive mechanism of TICT-based
fluorescent probes.

microenvironmental differences, LD-PYR was used to image lipid
droplets and distinguish cancer cells from normal cells.**

Zhou et al. designed a rhodamine-based fluorescent probe
Rh-NH for lysosome imaging (Fig. 68). Substitution of the N,N-
dialkyl group in rhodamine with a pyrrole enhanced the
intramolecular TICT process. The spirolactone form of Rh-NH
under physiological conditions achieved excellent cell perme-
ability. The acidic, low-polarity and highly-viscous conditions
found in lysosomes inhibited intramolecular rotation and
switched on the fluorescence of Rh-NH to achieve a strong
fluorescence response. Rh-NH was used to monitor the move-
ment and dynamic constitution of lysosomes in real time based
on STED imaging.**’

Hanaoka et al. developed a series of N-Ph rhodamine based
fluorescent probes to label proteins for no-wash-out imaging
and real-time pulse-chase experiments which facilitated the
real-time imaging of protein expression (Fig. 69). Due to the
rotation of the xanthene-N bond, the TICT of the probe was on
and quenched the fluorescence emission. When the rotation of
the xanthene-N bond was suppressed, the fluorescence emis-
sion of the probe was recovered. The key strategy to design N-Ph
probes focused on the twisting of the xanthene-N bond. As
such, the probes consisted of a N-Ph rhodamine dye linked with
a ligand near the xanthene-N bond for targeting proteins. After
the probe bound with the target protein, twisting of the
xanthene-N bond was suppressed to inhibit the TICT process,
resulting in recovery of strong fluorescence emission of the
N-Ph rhodamine. Based on this strategy, Halo rhodamine-4 and
SNAP rhodamine-3 were designed to image live HEK293T cells

12116 | Chem. Soc. Rev., 2025, 54, 12080-12141
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whose surface expressed Halo Tag or SNAP Tag transiently,
which are two commonly-used tags used for covalent labelling
inside living cells. Halo rhodamine-4 bound with Halo Tag
protein covalently, and the resultant rigidification of the
xanthene-N bond helped the probe to achieve strong fluores-
cence response. The working mechanism of SNAP rhodamine-3
with SNAP-tag protein was based on the same strategy to that of
Halo rhodamine-4. In addition, Halo rhodamine-4 was used in
pulse-chase experiments to image protein expression in real
time and image Halo Tag-HA-expressing neocortex neurons in
fixed mouse brain slices.**'

7. Fluorescent probes based on
combined sensing mechanisms

The combination of TICT with other fluorescence mechanisms
such as photoinduced electron transfer (PeT) or TICT with
aggregation-induced emission (AIE) can merge the favourable
properties of both processes, thereby overcoming many limita-
tions of TICT dyes.

7.1 PeT/TICT

The photoinduced electron transfer (PeT) mechanism is a parti-
cularly important design strategy for the development of “off-on”
or “on-off’ fluorescent probes. In the presence of a target
analyte, the recognition/activating group binds to the target
analyte, either restricting PeT and turning on the fluorescence
(“off-on”) or activating PeT and turning off the fluorescence
(“on-off”).>*> Therefore, the combination of PeT and TICT can
provide fluorescent probes with high selectivity and sensitivity.
The synergy between PeT and TICT can be described as a
“cascade control” strategy, where the two processes act sequen-
tially to regulate fluorescence emission. In this cascade, PeT
serves as the primary switch, providing a high-contrast “on/oft”
fluorescence ratio, and TICT acts as a secondary mechanism that
makes the probe environmentally sensitive (e.g. to viscosity of the
surrounding environment). As an efficient fluorescence quench-
ing mechanism, the PeT process provides an extremely high “on/
off ratio”, ensuring that the probe exhibits extremely low back-
ground fluorescence prior to target recognition. In contrast, the
TICT mechanism is often endowed with environmental respon-
siveness (e.g., to viscosity or polarity) or serves as the primary
luminescence channel once PeT is switched off. Their modes of
integration can be summarized as follows: target analytes first
achieve primary “on/off” control of the fluorescence signal by
inhibiting or activating the PeT process; subsequently, the TICT
process, which is determined by intramolecular rotational free-
dom, performs secondary modulation of the fluorescence signal
(such as enhancement, shift, or lifetime variation), thereby
converting recognition events into richer and more sensitive
outputs of environmental information. Alternatively, the probe
undergoes PeT and TICT processes in its initial state, resulting in
extremely weak fluorescence signals. Then when the target
analyte is present, the PeT process is diminished, leading
to a partial recovery of the fluorescence signal. Moreover, in a

This journal is © The Royal Society of Chemistry 2025
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Table 3 TICT-based fluorescent probes for polarity detection

Research
group Structure of probes Application

@
C

(@) N (0]

Meng et al.**> O

Simultaneous two-colour visualization of lipid droplets with bright yellow emission
and lysosomes with weak red emission, tracking the dynamic changes of lipid dro-
plets and lysosomes, and the visualisation of the morphology, distribution and size of
lipid droplets and lysosomes in live mouse tissue

X

PN
LD-Lys
()
p "
Ox N._0
0w _N_ _O Distinguishing endoplasmic reticulum and lipid droplets using green and blue
Zhane et al??! emission of S-NAT, distinguishing lipid droplets and lysosomes by green and blue
& ’ emission of S-NAT-M, and monitoring the changes of lipid droplets in high-fat con-
OO ditions and upon high-temperature treatment
s
h !
S-NAT S-NAT-M
R1
RZ
F_F
o8
o7 N Ry
|
Cao et al®® ~ OO Super-resglution SIM imaging of cytosqlic and nuclear lipid droplets using BBA-CF3,
| and tracking cytosolic lipid droplet fusion process.
BBA-H: R;=R,=R;=H
BBA-OMe: R,=R;=H, R,=OMe
BBA-NMe,: R;=R,=H, R,=NMe,
BBA-CF;: R{=R,=CF;, R,=H
BBA-CN: R;=R,=H,R,=CN
BBA-NO,: R;=R;=H, R=NO,
o}
HNJ\CﬁH23
Ox_N._0O
Feng et al.>** Monitoring polar changes in the Golgi apparatus in live HeLa cells

Imaging and labelling various types of cancer cells based on fluorescence and FLIM,
and monitoring the plasma membrane polarity changes in sorafenib-treated cancer
cells during cell ferroptosis

Zhao et al.>*®

high-viscosity environment, the rotation of the probe is inhibited, enables the probe not only to detect the presence of the target
which further disrupts the TICT process and thus enables but also to simultaneously reveal the characteristics of its
the complete recovery of the fluorescence signal. This design microenvironment.
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Fig. 67 The proposed working mechanism of LD-PYR imaging lipid droplets in cancer cells. Image reproduced with permission from ref. 329. Copyright

2023, Elsevier.

Rh-NH

Nonfluorescent Strongly fluorescent

Fig. 68 The proposed mechanism of Rh-NH for the visualisation of
lysosomes.

Zhao et al. developed a novel near-infrared fluorescent probe,
DBF-A (Fig. 70), for the detection of intracellular cysteine (Cys).***
The PeT process in the DBF-A molecule leads to its fluorescence

Tag proteins

quenching. When the acryloyl group in the DBF-A molecule under-
goes a conjugate addition reaction with the thiol group of Cys, the
fluorescent DBF-OH molecule is formed, and the PeT process is
removed, thereby enhancing the fluorescence signal. DBF-A can
easily penetrate cell membranes and specifically recognize intra-
cellular Cys, making it an ideal tool for detecting intracellular Cys.
Additionally, the phenolic part of the DBF-OH molecule can
undergo a TICT process, which is inhibited by increased viscosity,
thus enhancing the fluorescence intensity of DBF-OH. Cell experi-
ments found that the probe exhibits good response in the nucleo-
lus with higher viscosity, indicating its excellent nuclear membrane
penetration ability and viscosity responsiveness. This probe holds
promise for the detection of intracellular Cys in the nucleolus.

1ex=561 nm Suppression of twisting motion

X by steric hindrance

/ hem=600 NM

Ligand structure

Halo rhodamine-4

Fluorescent

AUV

N_ N

| NH, |
) Benzylguanine
SNAP rhodamine-3

Fig. 69 The strategy for protein labelling and the chemical structures of Halo rhodamine-4 and SNAP rhodamine-3.
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Fig. 70 The reaction between Cys and DBF-A, and the proposed sensing mechanism of DBF-A.

Li et al. developed a BODIPY-based two-photon fluorescent
probe, Lyso-B (Fig. 71), for real-time monitoring of lysosomal
viscosity.>** When the probe is located outside the cell or in
non-lysosomal environments, the unprotonated morpholine
unit acts as an electron-rich group, which can quench the
fluorescence of the BODIPY fluorophore through the PeT
process. This means that the probe emits little to no fluores-
cence in these environments, reducing background fluores-
cence interference. Once the probe enters the lysosome, due

PeT PeT
(o)

/;.\‘ O%\/ \)5_11 '/;\
(o] N N o)
| - \ -

rotation FFF rotation

Lyso-B
+| Increased
viscosity
Aex=550 nm

/ \ 4 +/ \
o NH H [¢]
\ - -
rotation F F rotation
restricted restricted

Lyso-B

Fig. 71 The structure and working principle of lysosomal viscosity probe
Lyso-B.

This journal is © The Royal Society of Chemistry 2025

to the acidic environment inside the lysosome (pH 3.8-5.5), the
morpholine unit becomes protonated, transforming from an
electron-rich group to an electron-withdrawing group. This
transformation prevents the PeT process, thus activating the
probe, allowing it to emit fluorescence within the lysosome.
Furthermore, the fluorescence intensity and lifetime of the
probe are influenced by the viscosity of the surrounding
environment. As viscosity increases, the TICT effect weakens,
leading to enhanced fluorescence intensity. Therefore, by mea-
suring changes in fluorescence intensity and lifetime, real-time
monitoring of lysosomal viscosity can be achieved. To improve
the biocompatibility and water solubility of the probe while
reducing cytotoxicity, two highly hydrophilic polyethylene gly-
col (PEG) chains were introduced into Lyso-B. Additionally, the
connection between the morpholine ring and the BODIPY
fluorophore via a phenylethynyl group significantly extends
the conjugation, increasing the two-photon absorption (2PA)
cross-section, making the probe an efficient two-photon excita-
tion fluorescent probe. In summary, Lyso-B achieves high-
sensitivity, high spatiotemporal resolution and real-time mon-
itoring of lysosomal viscosity by combining TICT effects, PeT
processes, and two-photon imaging technology.

Yuan et al. developed a dual-sensing fluorescent probe Vis-
HCIO (Fig. 72) for high-fidelity visualization of inflammation
associated with abdominal aortic aneurysm (AAA) by detecting
HCIO and viscosity.>*® In the absence of HCIO and in a low-
viscosity environment, probe Vis-HCIO is in a fluorescence
quenched state. This is due to the simultaneous presence of
PeT and TICT processes, resulting in very weak fluorescence
signals. When HCIO is present, the N-methyl thiocarbamate
recognition group is specifically triggered by HCIO, transform-
ing from a (benzenoid) phenol derivative into a quinoidal QCy7
dye. This transformation reduces the PeT process, partially
restoring the fluorescence signal. Furthermore, in a high-
viscosity environment, the rotation of the bonds to the pendent
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indoline unit is inhibited, further disrupting the TICT process
and releasing strong near-infrared fluorescence. Vis-HCIO was
successfully used to detect HCIO in RAW 264.7 macrophages.
More importantly, probe Vis-HCIO can effectively detect HCIO
levels in a mouse model of abdominal aortic aneurysm through
in situ imaging.

Han et al developed a nitroreductase (NTR)-responsive
probe C2-NO, (Fig. 73) based on thio-pentamethine cyanine
(TCy5) dye.**° In the absence of specific stimuli, the nitro group
(-NO,) acts as an electron-withdrawing group, which can
quench fluorescence through the PeT process. Additionally,
the nitro substituent can also enhance the TICT effect, further
quenching the fluorescence signal. C2-NO, exhibits a low
fluorescence quantum yield (®¢) and singlet oxygen generation
efficiency (®%") in its initial state. Then when probe C2-NO, is
introduced to a hypoxic environment or interacts with nitror-
eductase (NTR), the nitro group (-NO,) is reduced to an amino
group (-NH,), forming C2-NH,. This structural change disrupts

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 72 The structure and response mechanism of Vis-HCIO for HCIO and viscosity.

the PeT and TICT processes, leading to a strong fluorescence
signal and singlet oxygen generation. Probe C2-NO, exhibits
clear fluorescence signals in HepG2 cells and 4T1 tumor-
bearing mice, while also demonstrating good photodynamic
therapeutic effects.

7.2 AIE/TICT

Aggregation-induced emission (AIE) is a scientific concept
proposed by Tang et al. in 2001.**” The phenomenon is char-
acterized by fluorescent molecules with AIE properties exhibiting
weak or almost no fluorescence when in solution or a dispersed
state, whereas their fluorescence significantly increases in the
solid state or aggregated form. AIE typically leads to fluorescent
probes with high signal-to-noise ratios, high brightness, and
excellent photostability. By combining AIE with the TICT mecha-
nism, it is possible to overcome the shortcomings of individual
TICT probes, achieving higher fluorescence quantum yields,
better photostability, higher selectivity and sensitivity, as well as

\

Qa0
TS

ROS

NH,
0,

C2-NH,

oy

| ON

Fig. 73 Schematic illustration of the conversion of C2-NO, to C2-NH, in the presence of NTR.
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lower background signals. This composite mechanism provides
new ideas for developing high-performance fluorescent probes
and photothermal materials.

The combination of AIE and TICT represents a perfect
manifestation of the core concept of “restricting molecular
motion” at different levels, where the two complement each
other and even exhibit a dynamic balance of “‘one waxing as the
other wanes”. The essence of enhanced emission of AIEgens in
the aggregated state lies in the restriction of intramolecular
rotation (RIR) and vibration (RIV), which thus shuts down non-
radiative decay channels. In contrast, the TICT process is
strongly dependent on the intramolecular rotation of donor-
acceptor units within chromophores. Therefore, the AIE effect
effectively suppresses, through physical aggregation, the mole-
cular motions that lead to TICT non-radiative decay from the
outside, forcing the molecule to switch from the dark TICT
state to the bright local excited (LE) state or charge transfer (CT)
state, thereby achieving a significant enhancement in fluores-
cence quantum yield. On the other hand, strong TICT char-
acteristics themselves help inhibit n-n stacking during
aggregation, preventing fluorescence quenching caused by
ACQ, and thus synergizing with the AIE effect to realize efficient
solid-state emission. Researchers can skilfully utilize solvent
polarity, viscosity, and aggregation degree to regulate the
balance between AIE and TICT, thereby developing multifunc-
tional probes that are highly sensitive to environmental factors.

In the TICT process, the dark TICT state formed after
photoexcitation primarily returns to the ground state through
non-radiative relaxation, accompanied by a red-shifted emission.
Due to the active molecular rotations in this state, it is more
prone to various non-radiative quenching processes. Therefore,
enhanced TICT characteristics contribute to improved photother-
mal conversion efficiency. AlEgens are typically non-emissive in
solution but become highly fluorescent in the aggregated state,
which is attributed to the restriction of intramolecular motions.
However, when a good solvent is added to the aggregates, the
emission of AlEgens is gradually quenched due to the activation
of molecular motions (i.e., the reverse AIE process). This implies
that by modulating intramolecular motions, the fluorescence
decay of originally emissive AlEgens can be reduced, thereby
enhancing photothermal conversion efficiency. Liu et al. com-
bined the advantages of dark TICT and reversed AIE to develop

TICT state

S

View Article Online

Chem Soc Rev

the probe NIRb14 (Fig. 74), aiming to stabilize the dark TICT state
and restrict fluorescence decay, thereby significantly enhancing
the performance of photothermal therapy (PTT) and photoacoustic
imaging (PA).>! By incorporating molecular rotors (TPA) and long
alkyl chains (2-decyltetradecyl) into the planar D-A-D core, they
facilitated molecular motion of the NIRb14 probe and stabilized
the dark-state TICT. The maximum emission wavelength (/) of
probe NIRb14 in different polar solvents undergoes a red shift with
the increase in solvent polarity, for instance, from toluene to
dimethylformamide (DMF), the A, of NIRb14 increases from
1030 nm to 1115 nm, accompanied by a decrease in fluorescence
intensity, indicating that NIRb14 possesses significant TICT char-
acteristics. Enhanced TICT characteristics disrupted intermolecu-
lar interactions within the aggregated state of the NIRb14 probe,
leading to outstanding photothermal conversion capabilities.
Additionally, by preparing NIRb14 nanoparticles using poly(p-
amino ester) (PAE), which responds to the acidic environment of
tumors, the NIRb14 nanoparticles can serve as nanoprobes for PA
imaging-guided PTT, providing high-contrast images that helps
accurately locate tumors while utilizing the PTT effect for efficient
tumor treatment.

Li et al. developed an organic fluorescent dye 2TT-0C26B
(Fig. 75), whose design integrates the effects of TICT and AIE.**®
Specifically, the 2TT-0C26B molecule employs a strong electron-
withdrawing unit, benzobisthiadiazole (BBTD), as the acceptor,
triphenylamine (TPA) as both the donor and molecular rotor, and
an alkylated thiophene as the connecting unit, ensuring signifi-
cant twisting of the conjugated main chain. The combination of
the of twisted molecular structure and donor twist favor the
coexistence of TICT and AIE effects in probe 2TT-0C26B, thereby
simultaneously achieving long-wavelength emission and high-
intensity emission. The maximum emission wavelength of 2TT-
0C26B is approximately 1030 nm, with a quantum yield (QY) as
high as 11.5%. When 2TT-0C26B is formulated into nanoparticles
with DSPE-PEG-2000, it exhibits good dispersion and stability in
aqueous solutions. The 2TT-0C26B nanoparticles (NPs) display
strong fluorescence emission in the near-infrared IIb region, with
the quantum yield reaching 0.12% in the 1500-1600 nm range.
Using these properties, successful fluorescence imaging of deep
tissues such as blood vessels and the intestine in living mice
was achieved. More importantly, after oral administration for
24 hours, 2TT-0C26B NPs are completely excreted from the

Aggregation state

Fig. 74 Schematic illustration of the TICT state and aggregation state of the NIRb14. Image reproduced with permission from ref. 21. Copyright 2019,

American Chemical Society.
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Fig. 75 Schematic illustration of 2TT-0C26B NPs. Image reproduced with permission from ref. 338. Copyright 2020, Springer Nature.

body in the feces, demonstrating excellent biocompatibility and
potential as an oral gastrointestinal diagnostic contrast agent.

Meng et al. developed a near-infrared (NIR) fluorescent
probe, TBB (Fig. 76), based on TICT and AIE.”” Its molecular
structure features a rotatable donor-n-acceptor (D-n-A) frame-
work, where the donor part is a triphenylamine group, the
acceptor part is a biphenyl-substituted fumaronitrile unit, and
they are connected by a conjugated styryl motif. This structural
design allows for effective charge transfer processes within the
molecule, leading to near-infrared emission. Additionally, TBB
exhibits significant fluorescence enhancement upon aggregation
due to restricted intermolecular interactions that reduce non-
radiative decay pathways. In solvents of varying polarity, the
fluorescence emission wavelength of TBB gradually increases
from 580 nm to 784 nm with the increase of solvent polarity,
while the absorption peak remains essentially unchanged at
365 nm. TBB exhibits temperature-sensitive properties, with its
fluorescence intensity and lifetime gradually decreasing as the
temperature rises. To construct a ratiometric fluorescent thermo-
meter, TBB and R110 were encapsulated in an amphiphilic
polymer F127 to form TRF NPs. R110 serves as a reference dye,
providing a stable fluorescence signal for calibrating the

. ’ .

F127 R110

ratiometric fluorescent thermometer. TRF NPs exhibit good
temperature response characteristics over the range of 25 °C to
65 °C, with a relative sensitivity of 2.37% °C™". Furthermore, TRF
NPs can effectively monitor the temperature changes in HepG2
cells during photothermal therapy, from 25 °C to 53 °C, demon-
strating their potential applicability for intracellular temperature
sensing.

Lai et al. designed and developed a fluorescent probe ANB
(Fig. 77), for turn-on imaging of lipid droplets (LDs) in cancer
cells.** Its molecular structure includes naphthalimide and para-
aminostyryl moieties. In nonpolar environments, such as inside
LDs, ANB predominantly exhibits a LE state, emitting higher-
energy blue-shifted fluorescence (green, ~560 nm in toluene). In
polar solvents, however, ANB tends to form a TICT state, emitting
lower-energy red-shifted fluorescence (red, ~670 nm in water).
When ANB aggregates extensively within LDs, intermolecular
interactions reduce rotational freedom, thus inhibiting non-
radiative transition pathways, and significantly increase the
fluorescence intensity. Moreover, ANB exhibits photochromic
properties; when in the LE state, photoinduced protonation of
ANB further enhances its fluorescence intensity, forming so-
called PIEE-LDs (photoinduced emission enhancement lipid

TBB
self-assembley
TBB

Fig. 76 Chemical structures of TBB and R110, and schematic of the fabrication of the TRF NPs. Image reproduced with permission from ref. 27.

Copyright 2020, American Chemical Society.
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Fig. 77 Diagnosis of tumor tissue based on PIEE of ANB. Image repro-
duced with permission from ref. 339. Copyright 2021, Elsevier.

droplets). ANB can specifically localize and accumulate in LDs,
allowing for prolonged fluorescence imaging and clear observa-
tion of the fusion process of LDs. Since cancer cells typically have
more LDs than normal cells, the high selectivity and high
contrast imaging capability of ANB for LDs can be used to
distinguish tumor tissues from normal tissues.

Zeng et al. designed and developed a novel fluorescent
probe, BETA-1 (Fig. 78), based on both TICT and AIE mechan-
isms, achieving simultaneous dual-color imaging of LDs and
mitochondria to study the dynamic interactions between these
two organelles in living cells and organisms.**® Where BETA-1,
the N-methyl benzothiazolium acts as an electron acceptor with
a cationic structure for targeting mitochondria, while triphenyl-
amine serves as an electron donor, and as a lipophilic group,
for targeting lipid droplets. Additionally, to improve the probe’s
lipophilicity, a highly lipophilic (neutral) benzothiazole moiety
was introduced. In a high water fraction environment, BETA-1
exhibits bright red light emission (680 nm) due to restricted
intramolecular motion caused by molecular aggregation, which
is attributed to the AIE effect; whereas in solvents of varying
polarity, with an increase of solvent polarity, the emission peak
of BETA-1 shifts from 485 nm (in low-polarity toluene) to
540 nm (in high-polarity methanol (MeOH), acetonitrile
(MeCN), and dimethyl sulfoxide (DMSO)), which is caused by
the TICT effect. In LDs, due to their lipophilic environment,
BETA-1 exhibits cyan fluorescence emission (Aex/Aem = 405/430—
500 nm); whereas in mitochondria, due to its positively charged
structure, BETA-1 can specifically accumulate in mitochondria
and emits red fluorescence (Aex//em = 561/600-700 nm). BETA-1
has been successfully used to record the continuous dynamic
processes and long-term dynamic interactions of LDs and

This journal is © The Royal Society of Chemistry 2025
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mitochondria. Furthermore, BETA-1 has been used to investi-
gate the interactions between LDs and mitochondria during
ferroptosis and has been successfully applied for in vivo ima-
ging of LDs and mitochondrial interactions in C. elegans.
Miao et al. designed and developed a fluorescent probe, MP-
NAP (Fig. 79), based on a naphthalimide scaffold and modified
with N-methylpyrrole (MP).>*" The fluorescence mechanism of
MP-NAP is mainly based on TICT. In polar solvents, the charge
transfer promotes the twisting of N-methylpyrrole relative to the
naphthalimide scaffold, forming TICT state in the excited state,
leading to fluorescence quenching via non-radiative transitions.
In nonpolar solvents, however, the TICT effect is suppressed,
the molecule maintains a planar structure, and thus exhibits
strong fluorescence at 530 nm. MP-NAP also exhibits significant
AIE characteristics. In solution, as the water ratio increases, MP-
NAP begins to form molecular aggregates, significantly enhan-
cing the fluorescence intensity at 530 nm. This is because
molecular aggregation reduces local polarity and hinders TICT
rotation, thereby restoring the fluorescence. MP-NAP can be
used to image LDs in live cells, is capable of achieving bright
fluorescence imaging without washing steps, and exhibits a
higher signal-to-noise ratio compared to commercial Nile Red.
Based on the TICT and AIE mechanism, Wang et al
designed a fluorescent probe, TICT-lipid (Fig. 80), by introdu-
cing long alkyl chains and positively charged head groups.**?
With an increase of solvent polarity, the emission maximum of
TICT-lipid shifts from 522 nm in low polarity solvents to
634 nm in high polarity solvents, indicating a significant TICT
effect. The AIE properties of TICT-lipid were evaluated using
DMSO-water mixtures with different water fractions (f,,). As the
fw increased from 0% to 40%, the fluorescence intensity of
TICT-lipid significantly decreased along with a notable blue
shift; however, as f,, increased from 40% to 90%, there was a
remarkable enhancement in fluorescence intensity, which is a
typical AIE characteristic. By mixing two solvents with similar
polarity but different viscosities (ethylene glycol and glycerol), it
was observed that the fluorescence intensity of TICT-lipid
gradually increased as the glycerol fraction (fy) rose from 0%
to 100%, demonstrating that AIE is activated in highly viscous
environments due to restricted intramolecular motions. TICT-
lipid can insert into bacterial membranes, exhibiting high
sensitivity to the degree of lipid packing and changes in
environmental polarity. TICT-lipid has been successfully
applied for detecting the degree of lipid packing in bacterial
membranes, studying the action mechanisms of membrane-
disrupting antibiotics, and bacterial membrane processes.
Sun et al. developed a fluorescent probe, TBTNO, (Fig. 80),
based on a TPE scaffold and thiazole derivative.*** Its unique
molecular structure allows it to exhibit significant solvatochro-
mic effects and large Stokes shifts in solvents of different
polarities. In pure tetrahydrofuran (THF), TBTNO, exhibits
pink fluorescence emission at 586 nm. As water, a poor solvent,
is gradually added to the THF solution, the emission intensity
of TBTNO, significantly decreases and the emission wavelength
red-shifts when the water content ranges from 0% to 5%. This
phenomenon is attributed to the increased solvent polarity and
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BETA-1. Image reproduced with permission from ref. 340. Copyright 2022, American Chemical Society.
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Fig. 79 Chemical structure and Schematic illustration of probe MP-NAP
for the wash-free bioimaging of LDs.
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strong intramolecular charge transfer (ICT), where intense
solvent relaxation in the excited state leads to free rotation of
phenyl rings around single bonds, facilitating the transition
from ICT to TICT. Between water contents of 10% and 70%, the
fluorescence emission of TBTNO, is almost quenched due to the
enhanced TICT process. Upon further increasing the water
fraction to approximately 80%, the fluorescence intensity begins
to increase again, indicating that molecules are gradually aggre-
gating. Subsequently, as the water fraction increases up to 95%,
the emission of TBTNO, sharply rises. TBTNO, exhibits high
sensitivity and reliability for detecting trace amounts of water in
organic solvents, making it suitable for monitoring the drying
process of organic solvents and quantitative water analysis.

Lee et al. developed a fluorescent probe, DDB (Fig. 80), which
possesses TICT and AIE characteristics, based on a diethylamino
donor group and a barbiturate acceptor group, for the staining of
microplastics.>** Its unique molecular structure enables it to
exhibit significant solvatochromic effects and large Stokes shifts
in solvents of different polarities. In weakly polar solvents, the LE
state emission of DDB is primarily observed at around 550 nm,
whereas in strongly polar deionized water, a higher intensity TICT
state emission appears near 700 nm. DDB has been successfully
used for microplastic detection in soil and river water samples,
making it valuable for environmental monitoring and research on
microplastic pollution.

12124 | Chem. Soc. Rev,, 2025, 54, 12080-12141

Gao et al. developed novel AIE photosensitizers, TBBCyP and
TBTCyP (Fig. 80), based on the TICT and AIE mechanisms,
featuring a D-A-m-A structure.*®® When the fraction of toluene
is below 90% (fr < 90%), both probes exhibit relatively weak
fluorescence. However, once the fraction of toluene exceeds
90%, due to their poor solubility in toluene, TBBCyP and
TBTCyP emit intense orange and red fluorescence at approxi-
mately 605 nm and 646 nm, respectively, which is indicative of
a typical AIE characteristic. Additionally, the quantum yields of
TBBCyP and TBTCyP in a DMSO/toluene mixture (v/v, 1:99)
were determined to be 32.3% and 13.2%, respectively, demon-
strating that TBBCyP exhibits a weaker TICT effect. In contrast,
TBTCyP shows a more pronounced solvent effect and a stronger
TICT effect, leading to lower fluorescence efficiency. TBBCyP
and TBTCyP not only possess excellent AIE properties and
biocompatibility but can also efficiently generate singlet oxy-
gen, achieving mitochondria-targeted PDT.

Chen et al. developed a new multifunctional theranostic
agent, MBPN-T-BTD (Fig. 80), based on methoxy-functionalized
naphthalene-substituted triphenylamine, thiophene, and benzo-
thiadiazole.*> In pure THF solution, MBPN-T-BTD exhibits an
emission range of 850-1400 nm with a maximum emission peak
at 1045 nm. As the water content in the THF/water mixed solutions
increases, the maximum emission peak of MBPN-T-BTD under-
goes a red shift, and the fluorescence intensity significantly
decreases until the water content reaches 40%, which is attrib-
uted to the emergence of the TICT effect due to the increased
solvent polarity. When the water content further increases to
90%, the fluorescence intensity gradually recovers, which is due
to the formation of aggregates that trigger a mechanism restrict-
ing intramolecular motion. MBPN-T-BTD not only exhibits AIE
characteristics but also effectively exhibits TICT, thus ensuring
excellent near-infrared fluorescence performance and photo-
thermal conversion ability, enabling the treatment and diagno-
sis of oral cancer.

Wang et al. developed a near-infrared fluorescent probe
named DPX (Fig. 80), designed to detect viscosity changes
within biological systems.**® The probe consists of a benzo-
pyran linked to triphenylamine (TPA) via an alkene, forming a
push-pull electronic system (D-n-A structure). DPX exhibits

This journal is © The Royal Society of Chemistry 2025
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Fig. 80 Chemical structures of probe TICT-lipid, TBTNO,, DDB, TBBCyP, TBTCyP, MBPN-T-BTD and DPX.

excellent AIE properties and TICT effects. Under excitation at
620 nm, the fluorescence of DPX in pure DMSO is weak (® =
0.14%), but it significantly enhances at 740 nm as the propor-
tion of toluene increases. Moreover, DPX is more sensitive to
viscosity than to polarity, especially in a PBS-glycerol mixed
solvent system, where the fluorescence intensity at 725 nm
gradually increases by about 140-fold as the solvent viscosity
increases from 0.89 cP (0% glycerol) to 945 cP (99% glycerol). It
can be used to detect viscosity changes in biological systems,
and to visualize viscosity changes in liver damage caused by
diabetes.

7.3 TICT/ESIPT

The combination of TICT and ESIPT creates a complex system
with multiple excited-state relaxation pathways, significantly
expanding the photophysical behaviour of fluorescent probes.
The ESIPT process typically generates a large Stokes shift,
effectively avoiding self-absorption and interference from the
excitation light. In contrast, the TICT process is highly sensitive
to environmental polarity. The interaction between these two
mechanisms can be manifested as follows: (1) competition: a
polar environment may simultaneously stabilize the TICT state
and promote the formation of the keto form via ESIPT; these
two processes compete for excited-state energy, resulting in
ratiometric fluorescence changes. (2) Synergy: the occurrence of
one process can create conditions for the other. For instance,

This journal is © The Royal Society of Chemistry 2025

DPX

the keto form formed after ESIPT may possess stronger
electron-donating or accepting ability, thereby significantly
altering the degree of intramolecular charge transfer and
enhancing or weakening the TICT effect. (3) Sequential occur-
rence: After excitation, a molecule may first undergo ESIPT
(proton transfer), followed by TICT (charge transfer and rota-
tion), ultimately forming a hybrid excited state with unique
fluorescence properties. Through precise design of molecular
structures, the sequence and efficiency of these two processes
can be regulated, enabling highly selective and high-contrast
detection of specific analytes.

Liu et al. studied a fluorescent probe H,L (Fig. 81), enabling
the detection of aluminum ions (AI**) and zinc ions (Zn**).>**” The
probe H,L was first reported by Das et al., but these authors did
not invoke TICT in their proposed explanation of H,L’s fluores-
cence response.**® However, the later computational work of Liu
et al. suggests that a photo-induced electron transfer (PeT)
process upon irradiation of H,L leads to a TICT state, whose
existence leads to the fluorescence quenching of the probe. That
is, under photoexcitation, the electrons in H,L transition to form
a twisted molecular conformation, so that the molecule exists in a
TICT state, from which non-radiative relaxation occurs. In the
absence of metal binding, this TICT state remains accessible,
resulting in fluorescence quenching. However, upon chelation
with AI** or Zn**, the metal ions form coordinate bonds with O/N
atoms of H,L, which rigidifies the conformation and inhibits

Chem. Soc. Rev., 2025, 54,12080-12141 | 12125
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Fig. 81 The structure and response mechanism of H,L for Al*

TICT, thereby restoring the fluorescence signal. This “TICT-
quenching — metal-induced TICT inhibition — fluorescence
recovery” logic is critical for selective detection. Meanwhile, the
ESIPT process can be operative for H,L’s unbound state, but
would be removed upon metal coordination, as the -OH proton
in question is not present in the metal complex. The ESIPT
process is reportedly also influenced by solvent polarity, with
high-polarity solvents promoting proton transfer. By adjusting
the solvent polarity, selective detection of AI** and Zn®" can be
achieved. Specifically, a medium-polarity methanol-water mix-
ture is selective for detecting AI**, whereas a high-polarity DMSO-
water mixture is more selective for detecting Zn>'.

7.4 AIE/ESIPT/TICT

The integration of AIE, ESIPT, and TICT into a single molecule
represents a revolutionary design concept enabling the delivery
of peak optical performance. This strategy combines their
respective advantages: AIE ensures high luminescence effi-
ciency in the aggregated state; ESIPT provides a large Stokes
shift; and TICT endows responsiveness to environmental polar-
ity and viscosity. The interactions among the three are highly
intricate: the restriction of molecular motion by AIE serves as a
prerequisite for activating ESIPT and suppressing non-radiative
transitions of TICT. Moreover, the significant molecular struc-
tural rearrangement (enol-keto tautomerism) induced by ESIPT

/N_ Fe3)
—N,
5 : -
el
2 Vet
/

/

ESIPT OFF

Fluorescence ON

and Zn?*as proposed by the original authors.

strongly influences the efficiency and direction of intra-
molecular charge transfer, thereby modulating the TICT pro-
cess. This multi-mechanistic synergistic design can overcome
the limitations of single- or dual-mechanism based probes,
yielding powerful tools with ultra-high sensitivity, ratiometric
signal output, that are adaptive to diverse environments. How-
ever, it also imposes higher demands for precise molecular
design and synthesis.

Chen et al. developed a Schiff base containing probe 8
(Fig. 82), which incorporates a salicylaldehyde-derived a-cyano-
stilbene and benzophenone hydrazone.>*® Probe 8 exhibits red
fluorescence in THF/H,O mixed solutions and in the solid state.
Specifically, probe 8 primarily emits at a wavelength of 434 nm,
with a secondary emission wavelength around 650 nm, and is
capable of providing bright red light emission in the solid state.
This is attributed to the synergistic effects of AIE, ESIPT, and
TICT. Probe 8 exhibits high selectivity and sensitivity towards
Fe*', with a detection limit of 5.50 x 10~®* M and a binding
constant of 1.69 x 10° M. In real water samples, the detection
results using probe 8 were satisfactory, with recovery rates ran-
ging from 96-103% and standard deviations between 2.6-3.2%.

Pramanik et al. developed a fluorescent probe HL (Fig. 83),
which was synthesized by the condensation of 2,6-diformyl-4-
ethylphenol and o-anisidine at a ratio of 1:2.**° HL exhibits
several photophysical properties, including acting as a selective

Y
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NC _/‘Fe \:“N_
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Fig. 82 The structure and possible response mechanism of probe 8 for Fe**.
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Fig. 83 The chemical structure of HL, its response mechanism to Zn?*, and its AIEE, ESIPT, TICT properties. Image reproduced with permission from ref.
350. Copyright 2024, Elsevier.

“turn-on” fluorescent sensor for zinc ions (Zn>"), aggregation- HL exhibited high selectivity and sensitivity towards zinc ions,
induced emission enhancement (AIEE), excited-state intra- making it useful as a fluorescent sensor for detecting Zn>" in
molecular proton transfer (ESIPT), and twisted intramolecular environmental or biological samples. The results of the fluores-
charge transfer (TICT). The unique properties of HL enable its cence response at 521 nm showed that the detection of Zn**
application in inkless writing technology. Specifically, HL can could be completed within 5 s.

achieve “write-erase-rewrite”” functionality due to its reversible Zhong et al. developed a fluorescent probe HTQ-R (Fig. 84)
fluorescence changes under different conditions. Additionally, for visualizing hydrogen peroxide (H,0,) in rheumatoid
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Fig. 84 Chemical structure and mechanistic illustration of responses of the red-emissive AIE probe HTQ-R to H,O, specifically in mitochondria. Image
reproduced with permission from ref. 351. Copyright 2023, The Royal Society of Chemistry.
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arthritis (RA) mice.*”" HTQ-R is an aggregation-induced emis-
sion (AIE) probe based on the excited-state intramolecular
proton transfer (ESIPT) effect. Its molecular structure features
a quinolinium salt as the core, with a phenylboronic acid
pinacol ester introduced as the recognition site for H,O,. This
molecular design causes HTQ-R to be in a fluorescence
quenched state initially due to the TICT effect. When HTQ-R
is exposed to H,0,, the electrophilic boron atom in the phe-
nylboronic acid pinacol ester is attacked by H,O,, forming a
tetrahedral borate. Subsequently, the aryl group migrates from
the boron atom to the adjacent oxygen atom, forming a borate
ester. Next, under physiological conditions, the borate ester
spontaneously hydrolyzes to generate a phenolic intermediate
and boric acid/ester. Finally, through a 1,6-elimination reac-
tion, the C-N bond breaks, completing the linker self-
immolation process and releasing the fluorophore HTQ. The
released HTQ contains an ortho-hydroxyphenyl group (proton
donor) and a benzothiazole nitrogen atom (proton acceptor),
enabling ESIPT: upon photoexcitation, a proton transfers from
the hydroxyl to the nitrogen in the excited state. This linker
cleavage process significantly reduces the electron-withdrawing
ability of the quinolinium salt (by transforming it into a less
electron-withdrawing neutral quinoline), thereby preventing
the TICT process and restoring fluorescence emission at
620 nm. Notably, ESIPT is also responsible for HTQ-R’s large
Stokes shift (220 nm), as the enol-to-keto tautomerisation in
ESIPT widens the gap between excitation and emission wave-
lengths. Additionally, this large Stokes shift (220 nm) can
reduce self-absorption and interference from autofluorescence.
The triphenylamine motif in HTQ-R was incorporated into the
probe design to confer AIE properties (after linker cleavage),
and as expected the fluorophore HTQ exhibited fluorescence
enhancement in solvent mixtures having greater proportions of
water, confirming the AIE behaviour. The cationic structure of
the quinolinium salt enables HTQ-R to accurately target mito-
chondria. HTQ-R was used to detect exogenous and endogen-
ous H,0, in live cells, achieving real-time monitoring of H,0,.
Furthermore, HTQ-R exhibited a significant increase in fluores-
cence intensity in a dose-dependent manner in a rheumatoid
arthritis (RA) mouse model.***

7.5 FRET/TICT

The integration of FRET and TICT constitutes an ingenious
“division-of-labor and collaborative” strategy, providing a
powerful platform for constructing high-performance NIR-II
fluorescent probes. In this strategy, FRET, as an efficient
intermolecular energy transfer mechanism, is responsible for
the precise energy transfer from the donor to the acceptor, with
its efficiency depending on spectral overlap and molecular
distance. The core role of the TICT mechanism is the provision
of dye molecules with strong TICT characteristics, since such
molecules typically exhibit significantly red-shifted emission
spectra and they can endow the acceptor chromophore with
intrinsic NIR-II emission capability, providing the necessary
foundation for NIR-II imaging. In such designs, the TICT
process is not always engineered to respond to stimuli; instead,
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its inherent intramolecular rotational properties are utilized to
regulate the competitiveness of non-radiative transition chan-
nels. Through molecular engineering strategies (e.g, tuning the
electron-donating/accepting push-pull abilities of donor-
acceptor pairs or molecular conformations), the rates of radia-
tive and non-radiative transitions can be finely balanced,
thereby maintaining the measurable fluorescence of the dye
while achieving sufficient intensity of NIR-II tail emission. The
FRET process further converges energy onto these optimized
TICT-type acceptors, significantly enhancing their fluorescence
signals in the NIR-II region and realizing effective signal
amplification. This strategy of using FRET can synergistically
enhance the fluorescence of TICT-type chromophores with
intrinsic NIR-II emission capability and represents one of the
key approaches for developing high-brightness and high-
stability NIR-II imaging probes.

Xia et al. developed a second near-infrared window (NIR-II)
fluorescent probe P-Dye-Nd-2 (Fig. 85).° This probe synergisti-
cally enhances NIR-II emission through the combination of
twisted intramolecular charge transfer (TICT) and Forster reso-
nance energy transfer (FRET), enabling efficient and stable NIR-II
fluorescence imaging. P-Dye-Nd-2 is a brush copolymer synthe-
sized from poly(ethylene glycol)methacrylate (PEGMA) and a
monomer containing a first near-infrared window (NIR-I) dye,
IR-808, known as MA-IR-808. Following this, the copolymer is
complexed with a neodymium chelator (Nd-DTPA) at a ratio of
16:1 to form the final probe structure. In aqueous solution,
P-Dye-Nd-2 spontaneously assembles into nanoparticles, where
the m-conjugated backbone of the IR-808 molecules is encapsu-
lated within the hydrophobic core, while the sulfonate groups are
exposed to water. This arrangement promotes the twisted con-
formation of IR-808 molecules, enhancing the TICT process.
Additionally, energy transfer between Nd-DTPA and IR-808 via

Fig. 85 Chemical structure and schematic illustration of self-assembly
process of P-Dye-Nd-2. Image reproduced with permission from ref. 352.
Copyright 2024, Wiley.
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FRET further amplifies emission in the NIR-II region. In this
FRET process, Nd-DTPA acts as the donor and IR-808 as the
acceptor. Their close proximity (<10 nm) in the nanoparticles
and the overlap between Nd-DTPA’s emission and IR-808’s
absorption enable efficient energy transfer, further amplifying
NIR-II emission by providing additional excitation energy to IR-
808. P-Dye-Nd-2 was used for dynamic angiography in immuno-
deficient nude mice, exhibiting significantly enhanced brightness
and high spatial resolution. It was also applied for imaging a
middle cerebral artery occlusion (MCAO) mouse model, clearly
distinguishing the blood perfusion of the normal and ischemic
sides of the brain. In a mouse model of acute kidney injury (AKI),
P-Dye-Nd-2 exhibited prolonged retention in damaged kidneys,
which could aid in guiding surgery and predicting the progres-
sion of kidney disease.

8. Continuous/logic/dual/multiple-
responsive TICT-based probes

Most small-molecule sensors used in biological systems are
designed to detect a single analyte. This focus provides power-
ful tools for studying the role of individual species and has
achieved significant results with minimal interference. How-
ever, in scientific research and clinical applications, it is often
desirable to monitor two or more analytes simultaneously in
the same biological sample to explore more complex biological
processes and reaction mechanisms. Such multiplex detection
capabilities are crucial for understanding the dynamic equili-
bria and interactions within biological systems and have sig-
nificant clinical value in diagnosing and treating multiple
diseases.

In this section, we focus on a subset of TICT-based probes
that are engineered not only for viscosity sensitivity, a general
property of TICT systems, but also for concurrent response to
specific target molecules. These probes integrate multiple sen-
sing mechanisms, enabling dual or multiplex analyte detection
in a single measurement. This design strategy enhances their
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utility in biological imaging and diagnostics, particularly in
contexts where interfering parameters such as viscosity and
enzyme activity or ion concentration must be correlated. We
will detail several representative probes based on the TICT
mechanism that exemplify this advanced functionality, discuss
their working principles, and demonstrate their applications in
biological environments.

Zong et al. developed a bifunctional probe NDI-6 based on a
naphthalenediimide (NDI) (Fig. 86), which can detect Cu®>" and
Hg”*.*** NDI-6 contains a NDI molecule as an electron-withdrawing
unit, as well as 8-aminoquinoline as an electron donor and ligand
for Hg*" and Cu®" ions. This design endows NDI-6 with strong
intramolecular charge transfer capability, resulting in a low band-
gap suitable for achieving long-wavelength emission and pro-
nounced color changes. In the presence of Cu®", the absorption
spectrum of NDI-6 undergoes a red shift, changing the solution
color from blue to green enabling naked-eye detection. This
phenomenon is mainly due to the deprotonation reaction of the
secondary amines in NDI-6 by Cu®**, enhancing intramolecular
charge transfer. After adding Hg?*, NDI-6 exhibits intense red
fluorescence centered at 612 nm, demonstrating a “turn-on”
response. This is because the binding of Hg*" to NDI-6 inhibits
the TICT effect, thereby enhancing fluorescence emission. The
fluorescence change can be reversed by adding iodide ions (I").

Wang et al. developed two dual-response fluorescent probes,
CL-1 and CL-2 (Fig. 87(a)), for the detection of pH and
viscosity.®* CL-2 extends the conjugated system of CL-1 to
achieve longer fluorescence wavelengths. Over a pH range from
4 to 5, the fluorescence intensity of both CL-1 and CL-2 at
540 nm (Aex =450 nm) and 585 nm (dex =456 nm), respectively,
increases significantly due to protonation occurring within this
pH range. As the viscosity increases, the fluorescence intensity
of CL-1 and CL-2 at 540 nm (lex =450 nm) and 585 nm
(Zex =456 nm), respectively, also increases significantly. This is
because, in high-viscosity environments, the free rotation of
single bonds is hindered, thereby suppressing the TICT process
and resulting in an enhanced fluorescence intensity. Based on
this property, cell colocalization experiments revealed that CL-1

Cp

Fig. 86 Chemical structure and schematic illustration of the dual-function probe (NDI-6) towards ng+ and Cu®*. Image reproduced with permission

from ref. 353. Copyright 2017, Elsevier.

This journal is © The Royal Society of Chemistry 2025
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Fig. 87 Chemical structure and schematic illustration of the dual-function probe, (a) CL-1 and CL-2, (b) DCIC for the detection of pH and viscosity.
Image reproduced with permission from ref. 354 and 355. Copyright 2023, Elsevier. Copyright 2023, Elsevier.

and CL-2 predominantly localize in lysosomes, exhibiting high
overlap with the commercial lysosome dye LysoTracker Deep
Red (LTDR), with Pearson correlation coefficients of 0.83 and
0.82, respectively. By administering a solution of CL-1 and CL-2
(100 puM, 50 pL) via tail vein injection into 4T1 tumor model
mice, and performing fluorescence imaging 60 minutes later on
the heart, liver, spleen, lungs, kidneys, and tumor, indicated
that the fluorescence intensity in tumor tissues was significantly
higher than in other organs. This indicates that the probes can
serve as highly selective tools for tumor visualization. Recently,
Wang and colleagues developed a long-wavelength probe, DCIC
(Fig. 87(b)), based on a hemicyanine structure, for the detection
of pH and viscosity.>>® The fluorescence intensity of the DCIC
probe at 630 nm gradually increases with the increase in
viscosity, enhancing 83-fold in 95% glycerol compared to pure
PBS. Additionally, when the solution pH decreases from 8.0 to
2.0, the fluorescence intensity increases by approximately 5-fold.
Furthermore, at the cellular level, after treating HeLa cells with
dexamethasone (DXM), the fluorescence intensity of DCIC in
lysosomes significantly increases, which is due to DXM
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increasing the viscosity of lysosomes, confirming the effective-
ness of DCIC as a lysosomal viscosity detector.

Fu and colleagues developed a near-infrared fluorescent
probe, FNN (Fig. 88), which incorporates 1,8-naphthalimide
as the fluorescent core and a chalcone moiety as the responsive
receptor, enabling the simultaneous detection of N,H, and
changes in viscosity.>>® In low-viscosity environments, FNN
exhibits a high degree of intramolecular rotational freedom,
leading to the occurrence of the TICT process and resulting in
weak fluorescence. As the viscosity increases, intramolecular
rotation is restricted, suppressing the TICT process and signifi-
cantly enhancing FNN’s fluorescence intensity at 620 nm. N,H,
undergoes a Michael addition reaction to the chalcone moiety
to form FNN-1, causing the fluorescence to blue-shift from
620 nm to 520 nm, with a significant increase in fluorescence
intensity. FNN has been used to assess liver damage induced
by hydrazine-based drugs. As such, in Huh7 cells, treatment
with isoniazid (INH) leads to a significant increase in FNN
fluorescence intensity in both channels, indicating the produc-
tion of N,H, and an increase in cellular viscosity.

FNN-1
E,=460 nm E=520 nm

Fig. 88 Chemical structure and schematic illustration of the working principle of FNN. Image reproduced with permission from ref. 356. Copyright

2022, The Royal Society of Chemistry.
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Fig. 89 Proposed sensing mechanism of the probe Mito-VP with Pi produced by ATP/ADP hydrolysis and its potential applications. Image reproduced
with permission from ref. 357. Copyright 2021, American Chemical Society.

Zhang and colleagues have developed a novel fluorescent
probe Mito-VP (Fig. 89), which tracks mitochondrial energy
metabolism through dual monitoring of phosphate ion (Pi)
levels and local microviscosity.*>” The design of Mito-VP uti-
lizes a D-n-A structure formed by a strong electron donor (N,N-
diethylaminobenzene) and an electron acceptor (pyridinium)
connected through n bonds, and employs methyl oxalate as a
reactive moiety for the specific recognition of Pi. Mito-VF, as a
control probe, does not contain the methyl oxalate reactive
moiety. Under 490 nm excitation, both Mito-VF and Mito-VP
exhibit almost no fluorescence emission in low viscosity media,
which is mainly due to the TICT process. When evaluated in a
glycerol and TBS mixture (simulating a high viscosity environ-
ment), Mito-VF shows strong yellow fluorescence at 588 nm,
while Mito-VP still shows minimal emission due to the inhibi-
tion of ICT. The product formed by the reaction of Mito-VP with
Pi gradually enhances fluorescence at 588 nm, and exhibits a
good linear relationship with the concentration of Pi (from 0 to
1000 uM), with a detection limit of 170 nM. Using Mito-VP, it is
possible to monitor the changes of exogenous and endogenous
Pi in real-time at the cellular level, which aids in understanding
the process of cellular energy metabolism.

Similarly, based on the TICT emission mechanism, Qi et al.
developed a probe, VPCPP (Fig. 90), for the simultaneous
monitoring of local microviscosity, micropolarity, and carbox-
ylesterase (CEs) activity in living cells.**® Li et al. developed a
multifunctional fluorescent probe, VLAP (Fig. 90), capable of
detecting intracellular viscosity, polarity, and leucine amino-
peptidase (LAP) activity simultaneously.**® Liu et al. developed
a novel activatable fluorescent probe, EaV (Fig. 90), designed for
the simultaneous detection of intracellular esterase activity and
viscosity.>®® Zhang et al. developed a near-infrared fluorescent
probe, Mito-Th (Fig. 90), capable of simultaneous detection of

This journal is © The Royal Society of Chemistry 2025

mitochondrial viscosity and sulfur dioxide (SO,).*** Ren et al.
developed a fluorescent probe, Mito-VH (Fig. 90), capable of the
simultaneous detection of mitochondrial viscosity and hydro-
gen peroxide (H,0,).>*®> Huang et al. developed a multifunc-
tional fluorescent probe, DPB (Fig. 90), designed for the
simultaneous detection of mitochondrial polarity, viscosity,
and peroxynitrite (ONOO™).**® Kathuria et al. have developed
two novel fluorescent sensors, V3 and V4 (Fig. 90), designed for
the precise detection of Fe®* and diethyl chlorophosphate
(DCP).*>** Lei et al. developed a multifunctional near-infrared
(NIR) fluorescent probe, P-1 (Fig. 90), designed for the simulta-
neous detection of viscosity, peroxynitrite (ONOO™), and autop-
hagy (mitophagy) within mitochondria.**®> Ma et al. developed a
dual-responsive fluorescent probe, HT-Bzh (Fig. 90), designed
for the detection of bisulfite (HSO;~) and viscosity.**® It is
worth noting that while viscosity sensitivity is common to TICT
probes, the probes discussed here are specifically designed to
respond to both viscosity and another specific analyte (e.g.,
esterase activity, ions, or reactive species). This dual function-
ality allows researchers to correlate changes in microviscosity
with biochemical activity in real time, providing deeper insights
into cellular processes such as metabolic dynamics, organelle
dysfunction, or drug-induced toxicity.

9. Conclusion and outlook

The field of TICT-based fluorescent probes has witnessed
substantial advancements, contributing significantly to the
detection and monitoring of biologically and environmentally
relevant species. These probes offer unparalleled advantages,
including high sensitivity, selectivity, and cost-effective, user-
friendly detection methods. The dual emission characteristic of
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Fig. 90 Chemical structures of probe VPCPP, VLAP, EaV, Mito-Th, Mito-
VH, DPB, V3, V4, P-1, and HT-Bzh.

TICT-based fluorophores provides ratiometric detection cap-
abilities, enhancing the reliability and accuracy of sensing
results by correcting for interferences.

The TICT mechanism enables the creation of probes that
can exhibit distinct fluorescence changes upon interacting with
target analytes, allowing for off/on or on/off switching of
fluorescence in response to specific stimuli. By blocking or
releasing the rotation of the rotors in probes, the switching of
fluorescence signals between LE/ICT and TICT can be achieved.
These kinds of off/on or on/off probes are commonly used for
environmental on-site detection of ions and the imaging of
biomacromolecules and cellular microenvironments. Besides,
this design also provides the possibility of application of TICT-
based probes in the field of reversible detection, such as using
deprotonation and protonation to block and release intermo-
lecular rotors, thereby realizing the switching of the TICT
process and fluorescence responses. Sometimes, to achieve
higher selectivity, analyte-responsive sites are introduced into
probes. The reaction between response sites and target analytes
can lead to chemical structure changes to terminate the TICT
process. Such probes are often applied to the detection of small
molecules, especially ROS and RNS. When the two design
concepts mentioned above are combined to construct TICT-
based probes, multiple detection can be achieved, such as logic
based or dual responsive detection of small molecules and
cellular microenvironments.
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Despite these achievements, several challenges remain. The
low fluorescence quantum yield of TICT-based fluorophores
due to radiationless transitions can limit their sensitivity and
applicability. Additionally, improving the photostability and
biocompatibility of these probes is crucial for in vivo applica-
tions, where they must function without causing toxicity or
disrupting normal biological processes. Therefore, researchers
have started to construct probes incorporating TICT with other
photophysical mechanisms to improve their sensing perfor-
mances. For example, PeT effectively reduces the detection
background, thereby solving the problem of poor sensitivity
of such dual-emission probes. At the same time, AIE aims to
enhance the emission by utilizing the concept of aggregation to
improve the fluorescence quantum yield of TICT-based probes.
When it comes to the over-sensitivity of TICT probes for
environmental detection, ESIPT can reduce excitation light
interference by the generation of a large Stokes shift. Addition-
ally, FRET uses effective energy transfer to augment photo-
stability and redshift the fluorescence emission wavelengths.

Future research should be focused on how to more effectively
utilize TICT in combination with other fluorescence mechan-
isms to construct probes to address these challenges and to
expand the application of TICT-based probes. Additionally,
future efforts should target the development of smart probes
capable of responding to multiple stimuli or with targeted
delivery capabilities, especially the dual response to molecules
and microenvironments, which constitute a potential visualiza-
tion method for disease pathology exploration. Due to their red-
shifted emission spectral characteristics, TICT-based fluoro-
phores have great potential to construct NIR-I and NIR-II probes
for intracellular imaging. Due to the advantages of deep tissue
penetration, such probes can be used in biomedical fields such
as non-invasive disease diagnosis and surgical navigation. As
such, integration of TICT-based probes with advanced imaging
techniques and developing multimodal probes that combine
fluorescence detection with other sensing modalities are impor-
tant areas of research that should be explored.

In conclusion, the field of TICT-based fluorescent probes is
rapidly advancing, driven by continuous innovations that
address existing challenges and expand their potential applica-
tions. As new materials and technologies emerge, we can expect
further improvements in the performance and applicability of
TICT-based fluorescent probes, paving the way for their use in a
wide range of sensing applications, from environmental mon-
itoring to medical diagnostics and therapeutics.
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