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Recent advances in fluorogenic probes based
on twisted intramolecular charge transfer (TICT)
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Fluorescence imaging is a powerful technique for visualizing biological events in living samples, and new
fluorescence-control mechanisms are still needed to extend the scope of biomolecule-targeting
fluorogenic probes. Twisted intramolecular charge transfer (TICT) is a unique fluorescence quenching
mechanism that depends upon a twisted conformation to promote intramolecular charge separation.
Probes utilizing TICT can detect biological molecules/phenomena, such as viscosity, polarity and
extended protein structures, that cannot readily be accessed by probes employing other fluorescence-
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DOI: 10.1039/d5cc01802a control mechanisms, such as photoinduced electron transfer or spirocyclization. In this review, we

summarize recent work on molecular design strategies for TICT-based fluorogenic probes, focusing on
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Introduction

Fluorescence imaging is widely used for the analysis of biolo-
gical phenomena in living cells and tissues, and there is an
ongoing need to extend the available range of fluorogenic
probes.”™ Small-molecule fluorogenic probes have the great
advantage that they do not require genetic manipulation, in
contrast to fluorescent protein-based probes, and therefore the
establishment of versatile fluorescence-control mechanisms,
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structural-modification approaches to control the ease of TICT state formation.

such as photoinduced electron transfer (PeT)," is critical for
the rational development of new probes. Recently, twisted
intramolecular charge transfer (TICT) has attracted increasing
attention as a fluorescence-control mechanism. The occurrence
of TICT between donor and acceptor moieties results in
fluorescence quenching, but if bond rotation is inhibited, TICT
state formation is suppressed, resulting in strong fluorescence.
Consequently, TICT-based probes can detect biological mole-
cules/phenomena, such as viscosity, polarity and extended
protein structures, that are difficult to detect with probes
employing other fluorescence-control mechanisms. Although
the mechanism of TICT-based fluorescence quenching was
reported in the early 2000s,” initial efforts to design TICT-based
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fluorogenic probes were empirical. However, since the late 2010s,
there has been intensive investigation of approaches to control
TICT state formation of fluorophores by structural modification.
In addition, technical progress in quantum-chemical calculation
of the excited states of the fluorophores has promoted the theory-
based molecular design of TICT-based fluorogenic probes. In this
review, we summarize recent work on TICT-based fluorescence-
control methods and we describe molecular design strategies for
TICT-based fluorogenic probes having various fluorophores.

1. Mechanism of TICT

TICT is a charge transfer process in which electron donor and
acceptor moieties in a molecule are linked by a m-conjugated
spacer incorporating rotatable single bonds (Fig. 1a). The TICT
state was first clearly recognized when the unique fluorescence
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Fig. 1 (a) Schematic illustration of the TICT mechanism. Dyes showing
TICT state formation consists of electron donor (blue) and acceptor (red)
moieties. Abs.: absorption; Flu.: fluorescence. (b) The structure of DMABN.
(c) The structure of TMR and JFsyo.

properties of 4-(dimethylamino)benzonitrile (DMABN) were
reported (Fig. 1b).® While many fluorescent molecules emit
only from their lowest excited state according to Kasha’s rule,
the fluorescence spectrum of DMABN has two fluorescence
maxima. Subsequent studies revealed that the two fluorescence
peaks of DMABN were emitted from the excited singlet state
and from the TICT state.’

One of the features of dyes that form the TICT state is the
structural change in the excited state (Fig. 1a). In general, when
a fluorescent molecule absorbs light, it is converted to the
emissive state, which is the locally excited (LE) state for non-
polar dyes or the intramolecular charge transfer (ICT) state for
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dipolar dyes, and subsequently returns to the ground state with
fluorescence emission. On the other hand, dyes forming the
TICT state firstly enter the LE/ICT state after photoirradiation,
then the ICT nature increases as the dihedral angle between the
electron donor and acceptor moieties increases (see Fig. 1a).
When the dihedral angle is around 90 degrees, a TICT state is
formed in which one electron is transferred from the donor to
the acceptor. In many dye molecules, the TICT state is con-
verted to the ground state through non-radiative relaxation,
showing no fluorescence.

2. Highly fluorescent dyes utilizing
inhibition of TICT state formation

Based on the above understanding of the fluorescence quench-
ing mechanism associated with TICT state formation, various
attempts have been made to develop highly fluorescent dyes.
For example, the introduction of an intramolecular chemical
crosslink into the dye structure is a classical modification
method to suppress TICT state formation,”” ie., the intra-
molecular crosslink blocks the rotation between the electron
donor and acceptor moieties. Lavis’s group reported that the
introduction of azetidinyl groups increases the fluorescence
quantum yield of rhodamines (Fig. 1c).'® They found that the
fluorescence quantum yield of JFs,o, in which the dimethylamino
groups of tetramethylrhodamine (TMR) were replaced by azetidi-
nyl groups, was markedly increased from 0.41 to 0.88 in aqueous
solutions with little effect on other photophysical properties, or on
biocompatibility. Further, they demonstrated that this azetidinyl-
based design strategy was also applicable to other fluorophores,
including C-rhodamine, Si-rhodamine, rhodol, coumarin, naph-
thalimide, oxazine and acridine derivatives. They attributed the
enhanced brightness of the azetidine-substituted fluorophores to
the inhibition of TICT state formation, on the basis that the
azetidine moiety is less sterically repulsive to the fluorophore
backbone. Further, cyclic amines with strongly electron-
withdrawing groups, such as quaternary piperazine and thiomor-
pholine 1,1-dioxide, were introduced into various fluorophore
scaffolds, resulting in more intense fluorescence."'* This is
due to the decreased electron-donating ability of the amino
groups on the fluorophore backbone, leading to suppression of
TICT state formation. Further, it was reported that B-carbonyl
substituents on the electron donor moiety can also inhibit TICT
state formation by reducing the interaction of the solvent with the
donor structure.>"*

3. TICT-based design strategies for
fluorogenic probes

Many fluorogenic probes utilizing TICT-based fluorescence quen-
ching have been reported. Recently, chemical derivatizations to
control TICT state formation have been extensively investigated,
and several molecular design strategies for TICT-based fluoro-
genic probes targeting different features of the TICT state have
been established. Here, we describe some examples.

This journal is © The Royal Society of Chemistry 2025
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3.1. Intramolecular rotation

Twisting between the electron donor and acceptor moieties is
critical for TICT state formation. If the rotation between the
donor and acceptor moieties is inhibited by environmental
factors, such as protein binding or viscosity increase, TICT
state formation is suppressed, resulting in strong fluorescence.

The TICT mechanism had been empirically utilized as a
fluorescence control principle in several fluorogenic probes
before the mechanistic details were elucidated. A representative
fluorogenic probe based on the TICT mechanism is thioflavin T
(Fig. 2)."> Thioflavin T is composed of an electron acceptor
moiety, benzothiazole, and an electron donor moiety, dimethy-
laniline, and its fluorescence is weak due to strong quenching
through the TICT mechanism (Fig. 2a). However, when thio-
flavin T binds to amyloid beta (AB) peptide oligomers, it shows
strong fluorescence due to the inhibition of rotation between
the electron acceptor and donor moieties (Fig. 2b).'*™®

SYBR green I, one of the gold-standard DNA-staining
reagents, intercalates with DNA (Fig. 3a). This inhibits intra-
molecular rotation between the electron donor and acceptor
moieties of SYBR green I, causing it to become strongly
fluorescent.'® Moreover, the introduction of substituents
around the electron donor or acceptor structure increases the
steric hindrance, which favors TICT state formation. When this
intramolecular steric hindrance is removed upon reaction with
the target molecule, the fluorescence intensity of the fluoro-
phore increases. For example, our group reported a fluorogenic
probe for the drug-metabolizing enzyme CYP3A4, 2-Me PeER.
The fluorescence of 2-Me PeER is quenched through TICT state
formation promoted by intramolecular steric hindrance invol-
ving the methyl group at the 2-position of the xanthene ring
(Fig. 3b).>° When the alkyl chain on the amino group on the
xanthene ring is cleaved by CYP3A4, the steric hindrance is
eliminated and the probe becomes highly fluorescent.

3.2. Sensitivity to environmental polarity

In general, compared to the LE/ICT state, the TICT state has a
larger intramolecular charge separation between the electron
donor and acceptor moieties. The TICT state tends to be
stabilized in highly polar environments due to strong solvation,
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Fig. 2 Schematic illustration of the TICT mechanism of thioflavin T in (a)
aqueous solution and (b) bound to AB oligomers. Abs.: absorption.
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Fig. 3 Examples of TICT-based fluorogenic probes: (a) the DNA-staining
reagent, SYBR green I. (b) The fluorogenic probe for CYP3A4, 2-Me PeER.
(c) The fluorogenic probe for detecting lipid-rich environments, Nile
red, and the Nile red-based probe for SNAP-tagged plasma membrane
proteins. (d) The fluorogenic probe for Fe?*, RhoNox-1.

whereas it is destabilized in low-polarity environments due to a
lack of solvation. Many fluorogenic probes, including Nile
red (Fig. 3c), that can detect low-polarity environments have
been developed by utilizing this characteristic environmental
polarity-dependent fluorescence change.>" Fluorescence probes
for lipid membranes have also recently been developed, con-
sisting of environment (polarity and viscosity)-sensitive fluor-
ophores, such as aminocoumarins, cyanines, BODIPYs, Nile red
derivatives and so on, linked to plasma membrane anchors.>?
For example, Prifti et al. described a fluorogenic probe for
SNAP-tagged plasma membrane proteins, BG-PEG11-Cya-NR,
based on Nile red (Fig. 3c).”®

3.3. Charge transfer between electron donor and acceptor
moieties

Intramolecular charge separation between the electron donor
and acceptor moieties occurs during TICT state formation.
The driving force for this charge separation depends on the
electron-donating and -accepting abilities of the two structures.
Consequently, fluorogenic probes emit strong fluorescence

12874 | Chem. Commun., 2025, 61, 12871-12884
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when the electron donor or acceptor ability is reduced upon
reaction with the target molecule. RhoNox-1, a fluorogenic
probe for Fe®", is fluorescently quenched through the TICT
mechanism, i.e., the electron-accepting ability of the xanthene
ring is increased by the N-oxide group (Fig. 3d).>* On the other
hand, when the N-oxide group is reduced by Fe*", the electron-
accepting ability of the xanthene ring decreases, suppressing
TICT state formation of the dye.

4. Fluorophores for TICT-based
fluorogenic probes

TICT-based fluorogenic probes utilizing various fluorophores
such as cyanine, coumarin, 1,8-naphthalimide, BODIPY, rho-
damine and others have been reported. In this section, exam-
ples of TICT-based fluorogenic probes are described, focusing
on the fluorophores.

4.1. Cyanine dyes

Many cyanine dyes show red to near-infrared (NIR) fluorescence
with a high absorption coefficient (>10> M~ cm™"), high
brightness and good biocompatibility. Consequently, they have
been used as scaffolds for many fluorescent reagents.” They
are typically donor-n-acceptor type molecules consisting of two
nitrogen or oxygen centers and a polymethine chain (Fig. 4).
Symmetric cyanines contain electron-donating and -accepting
moieties with the same structure, which function interchange-
ably. On the other hand, asymmetric cyanines contain electron-
donating and -accepting moieties with different structures, and
their functions are generally not interchangeable. Cyanines
readily form the TICT state because the polymethine chain
can freely rotate,” so most of the empirically developed TICT-
based fluorogenic probes are based on the cyanine scaffold
(Fig. 4).

A representative TICT-based fluorogenic probe based on
cyanine dye can be used to visualize intracellular viscosity.
As already noted, formation of the TICT state is suppressed
in a highly viscous environment, so the intracellular viscosity
can be monitored in terms of fluorescence change. Indeed,
fluorogenic probes that target particular intracellular locations
have been developed and used to visualize the viscosity in
mitochondria (YPE)*® and lysosomes (IG-Lyso)*” inside cells
(Fig. 4a). meso-Substituted cyanine dyes with different sensitivity
to rotation-restricted environments (viscosity) have also been used
for cellular imaging.”®?°

TICT-based fluorescence modulation has also been
employed to develop DNA-staining agents (Fig. 4b). Ethidium
bromide, a conventional DNA-staining reagent, is highly carci-
nogenic, and therefore alternatives such as thiazole orange
and the SYBR series (SYBR green I, PicoGreen, SYBR Safe and
SYBR Gold) have been developed.'®?°*! In the SYBR series, the
acceptor structure typically includes a benzothiazole or benzox-
azole ring. These dyes exhibit strong fluorescence quenching
via the TICT mechanism due to free donor-acceptor bond
rotation. Upon intercalation with DNA, for which the dyes

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 TICT-based fluorogenic probes having the cyanine scaffold. Fluorogenic probes for (a) viscosity, (b) DNA, (c) HSA/BSA, (d) RSS/ROS. The blue and
red structures are the electron-donating and -accepting moieties, respectively.

exhibit high affinity, the bond rotation is restricted, resulting in
strong fluorescence emission. A far-red-fluorescent molecular
rotor, ATh2Btz, (ex//em = 655/677 nm) that can visualize DNA
has also been developed (Fig. 4b).*>

Fluorogenic probes have been developed for the quantitative
detection of albumin, the most abundant protein in blood
plasma. The main mechanism of the fluorescence emission is
inhibition of intramolecular rotation and/or the change in
polarity upon binding to the protein surface. Interestingly,
small differences in the molecular structures of these probes
can result in selectivity of the fluorescence increase for bovine
serum albumin (BSA) or human serum albumin (HSA), pre-
sumably because of the structural difference of the binding site
between BSA and HSA. Reja et al. designed a NIR-fluorescence
probe 1 for detection of HSA (Fig. 4c).> Their probe contains a
donor-n-acceptor system and its fluorescence is suppressed
due to TICT state formation. In the presence of HSA, 1 binds to
a hydrophobic pocket, resulting in the restriction of its mole-
cular rotation. Consequently, the NIR fluorescence of the probe
is increased (680 nm). A TICT-based fluorogenic probe 2 for
detecting serum albumin was also reported (Fig. 4c).** This
probe contains a donor-m-acceptor system in which fluores-
cence is quenched through the TICT mechanism. The probe 2
self-assembles to form molecular aggregates in the absence of
albumin, while binding of the probe to albumin triggers dis-
assembly of the aggregates. This specific interaction between 2
and albumin results in fluorescence enhancement due to the
suppression of TICT state formation. The same group devel-
oped a dual-color fluorogenic probe 3 based on the TICT
mechanism (Fig. 4c).>> The probe 3 exhibits green fluorescence
in low-polarity solvents such as toluene, but fluoresces in the
far-red/NIR region in high-polarity solvents such as water.

This journal is © The Royal Society of Chemistry 2025

Further, IG-Lyso (Fig. 4a) and its analogues covalently bound
with the protein can serve as bright near-infrared-II (over
1000 nm) fluorophores for in vivo fluorescence imaging of
whole animals.***® TICT-based fluorogenic probes targeting
reactive sulfur and oxygen species (RSS and ROS) have also
been synthesized. Hu et al. developed Vis-H,S as a fluorogenic
probe that can visualize both viscosity and H,S (Fig. 4d).*
Vis-H,S is fluorescently quenched through the TICT mechanism,
but emits green fluorescence at 492 nm as the environmental
viscosity is increased. The probe also has a 2-iodobenzoate ester
structure that is converted to weakly fluorescent QCy7 upon
reaction with H,S, altering the electron-donating ability of the
donor moiety. The fluorescence of QCy7 is also partially quenched
through the TICT mechanism and its fluorescence intensity at
687 nm increases with increasing environmental viscosity.
Further, BIFS has been developed as a colorimetric and ratio-
metric fluorescence probe for HSO;  (Fig. 4d).*® This probe is
based on the nucleophilic attack of HSO;~ on the polymethine
chain of the fluorophore. The nucleophilic addition of HSO;™ to
the probe interferes with TICT state formation and this leads to a
fluorescence decrease at 592 nm, while the fluorescence at
465 nm increases. There is a good linear relationship between
the ratio of the fluorescence intensity (Fl,65/Fls9,) and the concen-
tration of HSO; . Vis-HOCI has been reported as a fluorescence
probe for HOCI (Fig. 4d).** This probe combines the PeT and TICT
mechanisms. Its N,N-dimethylaminothiocarbamate structure
selectively reacts with HOCI and acts as an electron acceptor
in the PeT process. Vis-HOCI does not show a fluorescence
increase even in highly viscous environments due to fluores-
cence quenching via the PeT process. However, when Vis-HOCI
reacts with HOCI, it is converted to QCy7, which shows a
viscosity-dependent fluorescence increase at 700 nm due to

Chem. Commun., 2025, 61,12871-12884 | 12875
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inhibition of fluorescence quenching through the TICT mecha-
nism in high viscosity environments.

4.2. 7-Aminocoumarin

7-Aminocoumarin has been utilized as a fluorophore of many
fluorogenic probes because of its excellent fluorescence proper-
ties and ease of synthesis.*> 7-Aminocoumarin has two stable
excited states: an ICT state in which it emits fluorescence in the
excited state and a TICT state in which it hardly emits fluores-
cence (Fig. 5).” In these states, the coumarin skeleton acts as an
electron acceptor and the amino group serves as an electron
donor. In polar solvents, the charge-separated TICT state is
stabilized by strong solvation and the compound becomes
weakly fluorescent, while in non-polar solvents, the ICT state,
which involves less charge-separation than the TICT state due
to its planar, non-twisted conformation, is more stable and
becomes highly fluorescent.*>** Application of the fluorescence
enhancement of 7-aminocoumarin by destabilization of its
TICT excited state in hydrophobic environments has been
investigated for a long time: In the 1990s, it was reported that
diethylaminocoumarin shows increased fluorescence upon
binding to the hydrophobic pocket of BSA.*®

Several 7-aminocoumarin-based fluorogenic probes that can
detect intracellular viscosity have been reported. Their fluores-
cence or fluorescence lifetime change is mainly due to the
inhibition of intramolecular rotation following the suppression
of the TICT state formation in high-viscosity environments.
Chen et al. synthesized a fluorogenic probe, ACI, containing
diethylaminocoumarin as an electron donor and 1,3-indan-
dione as an electron acceptor, that can visualize intracellular
viscosity (Fig. 6a)."® Due to TICT state formation, ACI shows
very weak fluorescence. However, the probe exhibits a viscosity-
dependent fluorescence A fluorogenic probe,
Mito-VCI, that can visualize mitochondrial viscosity, was also
reported (Fig. 6a)."” This probe shows elongation of the fluores-
cence lifetime with increasing viscosity due to the inhibition of
TICT state formation. Mito-VCI has a benzo[e]indolium moiety
as an electron acceptor and the coumarin structure serves as an
electron donor for TICT state formation. Mito-VCI localizes to
mitochondria in cells and could visualize changes of mito-
chondrial viscosity. Another fluorogenic probe, WSP-1, that can
visualize viscosity contains an electron acceptor conjugated to
diethylaminocoumarin, and its fluorescence is strongly
quenched through the TICT mechanism in aqueous solutions
(Fig. 6a).*® This probe exhibits a viscosity-dependent increase in
fluorescence and photoacoustic signals, and was employed for
in vivo NIR fluorescence and photoacoustic imaging.

Fluorogenic probes based on the change in electron-
accepting ability of the coumarin skeleton have been reported.
For example, CMBT, can detect mitochondrial sulfur dioxide
(SO,) and viscosity (Fig. 6b).*> CMBT consists of a diethylami-
nocoumarin moiety and a benzothiazolium moiety connected
via a polymethine linker, and is fluorescently quenched
through the TICT mechanism in aqueous solution. The probe
shows a fluorescence increase at 690 nm or 500 nm due to
the inhibition of TICT state formation upon inhibition of

increase.
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Fig. 6 TICT-based fluorogenic probes having the aminocoumarin scaffold.
Fluorogenic probes for (a) viscosity, (b) RSS and ROS, (c) peptides and proteins.
The blue and red structures are the electron-donating and -accepting
moieties, respectively.

intramolecular rotation in response to increased viscosity or
upon nucleophilic attack of HSO; /SO;>~ on the polymethine
chain moiety. CMBT localizes to mitochondria and could detect
viscosity change and endogenous SO, in live-cell fluorescence
imaging. A fluorogenic probe, XBL, which can detect ONOO ™,
was also reported (Fig. 6b).°° XBL contains a diethylaminocoumarin

This journal is © The Royal Society of Chemistry 2025
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fluorophore and a pyridinium cation moiety as an electron
acceptor, and its fluorescence is strongly quenched through the
TICT mechanism. XBL reacts with ONOO™ and the pyridinium
cation moiety is released, resulting in blue fluorescence emis-
sion. XBL localizes to mitochondria and could visualize endo-
genous ONOO™ in live-cell fluorescence imaging.

Recently, several coumarin-based probes for peptides and
proteins have been developed. One such fluorogenic probe,
CAsH2, targets vicinal dithiol-containing proteins (VDPs)
(Fig. 6¢).”" Aminocoumarins are reported to emit from both
the excited ICT and TICT states in polar environments, but only
from the ICT state in low-polarity environments, where the
TICT state becomes unstable.’>>® In aqueous solutions, CASH2
shows weak fluorescence (550 nm) from the TICT excited state,
but when bound to VDPs, it shows strong fluorescence (468 nm)
from the ICT excited state. Two fluorogenic probes, SPS3 and
RC3, which can selectively detect streptavidin and avidin, were
also reported (Fig. 6c).>* SPS3 and RC3, like other aminocou-
marins, show weak fluorescence due to the stabilization of their
TICT excited state in water. These probes exhibit a large
fluorescence increase when bound to streptavidin or avidin.
SPS3 is highly selective for streptavidin and RC3 is highly
selective for avidin. SPS3 could detect streptavidin expression
in live-cell fluorescence imaging. Anwar et al. developed RC-1 as
an NIR fluorogenic probe that can visualize mitochondrial
viscosity and AP (Fig. 6¢).>> RC-1 has a diethylaminocoumarin
fluorophore and half-tetraphenylethane with an electron-
withdrawing group as an electron acceptor, and its fluorescence
is strongly quenched via a TICT process. In live-cell fluores-
cence imaging, RC-1 was localized to mitochondria and could
visualize the viscosity change there. RC-1 also shows a fluores-
cence increase upon binding to Ap and could image A plaques
in mouse brain in vivo. Moreover, Karpenko et al. reported a
fluorogenic probe, DXB-CBT, that can detect oxytocin G
protein-coupled receptor (Fig. 6¢).°® In the dioxaborine struc-
ture of DXB-CBT, the enol and ketone oxygen atoms are cross-
linked by a boron atom and this moiety functions as an electron
acceptor. DXB-CBT is composed of the dioxaborine moiety, the
aniline moiety as an electron donor and the carbetocin moiety
as a ligand for oxytocin G protein-coupled receptor. DXB-CBT
showed weak fluorescence in water, but emitted 1200 times
stronger fluorescence in 1,4-dioxane than in water, because it
forms a TICT state involving the dioxaborine and aniline
moieties in water, but not in 1,4-dioxane. In live-cell fluores-
cence imaging, DXB-CBT could visualize oxytocin G protein-
coupled receptors expressed on the surface of the cell
membrane.

4.3. 1,8-Naphthalimide

1,8-Naphthalimide has a high fluorescence quantum yield and
is easily derivatized. Consequently, many fluorogenic probes
based on a 1,8-naphthalimide scaffold have been reported.’”
One of the characteristics of 1,8-naphthalimide is that its role
in TICT state formation changes depending upon the substi-
tuent at the 4-position of the 1,8-naphthalimide scaffold
(Fig. 7). When the 4-position is connected to an alkylated amino
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Acceptor

Fig. 7 Molecular design of TICT-based fluorogenic probes having the
1,8-naphthalimide scaffold. The blue and red structures are electron-
donating and -accepting moieties, respectively.

group or an alkylated amino group via a linker having a
n-conjugated system, the 1,8-naphthalimide moiety acts as an
electron acceptor and the alkylated amino group acts as an
electron donor to enable TICT state formation. On the other
hand, when a hydroxyl group is introduced at the 4-position,
the 1,8-naphthalimide moiety functions as an electron donor,
and the TICT state can be formed through conjugation of an
electron acceptor moiety to the probe, leading to fluorescence
quenching. By selecting a suitable electron donor or acceptor
moiety, 1,8-naphthalimide-based probes have been developed
to target the local intracellular environment, ROS, endogenous
proteins, metal ions, etc.

Several probes that can detect intracellular viscosity have
been reported. The changes in fluorescence intensity or lifetime
with increasing viscosity are mainly due to the inhibition of
their intramolecular rotation leading to the suppression of
TICT state formation. Notably, different molecular structures
exhibit different subcellular localizations. Ratiometric probes
that can quantify the viscosity in various organelles have been
developed. Wei et al. described a fluorogenic probe, 4, that can
visualize mitochondrial viscosity (Fig. 8a).>® Compound 4 has a
benzoxazole moiety as the electron acceptor and a hydroxy-
naphthalimide moiety as the electron donor. The fluorescence
intensity of 4 increases in a viscosity-dependent manner.
In live-cell fluorescence imaging, 4 could detect changes of
mitochondrial viscosity in the cells. Another fluorogenic probe,
5, which can detect intracellular viscosity, was also reported
(Fig. 8a).> Compound 5 is composed of 1,8-naphthalimide and
anthracene moieties, and shows both a fluorescence increase
and a fluorescence lifetime elongation with increasing solvent
viscosity. The ratio of the emission intensities at 540 nm and
415 nm and the fluorescence lifetime at 540 nm of 5 are linearly
correlated with the solvent viscosity on a logarithmic scale,
and were used to quantify viscosity. They also demonstrated
that fluorescence ratiometric and lifetime imaging with 5 can
quantitatively map intracellular viscosity. Further, a fluorogenic
probe, WD-1, which contains a 1,3-indanedione electron accep-
tor and a hydroxynaphthalimide electron donor (Fig. 8a),*°
could visualize the change in the viscosity of lipid droplets
(LDs) in cells and zebrafish.

Probes capable of detecting local polarity in cells have also
been reported. Their fluorescence change is based on a change
in the stability of the TICT state in response to changes in
environmental polarity. Since an organelle-targeting structure
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Fig. 8 TICT-based fluorogenic probes having the 1,8-naphthalimide scaffold. Fluorogenic probes for (a) viscosity, (b) polarity, (c) RNA, (d) hypochlorous
acid, (e) HSA/BSA and (f) metal ions. The blue and red structures are electron-donating and -accepting moieties, respectively.

can be introduced into these probes, they can detect the
polarity change in specific organelles. Meng et al. reported a
fluorogenic probe, LD-Lys, that can visualize LDs and lyso-
somes simultaneously (Fig. 8b).°" The probe localized to LDs
and lysosomes in cells, and showed strong fluorescence at
580 nm in LDs and weak fluorescence at 600 nm in lysosomes.
Miao et al. disclosed a fluorogenic probe, MP-NAP, for LDs
(Fig. 8b).°® The introduction of an N-methylpyrrole group into
the 1,8-naphthalimide scaffold induced a pre-twisted structure
of the probe due to the steric hindrance of the methyl group,
and this enhanced the fluorescence quenching by TICT state
formation. MP-NAP showed weak fluorescence in aqueous
solutions, while it showed strong fluorescence in dichloro-
methane. In live-cell fluorescence imaging, MP-NAP could stain
LDs in the cells without the need to wash out excess probe.
Feng et al. presented fluorogenic probes, Golgi-Green and

12878 | Chem. Commun., 2025, 61,12871-12884

Golgi-Red, that can visualize the polarity of the Golgi apparatus
(Fig. 8b).®* In Golgi-Green, the 1,8-naphthalimide moiety acts
as an electron acceptor and the tetrahydropyrrole moiety as an
electron donor. In Golgi-Red, the malononitrile moiety acts as
an electron acceptor and the 4-hydroxy-1,8-naphthalimide
moiety acts as an electron donor. Golgi-Green and Golgi-Red
show opposite fluorescence responses to polarity change. Golgi-
Green showed a fluorescence increase at 530 nm with decreas-
ing polarity, while Golgi-Red unexpectedly showed a fluores-
cence increase at 720 nm with increasing polarity. In live-cell
fluorescence imaging, Golgi-Red could detect the polarity
increase in the Golgi apparatus of cells. Michel et al. developed
a fluorogenic probe, 4-DiMe-ANI, for the wash-free fluorescence
imaging of LDs (Fig. 8b).°* This probe exhibits a high fluores-
cence quantum yield (@5 > 0.90) in non-polar solvents (toluene,
CHCI; and CH,Cl,) and shows almost no fluorescence in protic

This journal is © The Royal Society of Chemistry 2025
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and polar solvents (ethanol, methanol and PBS). In live-cell
fluorescence imaging, 4-DiMe-ANI showed high photofading
resistance and high selectivity for LDs in cells.

Jiang et al. reported Nu-AN as a fluorogenic probe that can
selectively visualize nucleolar RNA (Fig. 8¢).®® The fluorescence
of Nu-AN was quenched through the TICT process in aqueous
solutions, but upon binding to RNA, its fluorescence at 530 nm
increased. In fluorescence recovery (FRAP) experiments, Nu-AN
bound to RNA was photodegraded but the fluorescence signal
from the RNA was still maintained, probably because Nu-AN
can bind RNA reversibly, so that a fresh Nu-AN molecule can
replace degraded Nu-AN on the RNA. Further, Nu-AN could
label nucleoli in living cells, enabling detailed visualization of
their morphology.

Wau et al. described a fluorogenic probe, Lyso-NA, that can
detect hypochlorous acid in lysosomes (Fig. 8d).°® Lyso-NA is
composed of an aminophenol electron donor, a 1,8-
naphthalimide electron acceptor and a morpholine group for
lysosome-targeting. The aminophenol and 1,8-naphthalimide
moieties form a TICT state, resulting in weak fluorescence of
the probe, and Lyso-NA exhibited a hypochlorous acid-selective
fluorescence increase. Lyso-NA could detect the production of
endogenous hypochlorous acid in zebrafish in vivo.

1,8-Naphthalimide-based probes capable of detecting BSA/
HSA have also been reported. Ke et al. synthesized a NIR
fluorogenic probe, NI-1, that can visualize HSA in lysosomes
(Fig. 8e).®” NI-1 has a rotatable polymethine chain and a
malononitrile structure for lysosome targeting. NI-1 exhibited
a 95-fold fluorescence increase at 670 nm in the presence of
HSA and a 10-fold fluorescence increase at 690 nm in the
presence of BSA. In live-cell fluorescence imaging, NI-1 could
visualize the accumulation of HSA in lysosomes of cells. Zhang
et al. reported Nap-NO, as a fluorogenic probe for the detection
of HSA (Fig. 8e).°® Nap-NO, has a pyridinium structure, which
is further conjugated with a nitrobenzyl group, as the electron
acceptor. Nap-NO, was almost nonfluorescent in aqueous
solutions, but its fluorescence intensity at 630 nm increased
14-fold in the presence of HSA. Dai et al. disclosed a deep-red
fluorogenic probe, NITH, that can visualize HSA (Fig. 8e).*
NITH has a benzothiazole moiety as the electron acceptor and a
4-hydroxy-1,8-naphthalimide moiety as the electron donor. It
shows little fluorescence in aqueous solutions, but its fluores-
cence at 610 nm increased up to 56-fold in the presence of HSA.
In live-cell fluorescence imaging, NITH could detect endogen-
ous HSA produced in cells.

Finally, probes for metal ions have a metal chelator motif in
their electron-donating moiety. Li et al. developed a fluorogenic
probe, NDI-1, for the detection of mercury ions (Hg”") (Fig. 8f).”°
NDI-1 is composed of a naphthalenedimide electron acceptor, a 2-
ethylhexylamine electron donor and a di-2-picolylamine (DPA)
moiety as both an electron donor and Hg?* recognition structure.
NDI-1 forms a TICT state due to twisting between the naphthale-
nedimide and DPA moieties, and its fluorescence is strongly
quenched. But, when the DPA moiety binds to Hg>*, the TICT
state formation is suppressed and fluorescence, which is derived
from the ICT state with charge separation between the
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naphthalenedimide and hexylamine moieties, is emitted.
NDI-1 shows high selectivity for Hg>". Furthermore, reversible
fluorogenic probes for Hg*>", NDI-5,”* and for Cd**, NDI-15,”*
have been reported (Fig. 8f).

4.4. BODIPY

Boron dipyrromethene (BODIPY) has been utilized as a core
fluorophore for many fluorogenic probes due to its excellent
properties, including resistance to light and chemicals, and
relatively high molar absorption coefficient and fluorescence
quantum yield.”® The BODIPY skeleton is a good electron
acceptor, and it has been reported that the introduction of an
electron donor moiety into its structure promotes TICT state
formation, quenching the fluorescence.”” In this section, we
describe BODIPY-based fluorogenic probes utilizing the TICT
mechanism.

A fluorogenic probe, BOPIM-1 (Fig. 9a),”” in which the di-
methylaminophenyl groups of the probe serve as electron
donors to form the TICT state, can detect BSA.”® The binding
of BOPIM-1 to BSA caused a blue shift of 33 nm and up to
70-fold fluorescence increase. A fluorogenic probe, BV-1,
which can visualize mitochondrial viscosity, was also reported
(Fig. 9b).”” In the structure of BV-1, the BODIPY moiety acts as
an electron acceptor and the 2,5-dihydroxyphenyl group acts as
an electron donor for TICT state formation. The fluorescence of
BV-1 increased with increasing viscosity and was localized
mainly in mitochondria. Ren et al. described a fluorogenic
probe for H,S, BH-HS, consisting of a hemicyanine structure
conjugated to the BODIPY backbone as the electron acceptor
moiety and a dimethylaniline electron donor (Fig. 9c).”® The
nucleophilic attack of HS™ on the electron acceptor structure
of the probe cleaves the m-conjugated system, reducing the
electron-accepting character and thereby inhibiting TICT state
formation. Further, a red-emitting fluorogenic BODIPY-
tetrazine, in which the 1,2,4,5-tetrazine moiety acts as an
electron acceptor and the BODIPY moiety acts as an electron
donor for TICT state formation, quenching its fluorescence, has
been reported (Fig. 9d).”° The probe showed a large fluores-
cence increase upon reaction with trans-cyclooctene and cyclo-
propane, due to a change in the electron-accepting ability of the
1,2,4,5-tetrazine moiety. This approach can also be applied to
increase the fluorescence quantum yield of di(4-dialkylamino)-
styryl BODIPYs, which show low fluorescence quantum yields.
Improved distyryl BODIPYs were developed with sulfone- and
quaternary ammonium-modified piperidines as auxochromes
instead of conventional dialkylamino auxochromes (Fig. 9e).*
This structural modification markedly improved the fluores-
cence quantum yield due to the efficient inhibition of TICT
state formation.

4.5. Rhodamine

Rhodamines possess high brightness, high photostability and
high hydrophilicity, and many rhodamine-based fluorogenic
probes have been developed.®" It has been known since the
1980s that N-alkylated rhodamines partially form a TICT
excited state, in which the alkylated amino group serves as
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Fig. 9 TICT-based fluorogenic probes having the BODIPY scaffold.
Fluorogenic probes for (a) BSA, (b) viscosity, (c) HzS, (d) click reaction-
based labelling and (e) a bright NIR distyryl BODIPY. The blue and red
structures are electron-donating and -accepting moieties, respectively.

the electron donor and the xanthene ring acts as the electron
acceptor.®” However, there were few reports on the develop-
ment of fluorogenic probes utilizing TICT state formation
based on xanthene dye before the 2010s. One of the first
TICT-based fluorogenic probes with a structure similar to that
of rhodamines was Nile red (Fig. 3c), which is used for the
detection of LDs, based on its strong NIR fluorescence in
hydrophobic environments. It has been reported that the
environmental sensitivity of Nile red is due to TICT.*' The
dye shows weak fluorescence in highly polar environments due
to stabilization of the non-radiative TICT state, but shows
strong fluorescence from the emissive ICT state in low-
polarity environments due to the instability of its TICT state.
Recently, many rhodamine-based fluorogenic probes have
employed a molecular design that promotes TICT state
formation by modifying the N atom on the xanthene ring.
Hirayama et al reported a fluorogenic probe for Fe(ii),
RhoNox-1 (Fig. 3d).>* RhoNox-1 is based on the TICT mecha-
nism, as shown in Fig. 3d. pH titration results indicated that
the fluorescence quenching of RhoNox-1 is due to the TICT
mechanism rather than the PeT mechanism. In other words,
the fluorescence quenching of RhoNox-1 is derived from TICT
state formation, for which the N-oxide group serves as the
electron acceptor and the diethylamine group acts as the
electron donor. Chen et al. described a fluorogenic probe for
hydroxyl radicals (*OH), RH-EDA (Fig. 10a).®® They found that
the neuroprotective drug edaravone (3-methyl-1-phenyl-2-
pyrazolin-5-one) is an excellent *OH scavenger, and they
employed it as a °OH-sensitive structure. RH-EDA has a
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Fig. 10 TICT-based fluorogenic probes having the rhodamine scaffold.
(a) Probe with modification of the N atom on the xanthene ring. (b) Ph-
rhodamine-based probes for the detection of HaloTag protein. (c) Probe
utilizing a phenol moiety. (d) Probe utilizing a pyrrole moiety. (e) Probe
employing the sr-TICT mechanism.

3-methylpyrazolone moiety, which is a substructure of edara-
vone, at the 3-position of the xanthene ring. In the probe, the
xanthene ring including the 3-methylpyrazolone moiety is the
electron acceptor and the diethylamino group is the electron
donor for TICT state formation. RH-EDA was converted to
highly fluorescent RH-OPB by oxidation of the 3-methyl-
pyrazolone moiety with *OH. The view that the fluorescence
change is due to the structural change from RH-EDA to RH-OPB
was supported by TD-DFT calculations.

Our group also recently reported fluorogenic probes based
on Ph-rhodamines, which have a phenyl group at the N atom on
the xanthene ring of the rhodamine scaffold, for the detection

This journal is © The Royal Society of Chemistry 2025
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of HaloTag protein, Halo rhodamine-4 and Halo SiR-5
(Fig. 10b).®* Although many rhodamine derivatives have high
fluorescence quantum yields, Ph-rhodamines show extremely
low fluorescence quantum yields (@5 <0.001). Consequently,
Ph-rhodamines have been used as dark quenchers for FRET-
based fluorogenic probes such as the QSY series.®> Although
the fluorescence quenching mechanism of Ph-rhodamines had
long been unclear, our group recently demonstrated that the
Ph-rhodamines are fluorescently quenched through a TICT
process, based on the measured photophysical properties of
various Ph-rhodamine derivatives together with TD-DFT calcu-
lations. The fluorescence of Halo rhodamine-4 and/or Halo
SiR-5 was quenched via the TICT mechanism due to the free
rotation of the terminal amino group on the xanthene ring
before its binding to HaloTag protein. However, the probes
become highly fluorescent when bound to HaloTag protein
because the rotation of their terminal amino group is then
inhibited by steric repulsion with the amino acid residues on
the protein surface. We further demonstrated that Halo SiR-5
could visualize HaloTag-expressing neurons in 3D fluorescence
imaging of the whole brain, using tissue-clearing technology.

Peng et al. reported a fluorogenic probe for ONOO ™, HKYel-
low, based on the Ph-rhodamine scaffold (Fig. 10c).®® HKYellow
has a phenol group on the N atom of the xanthene ring of the
rhodamine scaffold and shows weak fluorescence in aqueous
solutions, probably due to TICT state formation. The probe
selectively reacts with ONOO™ to release the phenol group
and becomes highly fluorescent. They further demonstrated
that HKYellow could visualize endogenous ONOO™ in mouse
models of acute alcohol-induced liver injury and hepatic ische-
mia/reperfusion injury. Miao et al. developed a fluorogenic
probe, MP-RHO, that can detect HSA (Fig. 10d).*> MP-RHO
has an N-methylpyrrole structure at the end of the xanthene
moiety and is colourless in neutral aqueous solutions because
of intramolecular spirocycle formation. The fluorescence quan-
tum yield of MP-RHO in water (0.1% trifluoroacetic acid) was a
very low (@5 = 0.003) because the N-methyl pyrrole moiety acts
as an electron donor and the xanthene ring moiety serves as an
electron acceptor, forming a TICT state. MP-RHO exhibited a
782-fold fluorescence increase upon addition of HSA.

Our group recently reported that TICT-based fluorogenic
probes having the 2-Me rhodamine scaffold are useful for the
detection of enzyme activities (Fig. 3b and 10e).>*®” The intro-
duction of a Me group at the 2-position of the xanthene ring
strongly induced TICT state formation, and the compound
showed little fluorescence. Based on the photophysical proper-
ties and TD-DFT calculations of a series of these rhodamine
derivatives, we have shown that the intramolecular twisting of
the dyes in the ground state due to steric repulsion between the
Me group at the 2-position of the xanthene ring and two Me
groups on the N atom greatly accelerates TICT state formation
in the excited state. Further, when the steric repulsion was
cancelled by the structural change of the probe upon reaction
with the target molecule, TICT state formation was no longer
promoted and the probe reverted to a strongly fluorescent
state. We named this fluorescence off/on mechanism steric
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repulsion-induced TICT (sr-TICT).” On the basis of this mecha-
nism, we have developed a fluorogenic probe for the detection
of CYP3A4 activity, 2-Me PeER. The fluorescence of 2-Me PeER
was strongly quenched through the sr-TICT mechanism, but
the probe became highly fluorescent when the alkyl chain of
the N atom on the xanthene ring was removed by CYP3A4,
eliminating the steric repulsion. We found that 2-Me PeER
enabled the enrichment of the mature intestinal epithelial-like
cells by means of CYP3A4 activity-based fluorescence-activated
cell sorting (FACS). Moreover, the combination of the sr-TICT
mechanism with azaquinone methide chemistry afforded a
fluorogenic probe 6 that can detect nitroreductase activity
(Fig. 10e).*” The introduction of a 4-nitrobenzyl group at the
N atom of the xanthene ring of rhodamine 19 resulted in strong
fluorescence quenching through the sr-TICT mechanism, and
the reduction of a nitro group to an amino group by nitro-
reductases eliminated the azaquinone methide to afford highly
fluorescent rhodamine 19.

In most TICT-based fluorogenic probes having the rhoda-
mine scaffold, modification of an N atom on the xanthene ring
promotes TICT state formation and quenches the fluorescence.
So, to develop multi-functional TICT-based fluorogenic probes,
asymmetric rhodamines are preferred as fluorophore cores.
Further, the wavelength of the rhodamines can be extended
to the far-red to NIR region by changing the O atom at the
10-position of the xanthene ring to a C, Si or P atom. We have
recently reported synthetic methods for asymmetric Si-rhod-
amines, in which the O atom at the 10-position of the xanthene
ring is replaced by an Si atom,® representing a further devel-
opment in the evolution of TICT-based fluorogenic probes
having the xanthene scaffold.

5. TICT-based design strategies for
photosensitizers and
chemiluminescent probes

TICT-based activatable photosensitizers for cancer therapy have
been reported. Han et al. developed C2-NO, as an activatable
photosensitizer for photodynamic therapy (Fig. 11a).*® They
found that the introduction of an electron-withdrawing group
at the C2’ position promotes TICT state formation of the
fluorophore, while the introduction of an electron-donating
group favors the formation of an excited triplet state of the
fluorophore through intersystem crossing (ISC) via PeT. C2-
NO, with a nitro group produces reactive oxygen species at low
levels because it forms a TICT state after photoirradiation,
whereas C2-NH,, formed by the nitroreductase-mediated
reduction of C2-NO,, produces reactive oxygen species via the
formation of an excited triplet state. Administration of C2-NO,
to tumor-model mice, followed by light irradiation at 671 nm,
resulted in the inhibition of tumour growth.

The TICT mechanism has recently been reported to be applic-
able to control not only fluorescence, but also chemiluminescence.
Zhang et al. reported the TICT-based photoactivatable chemilumi-
nescent probes DCM-gal-CF and QM-B-CF (Fig. 11b and c).*
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Fig. 11 TICT-based photosensitizers and chemiluminescent probes.
(a) Photosensitizer; (b) chemiluminescent probes for B-galactosidase and
light; (c) chemiluminescent probes for H,O, and light. The blue and red
structures are the electron-donating and -accepting moieties,
respectively.

Although several dioxetane-based chemiluminescent probes had
been already reported,”® the unstable phenolate-dioxetane gener-
ated by the reaction of the chemiluminescent probes with analytes
shows spontaneous glow-type emission, resulting in a weak signal
intensity. Zhang et al. found that the chemiluminescence intensity
can be enhanced by molecular design based on a dual-locking
strategy that combines the analyte reaction with photo-oxidation
modulated by the TICT process. TD-DFT calculations showed that
the TICT state of DCM-gal-CF or QM-B-CF is unstable, while that of
DCM-O™-CF or QM-O™-CF, which is formed after reaction with the
analyte (B-galactosidase or H,0,), is stable. DCM-O™ -CF or QM-O™ -
CF forms a 1,2-dioxetane skeleton in situ via TICT-based radical
addition with O, under white LED illumination. Consequently,
a high concentration of unstable phenolate-dioxetane can be
produced. DCM-gal-CF exhibited a 9.5-fold luminescence increase
compared to single-locked DCM-gal-C. They took advantage of the
fact that QM-O™-CF exhibits aggregation-induced emission (AIE) in
water to track pre-chemiluminophore aggregation (Fig. 11c).

Conclusions

This review focuses on the molecular design of fluorogenic
probes utilizing the TICT mechanism. TICT is a versatile
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fluorescence control method that can be applied to various
fluorophores, including not only typical dye scaffolds such as
cyanine, coumarin, 1,8-naphthimide, BODIPY and rhodamine,
but also other dye scaffolds.”>®® The mechanism involves
intramolecular charge separation arising from a structural
change to the twisting conformation of electron donor and
electron acceptor moieties, which is highly sensitive to the
environment of the dye (polarity, viscosity, etc.). Initially,
probes were mainly developed to recognize macrobiomolecules
such as DNA and HSA/BSA and respond with a large fluores-
cence increase. More recently, structural modifications of the
electron donor and acceptor moieties of fluorogenic probes
have been extensively employed to control the stability of the
TICT excited state. Further, it is becoming possible to accu-
rately predict the stability of the TICT excited state by means of
TD-DFT quantum chemical calculations because of the improv-
ing understanding of the TICT-related fluorescence quenching
mechanism. TD-DFT calculations of the S; potential energy
surface can predict the rotation barrier energy and the stabili-
zation energy of the TICT excited state compared to the energy
before rotation. Since structural modification can control these
energies, rational design of TICT-based fluorogenic probes can
be performed by calculating these energies of TICT-based
fluorophores.”® For example, a TICT-based fluorogenic probe
that can detect CYP3A4 activity, reported by our group, would
have been difficult to develop empirically. This achievement
highlights the usefulness of the TICT mechanism as a fluores-
cence control principle.”® Moreover, it has also recently been
shown that the TICT mechanism can be applied to the off/on
control of not only fluorescence, but also photosensitizing and
chemiluminescence ability. Application to detect other func-
tional molecules can be expected. Thus, we believe the TICT
mechanism represents a practical method for controlling the
photophysical properties of probes, and will greatly facilitate
the development of a range of chemical tools for medicine and
life science.
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