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In this tutorial review, we will explore recent advances for the design, construction and application of

two-photon excited fluorescence (TPEF)-based small-molecule probes. The advantages of TPEF-based

probes include deep tissue penetration and minimal photo-damage. We discuss the underlying two-
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photon (TP) fluorophores including hemicyanine and design strategies such as Forster resonance energy
transfer (FRET). Moreover, we emphasize applications for the detection or imaging of cations, anions, small

neutral molecules, biomacromolecules, cellular microenvironments, subcellular localization and dual-responsive
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systems. Examples of photodynamic therapy (PDT) using TP irradiation are also illustrated.

(1) The review will provide a simple guide for the design principles involved in the construction of two-photon excitation-based sensors and imaging agents.
(2) The review will focus on biological applications, including sensing and imaging in a cellular environment. The review should provide a foundation and

guidelines enabling the reader to develop their own novel two-photon excitation-based sensing systems including dual-responsive probes.
(3) In addition, we anticipate that the review will facilitate a deep understanding of two-photon excitation-based systems for photodynamic therapy.

Introduction

Small-molecule probes are powerful tools to monitor specific cellular
processes via fluorescence detection and/or imaging.' These mole-
cular probes change their fluorescence emission when they respond
to a specific analyte or environment. They have been widely used in
diverse fields such as cellular imaging, drug screening and medical
therapy. Small-molecule probes-based detection methods have
specific advantages including: measurable fluorescence emission
with good sensitivity and selectivity, spatial and temporal resolution
in cell and animal imaging, and readily accessible fluorophores.
Combining one-photon (OP) probes and one-photon micro-
scopy (OPM) is the most common tool for targeting various
biomolecules and organelles. Common fluorophores including
coumarin, BODIPY, fluorescein and rhodamine have been used
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for the construction of OP probes using appropriate design
strategies.> These fluorophores are usually excited by OPM
using UV-visible excitation wavelengths (350-650 nm). There-
fore, OP probes have restrictions for practical application. The
main causes include: (1) short-wavelength excitation light that
limits the penetration depth in biological samples; (2) photo-
bleaching which makes the probe inappropriate for long-time
imaging; (3) photo damage to biological samples; and (4) auto-
fluorescence from biological species that interfere with the
fluorescence signal. These problems of OPM can be overcome
by two-photon excited fluorescence (TPEF) to different degrees.
Notably, fluorophores exhibiting TPEF usually exhibit one-photon
excited fluorescence (OPEF). The excitation spectra of most com-
monly used OP fluorophores is in the range of 400 to 500 nm,
whereas the wavelengths used to excite the same fluorophore with
two-photon microscopy (TPM) is between 800 and 1000 nm. As such
TPM reduces photobleaching and increases penetration depth and
provides higher spatial resolution than OPM.>*

Two-photon absorption (TPA) was first proposed by Maria
Goppert-Mayer as part of her doctoral dissertation in 1931,” which
was then experimentally confirmed by Kaiser and Garret in 1961
after the invention of high-energy pulsed lasers.® However, organic
molecules or materials with large two-photon absorption cross
section (0) values are required to facilitate practical applications of

This journal is © The Royal Society of Chemistry 2021
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TPA, because high-power laser beams can damage the sample.
Which means that molecules with large ¢ would allow TP excitation
at a lower laser power, minimizing photodamage to the sample. The
strength of TPA can be described using ¢ which is dependent on the
molecular structure. J is quoted in the units of Goppert-Mayer (GM),
where 1 GM is 107°° em®* s per photon per molecule. TPA is a
photophysical phenomenon by which a molecule or material absorbs
two photons at the same time to reach an excited state through an
intermediate virtual state (Scheme 1). TPA can be described as
degenerate or nondegenerate depending on whether the two photons
have the same or different frequencies (energies), respectively.

Optimizing ¢ is important in order to increase the optical
sensitivity of fluorophores for TPM. Molecular ¢ at a given
optical frequency (w) is proportional to the imaginary part of
the second hyperpolarizability, Im[y(w)].

d(@) oc ITm[y(w)]

d(w) can be increased by adjusting three molecular units:
electron donor group (D), electron acceptor group (A) and the
conjugated m-linker that connects the electron-donating and
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electron-accepting groups. Therefore, much research effort has
been devoted to exploring the interplay between structure and
the photophysical properties of TP fluorophores, in order to
help rationalize the design principles towards fluorophores
with large J. Significantly, it is well-known that an increase in
the extent of internal charge transfer (ICT) can lead to larger ¢
values. Increasing the donor-acceptor (D-n-A) electron strength
or conjugation can improve the ¢ values of common TP fluoro-
phores including D-n-A dipoles, D-n-D and D-n-A-n-D quad-
rupoles and two-dimensional octupoles (Scheme 2). However,
increasing the ¢ value of a TP fluorophore is not the only
parameter that requires careful consideration when designing
probes for biological systems. Many applications require TP
excitation to trigger a specific event including targeted fluores-
cence imaging, singlet oxygen generation, and photochemical
activation. Fluorescence quantum yield (&) is another indispensable
parameter, therefore the two-photon action cross section (6 x @) is
usually used to help assess a particular TP probe. Moreover, the TP
absorption wavelength of the laser is another key factor. For
instance, a pulsed laser at 800 nm is relatively easy to obtain, as
such the design of molecules with a maximum ¢ at around
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Scheme 1 Energy diagram of one-photon and two-photon excitation.
The fluorescence is emitted from the first electronic excited state regard-
less of the excitation mode.

800 nm is advantageous for probes suitable for practical
applications.

Design strategies for TP probes can be the same as those
employed for OP probes.” Generally, a TP probe is composed
of three functional units: (1) TP fluorophore. Fluorescence
emission intensity and wavelength of the TP probe will change
when bound or having reacted with the target; (2) recognition
receptor, which is designed to specifically bind or react with the
target; and (3) linker, which connects the fluorophore and
recognition receptor. Importantly, both TP probes and OP
probes are fluorescent sensors that rely on the same types
of sensing outputs including a change of intensity and/or
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emission wavelengths. Therefore, as with the development of
OP probes, the construction of TP probes requires the assembly
of appropriate receptors or recognition groups linked to a
fluorophore. For example, oxygen-rich receptors are often used
for sensing Mg>* and Ca®" while nitrogen-containing receptors
such as the pyridine moiety are used for Zn>" (e.g. probe 27) and
Cd*". similarly the boronic ester group can be used to report
peroxynitrite (ONOO™) or hydrogen peroxide (H,0,) (e.g: probe 30).

A TP fluorophore for biological applications requires the
following properties optimised for biological usage: (1) good
water solubility, which can be improved by introducing water-
solubilizing groups; (2) a large 6 x @ to generate bright TPM
images, which can be improved by modifying the donor-
acceptor strength or length of the intramolecular conjugation;
(3) suitable photo-stability for the system being monitored,
longer-duration imaging, can be facilitated by introducing
rigid conjugated cyclic linkers. Compounds 6-14 with optimized
structures meet these criteria and are suitable for the construction
of practical TP probes (Fig. 1). In addition, compounds 15-25 have
desirable photo-physical properties (e.g. large 6 x @ value) and
have functional groups suitable for appropriate modification in
order to generate suitable TP probes (Fig. 1).

Photodynamic therapy (PDT) is a method of treating cancer
based on a photochemical reaction involving a photosensitizer, light
irradiation and molecular oxygen to generate cytotoxic species. The
formation of singlet oxygen during type II photochemical reactions
is the main cause of the observed cell damage. In particular the use
of longer wavelength excitation light (i.e. 800-1100 nm) in TP PDT is
very important in order to improve both tissue penetration depth
and reduce damage to surrounding healthy tissue when compared
to OP PDT using UV or visible light excitation.

This review will summarize recent progress in the development
of TP small-molecule probes. The goal is to provide an insight into
the importance of this continually expanding area. Specifically,
this review will describe the design principles required for the
construction of TP small-molecule probes and provide guidance
on function. Characteristic TP fluorophores published in the
literature and their utility will be described. Reaction mechanisms
are an important factor in the design of fluorescence-based
sensors and imaging agents. Fluorescence mechanisms including
ICT,? Forster resonance energy transfer (FRET) and excited-state
intramolecular proton-transfer (ESIPT)'® will be discussed. The
relationship between the receptor and the change in photophysical
properties will be illustrated when a TP probe interacts with
analyte(s). Additionally, the potential biological applications of
TP small-molecule probes will be highlighted. Finally, the future
research directions and opportunities for the development of TP
probes will be outlined. Since, this treatise is not a comprehensive
review. We must apologize to some groups whose work has not
been included due to restrictions in the number of references.

1. Two-photon (TP) excitation-based fluorescent sensors for
cations

As structural or catalytic required cofactors, cellular metal ions
play important roles in regulating cell function and participate
in many cellular processes. Metal ion homeostasis can be

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Typical fluorophores used for the development of TP probes.

controlled by several families of proteins including diffusible transporters, while several neurodegenerative diseases are related to
cytoplasmic metallochaperone proteins and integral transmembrane  disruption of metal ions balance. As such it is vital to elucidate the

This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev., 2021, 50, 702-734 | 705
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biological function of metal ions in cells and living organisms, and
to develop efficient TP probes for the detection and imaging of
cellular metal ions in vivo. A large number of small-molecule
fluorescent probes for metal ions have been developed using TP
fluorophores which have significant ¢ and selective metal ion
receptors. A variety of TP probes for the detection of metal ions
have been constructed based on mechanisms which are widely used
for the development of OP probes, such as ICT, through-bond energy
transfer (TBET) and photoinduced electron transfer (PeT). Targeted
metal ions trigger a turn-on TPEF emission or wavelength shift
(hypsochromic or bathochromic shift) of TPEF spectra, which
facilitates bio-imaging using TPM. This section will include
some representative TP probes for biologically important
cations (ferrous iron, zinc ions, and palladium ion), including
working mechanism and biological applications.

Labile heme (LH), a tetrapyrrole macrocycle containing a
central ferrous iron (Fe**) with a metal-chelate structure, acts as
cofactors for many cellular proteins that control metabolic
functions. As a protein prosthetic group, heme plays an important
role in gene regulation, hormone metabolism and cell growth.
For instance, tumorigenesis is associated with high expression
levels of heme. Probe 26 is the first example of a LH-responsive
small-molecule based fluorescent probe, that was constructed by
conjugating the 4-amino-1,8-naphthalimide fluorophore and the
endoperoxide bridge through a carbamate linker (Scheme 3)."
The design strategy was inspired by the bioactivation mecha-
nism of artemisinin. In the presence of LH (2 uM), the absorp-
tion peak of 26 in a PBS/DMSO solution at 375 nm shifted
to 440 nm, concomitant with a 13-fold fluorescence enhance-
ment at 540 nm. Moreover, 26 displayed high sensitivity for
the detection of LH, without interference from hemin, hemopro-
teins and zinc protoporphyrin. With the excellent fluorescent
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HN o LH OO B -elimination
—_—
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® O\ ; \Q
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Scheme 3 (a) Proposed mechanism of TP probe 26 in response to LH.

(b) Fluorescence emission spectra of 26 (2 uM) with different concentrations
of LH (0-2 uM) in aqueous solution (PBS/DMSO = 9:1, v/v, 10 mM, pH 7.4).
(c) Fluorescence intensity at 540 nm vs. LH concentrations. Inset: linear plot of
the fluorescence intensity versus LH concentrations (20-750 nM). Repro-
duced with permission from ref. 11. Copyright (2020) American Chemical
Society.

706 | Chem. Soc. Rev., 2021, 50, 702-734

View Article Online

Tutorial Review

properties of 26, the levels of endogenous LH in HEK293 cells
were monitored. Subsequently, 26 was used to monitor LH
fluctuations during the hemolysis process, TP confocal micro-
scopy images of mice liver revealed that phenylhydrazine-induced
hemolysis of mice displays up-regulated LH levels between 500-
600 nm with TP excitation at 780 nm, indicating the ability of 26 to
monitor hemolysis.

As a trace element in our body, zinc ions (Zn>") play an
important role in gene transcription, cell proliferation, protein
metabolism, regulate immunity and anti-oxidation. Recent
research has been directed towards the elucidation of the
importance of biological Zn**. Vesicular Zn>" was found to be
involved in neurotransmission functions of the brain. While
Zn** concentrations in living systems have significant impact
on function and cellular zinc homeostasis can be controlled by
Zrt-Irt-like proteins (ZIP) and zinc transporters (ZnT). Hence,
monitoring changes of Zn*"* levels is of great importance for the
study Zn**related diseases, such as Alzheimer’s disease, Parkinson’s
disease, and prostate cancer. A novel TP probe 27 for the detection of
lysosomal Zn>" was designed by conjugating a morpholine
group and N,N-di-(2-picolyl)ethylenediamine (DPEN) ligand
to a naphthalimide dye (Scheme 4)."> Upon addition of Zn>*
(0-50 uM), the PeT processes were suppressed, resulting in a
remarkable fluorescence enhancement of 27 at pH = 5.0. Probe
27 displayed a negligible fluorescence at pH 7.4 even after
binding with Zn', indicating that the probe was capable of
specifically recognizing lysosomal Zn>* rather than cytosolic
Zn>". Probe 27 displays strong binding affinity with an associa-
tion constant (K,) of 1.17 x 10° M. Intracellular Zn** in
lysosomes was detected by TPM under excitation at 900 nm in

a)
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- HN
3 /N/ﬁ
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Scheme 4 (a) Detection of zinc ions under acidic conditions with TP

probe 27, through the blocking of two PeT processes. (b) Fluorescence
titration of probe 27 (10 puM) with Zn(ClOy4), in @ pH 5.0 MES buffer
containing 1% EtOH. Reproduced with permission from ref. 12. Copyright
(2016) The Royal Society of Chemistry.
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Scheme 5 TP response of probe 28 for imaging Zn?* in brain tissue and zebrafish. Reproduced with permission from ref. 13. Copyright (2017) American

Chemical Society.

NIH 3T3 cells. Moreover, probe 27 could be an effective tool to
image endogenous Zn>" in the deep tissues of a mouse brain via
TP microscopic imaging.

Probe 28 is a ratiometric TP probe for Zn>" based on ICT.
Probe 28 was constructed by conjugating the 2,2'-dipyridyl
group (electron acceptor) and benzene group (electron donor)
with alkene linker, which behaves as D-n-A-n-D (Scheme 5)."
Increased conjugation length of the alkene group and stronger
electron donating ability of the benzene group facilitated probe
28 to achieve a high ¢ with a value of 516 + 77 GM at 700 nm
excitation, which increased to 958 4+ 144 GM after coordination
of probe 28 with Zn®". In addition, probe 28 displayed an
enhanced @; with values from 0.59 to 0.71 in the absence and
presence of Zn>", respectively. The apparent dissociation con-
stant for probe 28 was calculated to be 3.66 + 0.42 puM in
MeOH/buffer (1:19) solution. TP fluorescence emission spectra
indicated that the addition of Zn>" (80 uM) induced a red-shift
of emission from 465 nm to 550 nm upon excitation at 800 nm.
The experimental results indicated that probe 28 behaved as a
ratiometric TP fluorescent probe for the determination of Zn>*.
The enhanced fluorescence emission ratio Ired/Igreen (red channel:
495-585 nm; green channel: 460-495 nm) was dose-dependent
towards probe 28 (between 0 and 25 uM) in live SHSY-5Y cells,
which was observed via TP confocal fluorescence imaging. In
addition, probe 28 was used to monitor increased Zn*" levels in
mouse brains with Alzheimer’s disease and 3 day-old zebrafish,
confirming that it could be used as a robust TP probe to map
endogenous levels of Zn>*.

As a member of platinum group elements, palladium has
been largely used in aerospace, automobile manufacturing and
catalytic industry. Palladium can disturb cellular functions
which is attributed to the formation of palladium complexes
between palladium ions (Pd**) and DNA, RNA, proteins and
biomacromolecules. As a result of palladium toxicity, governments
strictly restrict the residual palladium levels in pharmaceutical
products (5-10 ppm) to avoid health risks. A naphthalene-

This journal is © The Royal Society of Chemistry 2021

rhodamine based TP fluorescent probe 29 has been reported
for the ratiometric detection of Pd** (Scheme 6)."* The TP
fluorophore naphthalene derivative was selected as the energy
donor and rhodamine spirolactam was chosen as the energy
acceptor to develop a TBET platform. This platform exhibited
two well-separated fluorescence emission maxima (wavelength
difference of 100 nm) and excellent energy transfer efficiency
(90%). When binding Pd*", the spirolactam of the rhodamine B
opened and resulted in enhanced fluorescence at 595 nm and
concomitant fluorescence decrease at 495 nm. Using this ratio-
metric probe, it was possible to image Pd>" in HeLa cells and
nude mice liver tissue via dual-channel mode (green channel
was collected between 470-530 nm and the red channel was
collected between 550-650 nm). The images collected from the
two fluorescence channels using TPM indicated that probe 29
could be used to selectively assess changes of Pd*" in living cells
and mice liver tissue (90-270 pm) with TP excitation.

2. Two-photon (TP) excitation-based fluorescent sensors for
anions

Owing to the important role of anions in physiological and
pathological processes, significant attention has been paid to
the development of TP fluorescent probes for tracking endo-
genous anions in vivo, such as ONOO ™, hypochlorite (CIO™/
HOCI) and superoxide (O,° ). However, because of the high
reactivity, short lifetime and transient conversion characteris-
tics of some anions, real-time monitoring of anion fluctuations
using anion-sensitive TP probes remain challenging. Recently,
a number of reaction-based small-molecule fluorescent TP
probes for anions were reported, which include oxidative reactions,
reductive and nucleophilic reactions. In this section, we will
summarize representative TP excitation-based fluorescent sensors
for several representative reactive nitrogen species (RNS), reactive
oxygen species (ROS) and reactive sulfur species (RSS), including
recognition, and response mechanisms.

Chem. Soc. Rev., 2021, 50, 702-734 | 707
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Scheme 6 TP probe 29 the ratiometric detection of Pd?*.

As a RNS, ONOO™ is generated from the diffusion limited
combination of O,*~ and nitric oxide (NO) at a rate of 1.9 x 10"°
M™! s7'. ONOO™ and its derived radicals (hydroxyl radical
(*OH), nitrogen dioxide (*NO,), and carbonate radical (CO3* "))
can oxidize and nitrate many biomolecules, including DNA,
thiols, protein tyrosine residues, lipids and nucleic acids.
Tyrosine nitration caused by ONOO™ acts as a mediator in cell
apoptosis and death pathways. ONOO™ overproduction has been
implicated in many pathological processes including inflamma-
tion, neurodegenerative disease, ischemia-reperfusion injury and
Alzheimer’s disease.’® A large number of TP probes for ONOO™
containing highly reactive groups such as boronic acid,
a-ketoamide, phenol and selenides have been developed based
on the high oxidative nature and nucleophilicity of ONOO™. Probe
30 (Scheme 7e) was developed as a turn-on TP probe for ONOO™
and H,0,, using an azulene fluorophore and boronate ester
(responsive group) (Scheme 7b).*® The electron-withdrawing nat-
ure of the boronic ester leads to a decrease in the inherent
polarization of azulene, which causes a reduction in the ICT
character of azulene (Scheme 7a and c). However, after oxidation
by ONOO™ /H,0,, the as generated hydroxyl group reinforces the
inherent polarization of the fluorophore and increases the ICT
character (Scheme 7a and d). Probe 30 displays a turn-on
response at 483 nm after oxidation in a mixed aqueous buffer/
methanol system and exhibits high selectivity for ONOO™ over
other ROS including HOCI, *OH, and O,*; high photostability;
and low cytotoxicity. The detection limit of probe 30 for ONOO™
was calculated to be 21.7 nM, and the largest value
of & x @; of the product (30 + ONOO™) was calculated to be
3.2 GM at 810 nm excitation. TPM images of probe 30
in phorbol myristate acetate (PMA) or lipopolysaccharide/
gamma interferon (LPS/IFN-y) induced RAW264.7 macrophages
revealed that endogenously elevated ROS/RNS levels could be
monitored by probe 30 in biological systems. Finally, 30 was
further used for TPEF imaging of H,O, and ONOO™ in rat
hippocampus slices recorded by TPM at 800 nm excitation wave-
length. While, using PMA or SIN-1 (source of exogenous ONOO )
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Scheme 7 Design concept for azulene-based fluorescent probe towards
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pretreated slices exhibited about 2-fold fluorescence increase
compared to control slices.

To achieve in vivo ratiometric imaging of ONOO™, a novel
FRET-based TP probe 32 for the ratiometric detection of
ONOO ™ has been developed.'” Probe 32 consists of a coumarin
derivative as a TP fluorophore and compound 31 as the recognition
group for ONOO ™ via a FRET strategy (Scheme 8). Probe 32 displays
a 93-fold fluorescence ratio (L47anm/Iss1nm) increase in the presence
of ONOO™ (7.5 uM). The detection limit was calculated to be
11.3 nM. In addition, probe 32 exhibited excellent selectivity for

This journal is © The Royal Society of Chemistry 2021
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them here in Scheme 8.

ONOO™ over other biological ROS and RNS, and in particular
could avoid interference by H,0, (0-100.0 equiv.). The red
fluorescence channel of probe 32 merged well with the green
fluorescence channel of Mito-Tracker Green, with an overlap
coefficient of 0.80, which indicated that probe 32 could be used
to detect mitochondrial ONOO™ at subcellular levels. Using
dual-channel TPEF imaging, a dramatic enhancement of the
fluorescence signal ratio (Ipje/Irea) in LPS/IFN-y pretreated
HepG2 cells was observed. An obvious ratiometric signal (ljue/
I.q) enhancement was observed in LPS-induced inflamed live
mice using TP confocal microscopy upon excitation at 800 nm.

Inspired by the fluorescence mechanism of 2-(2’-hydroxyphenyl)-
benzothiazole via an ESIPT process, Hu et al. have developed a
turn-on TP probe 33 for the detection of ONOO™ (Scheme 9).'
The ESIPT effect was blocked by substituting the hydroxyl group
with N-methyl-p-hydroxyaniline. In the presence of ONOO ™, the
phenol group of N-methyl-p-hydroxyaniline could be oxidized,
and the N-C bond was cleaved with proton donor (N-H) for-
mation, restoring the ESIPT process. A dramatic 600-fold
fluorescence intensity enhancement at 470 nm was observed
upon addition of ONOO™ (2 equiv.) to probe 33 in PBS (10 mM,
pH 7.4). The in vitro experiments demonstrated that probe 33
exhibited high sensitivity and selectivity towards ONOO;

This journal is © The Royal Society of Chemistry 2021
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Scheme 9 ESIPT-based TP probe 33 for the detection of ONOO™.

good photostability; excellent pH stability; good blood-brain
barrier penetration and low cytotoxicity. A linear relationship
between the fluorescence intensity and ONOO™ (0-10 uM) was
observed. The maximum ¢ of probe 33 towards ONOO™~ was
calculated to be 3.6 GM using excitation at 820 nm. Using probe
33 in conjunction with TPM, facilitated the measurement of the
dynamic elevation of ONOO™ during ischemia progression in
rose bengal-treated or laser irradiation-induced live mouse
brain using a TP excitation wavelength of 800 nm.

As an effective antimicrobial oxidant of neutrophils, hypo-
chlorous acid (HOCI) is mainly produced by myeloperoxidase
catalyzed peroxidation of H,O, and chloride ion (Cl ") in phagolyso-
somes. HOCI is of particular importance for antimicrobial action in
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Scheme 10 (a) TP probes 34 and 35 for the detection of HOCL in mitochondria

the innate immune system and can oxidatively modify various
protein functional groups (sulfhydryl and amino groups) to generate
chloramine and aldehyde products, and improve immunity. It is
reported that excess HOCI is associated with many diseases, such as
rheumatoid arthritis, Parkinson’s disease, Alzheimer’s disease and
cancers. Hence, it is necessary to develop HOCl-responsive probes in
order to understand the biological effects. Many fluorescent probes
have been reported for the detection of HOCI, which exploit its
oxidizing capability towards recognition units such as p-methoxy-
phenol, dibenzoylhydrazine, oxime, thiol and selenide. Since, TPM
facilitates higher spatial resolution and greater tissue penetration,
numerous TP probes allowing TPEF imaging of HOCI in live
systems have been developed. The reaction mechanism of 36
towards HOCI is shown in Scheme 10b. Probe 36 is oxidized by
HOCI to form sulfoxide 37 which undergoes further oxidization to
form an unstable sulfone which is hydrolyzed to generate 38.
Finally, 38 is partially chlorinated by excess HOCI to produce 39.
Probes 34 and 35 were developed for the detection of mitochondrial
and lysosomal HOCI, respectively (Scheme 10a)." Triphenylphos-
phine and morpholine were used as subcellular targeting groups for
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34 and 35, respectively. Both 34 and 35 used acedan as the TP
fluorophore and oxathiolane as reaction site towards HOCIl. Depro-
tection of the oxathiolane to a ketone led to a strong “push-pull”
system, as well as simultaneous fluorescence enhancement. The
subcellular targeting abilities of probes 34 and 35 were evaluated in
HeLa and LPS/IFN-y-stimulated macrophage cells using Mito-
Tracker Red and Lyso-Tracker Red, respectively. The application of
the probes for tracking the in situ production of HOCI in the
LPS-induced inflamed tissue of mice paws using TPEF imaging,
indicated that the overproduction of HOCI could be detected
under inflammation conditions.

The ratiometric TP probe 40 was developed for the detection
of HOCI using the same recognition receptors as probes 34 and
35, using a different TP fluorophore (quinolone) (Scheme 11).>°
Oxidation and deprotection of the oxathiolane group by HOCI
led to an enhanced ICT effect, with a red-shifted fluorescence.
Moreover, the reaction product with a typical “push-pull” structure
facilitated TP excitation, enabling the detection of HOCI fluctuations
by TPM. The fluorescence response of probe 40 towards HOCI
was investigated in 10 mM PBS (pH = 7.4, containing 5% DMF)

This journal is © The Royal Society of Chemistry 2021
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Scheme 11 Quinolone-based TP probe 40 for the ratiometric detection of HCLO. Reproduced with permission from ref. 20. Copyright (2018) The Royal

Society of Chemistry.

buffer solution. The addition of HOCI resulted in a decrease of
the emission at 492 nm and concomitant increase in emission
at 562 nm. The reaction mechanism between probe 40 and
HOCI was confirmed using mass spectroscopic analysis. Addition
of 25 uyM HOCI caused a maximal fluorescence ratio (Iseznm/
Ligonm) value of 4.0. While, the maximum ¢ x & value of 40 was
determined to be 25 GM. The detection limit of probe 40 for
HOCI was calculated to be 89 nM. In addition, detection of
endogenous HOCI induced by LPS and PMA was achieved in
RAW264.7 cells using TP excitation at 820 nm. More importantly,
overproduced HOCI during wound healing was monitored using
probe 40 and ratiometric TPEF imaging.

Yoon et al. have developed a TP probe 41 for the detection of
HOCI based on B-H bond oxidation and it was used to visualize
exogenous and endogenous HOCI in living systems by TPM.*"
The pyrene of probe 41 serves as a TP fluorophore while the
N-heterocyclic carbene (NHC) boranes were used as specific
responsive groups towards HOCI (Scheme 12). A low polarity
environment promoted probe 41 to form colloidal aggregates
and emit pyrene excimer fluorescence. Then HOCI triggered an
oxidative hydrolysis reaction of the B-H bond, leading to
imidazolium salt formation, deaggregation and monomer
fluorescence. Treatment of probe 41 with HOCI resulted in a
decrease of