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HCLO/CIO™ is the most effective antibacterial active oxygen in neutrophils. However, its excessive exist-
ence often leads to the destruction of human physiological mechanisms. In recent years, the developed
luminescent probes for the detection of HCIO/CLO™ are not only conducive to improve the sensitivity and
selectivity of HCIO/CLO™ detection, but also play a crucial role in understanding the biological functions
of HCIO/CIO™. In addition, luminescent probe-based biological imaging for HCIO/CIO™ at sub-cellular
resolution has become a powerful tool for biopathology and medical diagnostic research. This article
reviews a variety of luminescent probes for the detection of HCIO/ClO™ in vitro and in vivo with different
design principles and mechanisms, including fluorescence, phosphorescence, and chemiluminescence.
The photophysical/chemical properties and biological applications of these luminescent probes were
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outlined. Finally, we summarized the merits and demerits of the developed luminescent probes and dis-
cussed their challenges and future development trends. It is hoped that this review can provide some
inspiration for the development of luminescent probe-based strategies and to promote the further

rsc.li/analyst research of biomedical luminescent probes for HCIO/ClO™.

7.4).> Meanwhile, HCIO/CIO™ can cause the host to generate
innate immunity when microorganisms invade, and thus

Introduction
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HCIO is mainly generated by the reaction of H,0, and chloride
ions in mitochondria." HCIO has a pK, of 7.46, which is in
equilibrium with ClO™ under physiological conditions (pH =
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HCIO/CIO™ is the most effective antimicrobial oxidant for neu-
trophils.® This bactericidal activity is considered to be a key
bactericidal effector in natural immunity.* Therefore, these
inherent features of HCIO/CIO™ make it indispensable for cell
signaling and immune response.” Note that the concentration
of HCIO/CIO™ from the reaction of H,O, with CI™ is at the
micromolar level.° Furthermore, under pathological con-
ditions, the concentration of HCIO/CIO™ can even reach milli-
moles.” A high concentration of HCIO/CIO™ can simul-
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taneously damage host tissues in the process of destroying
invasive microorganisms and cause a series of human dis-
eases, including cardiovascular diseases, inflammatory dis-
eases, acute coronary syndromes, nephropathies, cystic fibrosis
and neurodegenerative disorders.®'® Meanwhile, due to the
short diffusion distance of HCIO/CIO™ in vivo and the presence
of multiple antioxidants such as glutathione and amino acids,
the detection of endogenous HCIO/CIO™ is particularly
difficult.’* Therefore, accurate and efficient detection of HCIO/
ClO™ is of great significance to research its physiological and
pathological effects on living cells and tissues.

In the past decades, luminescent probes have attracted
much attention from researchers."”>* The target analytes are
identified by a luminescent probe, and the relative substances
in vivo and in vitro are tracked and analyzed by displaying
luminescence signals."> Recognition of analytes using tra-
ditional luminescent probes relies on weak interactions
between high-affinity ligands and receptors.'® However, cur-
rently developed luminescent probes mainly detect HCIO/ClO™
by participating in the formation and fracture of covalent
bonds through the corresponding specific recognition
sites.”” " Recently, metal complexes, semiconductor nano-
particles and up-converting nanophosphates as luminescent
nanoprobes are also increasingly being used in the detection
of HCIO/CIO™ using different identification sites on the
surface.’° > On the other hand, luminescent probe-based bio-
imaging has become a powerful tool for manipulating living
cells and animal microspecies.”*>* Therefore, luminescent
probes can monitor the production of HCIO/CIO™ with subcel-
lular resolution through bioimaging, and achieve a visualiza-
tion effect on the biological tissues that produce HCIO/
ClO_.26’27

In this review, we summarized the luminescent probes for
HCIO/CIO™ in vitro and in vivo, including fluorescent, phos-
phorescent, and chemiluminescent ones. Based on the classifi-
cation of reactive functional groups (such as sulfur group
elements, hydroximic acid, hydrazine, anisidine, p-methoxy-
phenol and unsaturated double bonds), we described the
design strategy and photophysical and chemical properties in
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detail, and introduced the biological applications of lumines-
cent probes. Finally, we summarized the characteristics and
limitations of these luminescent probes, and the challenges
and future trends of probe development are briefly discussed.
It is hoped that this review will provide some inspiration to
researchers who develop luminescent probes for HCIO/CIO™ in
clinical medicine and life sciences.

Fluorescent probes for HCIO/CIO™
detection

Due to simple, fast, and real-time monitoring capabilities,
fluorescent probes are often widely used as a general means in
the fields of biochemistry, medicine, environmental science,
and industries. With the help of high-resolution microscopy
technology, important biological substances in cells and
tissues can be easily observed.”®?° In recent years, a lot of fluo-
rescent probes for HCIO/CIO™ have been reported.’*' Based
on the oxidation and chlorination of the probe structure and
the change of fluorescence intensity, we classified the fluo-
rescent probes for HCIO/CIO™. Table 1 summarizes the fluo-
rescent probes for HCIO/CIO™ by comparing their emission
wavelengths, detection limits and applications.

Sulfur group elements for HCIO/CIO™ fluorescence detection

Groups that are electron-donating (-S-, -Se-, -Te— with one
electron oxidation potential) are easily oxidized or chloridized
to form sulfonates, sulfoxides, selenium oxides, and tellurium
oxides. The nucleophilicity of sulfur can be controlled to open
the xanthine helix to detect HCIO/CIO™. In 2007, the first
xanthene-based fluorescent probe of the thioether ring com-
pound, HySOx, was found to be highly specific to HCIO.?*> In
this system, HySOx did not emit fluorescence, but it can react
quickly with HCIO to form a ring-opening sulfonate derivative
HySO3;H (1). During the reaction, the nucleophilicity of the
thiol group was reduced, and the helical ring was opened
accompanied by strong fluorescence emission. This fluo-
rescent probe was applied to the real-time detection of HCIO
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inside phagosomes. In addition, other thioether ring-based
near-infrared fluorescent probes MMSIR (2) and wsMMSIR (3)
were designed and synthesized (Scheme 1). These probes had
the same reaction progress with HySOx and were used for the
in vivo imaging of HCIO generation in a mouse peritonitis
model with low phototoxicity, low autofluorescence, and good
tissue penetration, and they were expected to be a useful tool
for investigating the wide range of biological functions of
HClo.*

In 2011, Yoon et al. prepared three other rhodamine-based
fluorescent probes, R19-S (4), R19-Se (5), and R101-S (6), to
increase the number of spiral ring type probes for the imaging
of microbe-induced HCIO production.** With the addition of
HCIO, the xanthine helix rings of R19-S were opened to form
R19-S-Cl and subsequently hydrolyzed to produce carboxylic
acid derivatives R19 accompanied by strong fluorescence. The
reaction mechanism of the other two probes was the same as
that of R19-S. In contrast, R19-Se showed a lower selectivity for
HCIO, due to the higher susceptibility of selenolactone
towards oxidants in comparison with thiolactone of R19-S.>°
The detection limits of the three probes for HCIO were evalu-
ated to be 0.4 pM for R19-S, 0.6 uM for R101-S and 2 pM for
R19-Se (S/N = 3). Therefore, R19-S exhibited the highest
selectivity and sensitivity towards HCIO. Polymorphonuclear
neutrophils containing R19-S were stimulated using PMA to
produce strong fluorescence emission. Therefore, R19-S was
used to observe the production of HCIO in human PMNs.
In addition, R19-S can be used to image HCIO production
using intestinal epithelial cells of Drosophila melanogaster
(Fig. 1).

Under the concept of changing sulfur nucleophilicity to
obtain a more sensitive HCIO probe, Ma et al. developed a
mitochondrial-targeted RSTPP (7) fluorescent probe for
HCIO.?® The thiolactone ring of the RSTPP probe can undergo
oxidative cleavage under the action of HCIO to generate fluo-
rescence through a desulfurization reaction, enabling the real-
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time imaging of mitochondrial HCIO. In addition, using a rho-
damine thiolactone skeleton as the detection group, an STBR
(8) ratio fluorescent probe for ClIO™ was designed on the basis
of intramolecular proton transfer in a single excited state.*®
This probe has been used in the live-cell imaging of
Saccharomyces cerevisiae cells.

Selenium (Se) is an important substance and is often found
in the active sites of many enzymes.*” It also acts as an “anti-
oxidant nutrient” that reacts with reactive oxygen species
in vivo.*® Accordingly, Se can be used as the reaction site of
HCIO. Han et al. developed a Se-reversible MPhSe-BOD fluo-
rescent probe.’® Borondipyrromethene (BODIPY) is a fluo-
rescent dye with a high molar absorption coefficient and high
fluorescence quantum yield. The connection of borondipyrro-
methene with 4-methyoxylphenylselanyl benzene (MPhSe)
could form MPhSe-BOD (9) with weak fluorescence emission
as a result of the photoinduced electron transfer process.
However, the addition of HCIO could break the photoinduced
electron transfer process due to the oxidation of Se, and then
borondipyrromethene emission was restored. This probe
exhibited good permeability to live cells and could monitor
intracellular HCIO/H,S redox cycles continuously in RAW264.7
cells. Similarly, Wu et al. also designed and synthesized a bor-
ondipyrromethene-based =~ HCSe fluorescent  probe.*’
Differently, the probe used Se-diphenyl as a modulator to gene-
rate a PET effect for the weak fluorescence emission of boron-
dipyrromethene. In view of this principle, PMA-induced
endogenous HCIO production in RAW264.7 cells was detected.
It is worth noting that HCSeO can be reduced to HCSe (10) by
glutathione.

The introduction of Se in the conjugated system could lead
to a long response time. In order to solve this limitation, Peng
et al. designed and synthesized a non-conjugated selenium
structure cyanine dye-type near-infrared probe SeCy7 (11) by
introducing thiamorpholine and selenomorpholine into the
structure of heptamethine.*' Based on the aggregation behav-
ior of heptamethine cyanine dye, the probe exhibited near-
infrared absorption and emission characteristics, and it can be
used for HCIO imaging in living mice with less damage to
organisms. The detection principle of this Se containing probe
for HCIO is shown in Scheme 2.

The elimination of chalcogens can increase the fluo-
rescence intensity of the probe and change the fluorescence
emission wavelength and facilitate the design of fluorescent
probes for the detection of HCIO/CIO™ in living organisms
(Scheme 3). To this end, Yoon and his coworkers developed a
series of ClO~ probes.*>™** For example, they demonstrated
that a water-soluble imidazolium salt probe based on imidazo-
line-2-thione can eliminate sulfur during the reaction and
realize the selective detection of HCIO/CIO™.** Furthermore,
Yoon’s group synthesized imidazoline-2-thione probes, PIS
(12) and NIS (13) to yield the corresponding fluorescent imida-
zolium ions through specific reactions with CIO™.** PIS can
use single photon microscopy image exogenous and endogen-
ous CIO™ in HeLa cells and RAW264.7 macrophages. This kind
of probe has strong tissue penetrating ability and high spatial

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of different fluorescent probes for HCIO/CLO™ detection
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Probes Aem (NM) (M) LOD (uM)  Imaging applications Ref.
HySO;H (1) 575 — — Porcine neutrophil 32
MMSIR (2) 670 0-5 . Neutrophil and mouse peritonitis 33
wsMMSIR (3) — — — Neutrophil and mouse 33
R19-S (4) 550 0-12 0.4 Human polymorphonuclear neutrophils and Drosophila 34
melanogaster
R19-Se (5) 550 0-20 0.6 — 34
R101-S (6) 585 0-10 2 — 34
RSTPP (7) 580 0-35 9x107 Raw264.7 cells 35
STBR (8) Is90/I514 0.2-2 0.22 Saccharomyces cerevisiae cells 36
MPhSe-BOD (9) 510 0-40 . Raw264.7 cells 39
HCSe (10) 526 0-9 7.98 x10™®  Raw264.7 cells 40
SeCy7 (11) 786 5-60 0.31 Nude mouse 41
PIS (12) 505 — 71%x107° Raw264.7 cells and a rat hippocampal slice 43
NIS (13) 450 — — — 43
PNIS (14) 447 — 0.21 HelLa, astrocytes, HepG2 and Raw264.7 cells 44
MITO-TP (15) 500 — 17.2x 107> HeLa and Raw264.7 cells 45
LYSO-TP (16) 500 — 19.6 x 10~°  HeLa and Raw264.7 cells 45
CM1 (17) 480 0-6.4 10x10™®  NIH 3T3, HL-60 and RAW264.7 cells 46
CM2 (18) 468 — — — 46
TPFP (19) 538 0-5 5.7x107%  HeLa cells 47
PM (20) ) ) 0-1 1.75 Zebrafish 48
RBH1-UCNPs 554 0-120 0.32 NIH 3T3 cells 49
D1 (21) 575 0-2 40.1x107°  HelLa cells and zebrafish 51
MitoClO (22) 529 0-40 0.52 MCF-7 cells 52
Probe 1 (23) 556 0-25 0.163 C6 glial and BV2 microglial cells 53
Lyso-HA (24) Isgs/I4s0 0-5 0.11 HeLa and A549 cells 54
FH-HA (25) 580 0-0.01 0.1136 X HUVEC, Raw264.7, HeLa, A549, HepG2 cells and zebrafish 59
10~
Rh-CIO (26) 578 40-220 3x1072 Hela cells 60
Probe 2 (27) 542 0.5-100 . HeLa and Raw264.7 cells 61
MitoAR (28) 574 — — HeLa and HL-60 cells 62
SNAPF (29) 700 — — Human neutrophils, macrophages, human atherosclerotic 63
plaque
HA (30) 460, 570 0-32 0.7 HelLa cells 64
BCIO (31) 505 0-0.01 0.56 x 1073 HeLa, Raw264.7 and MCF-7 cells 68
BRCIO (32) Isos/Isss, 0-100 1.95,0.59  MCF-7 cells 69
505

NPs 1 (33) 672 2-20 . Heart tissue of C57BL/6 mice 76
NPs 2 (34) 470 2-140 — Raw264.7 cells 77
NPs 3 (35) 430 2-6 0.5 HelLa cells 78
MTPE-M (36) Lyog/I505 0-10 0.47 Raw264.7 cells and zebrafish 80
TPE-py-I (37) IsoslLno 1-50 0.25 — 81
ErCSSNPs@Cy925 Tops/Tisos 0-22 — Mice 82
NP-2 I555/1550 0-50 — HelLa cells 83
CD@[Ru(bpy);]* 488 0.05-7 0.012 Hela cells 85
QD-conjugated 605-595 — — Human neutrophil, hepatic leukocyte of rats 87
microbeads

HKOCI-1 (38) 541 3-8 — Raw264.7 cells 88
HKOCI-2b (39) 523 — 18x 1073 Raw264.7 cells and THP-1 human macrophages 89
HPs 581-706 0-15 0.4 — 90
Eu(NTA);L@PS To1s/Ta06 0-14 57.3x107° — 91
CY-FPA (40) 774 0-9 0.7 A549 cells 92
XWJ (41) Issolls70 0-55 0.19 Raw264.7 cells 94
BODIPY-Pyra (42) 510 0-50 0.172 MCF-7 and HepG 2 cells 97
NCIO (43) Is50/I615 0-30 19x 1073 HelLa cells and zebrafish 98
Py-Cy (44) Li7o/l615 — 0.35 HeLa and Raw264.7 cells 99
CMCY (45) LigolTes1 0-73 0.08 HelLa cells 100
SSRN Iys51/I581 0-5 52 x 1073 HeLa and Raw264.7 cells 101

resolution. The two-photon microscope can also be used to
perform ClO™ in original 264.7 macrophages and rat hippo-
campal slices. Similarly, Yoon et al. connected a triphenyl-
phosphine mitochondrial target group via an ethoxyl chain to
modify NIS and formed a new probe, PNIS.** The synthesized
PNIS (14) probe can image exogenous HCIO in HeLa cells,

This journal is © The Royal Society of Chemistry 2020

astrocytes and HepG2 cells, as well as endogenous HCIO in
macrophages.

To solve the problem of organelle targeting, Chang et al
designed a two-photon MITO-TP (15) fluorescent probe for
mitochondria and LYSO-TP (16) fluorescent probe for lyso-
somes.” In this system, HCIO can effectively remove the

Analyst, 2020, 145, 5068-5089 | 5071
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Scheme 1 Structures and mechanisms of thioether ring-based probes for HCIO/CIO™. Reprinted with permission from ref. 32. Copyright 2007,
American Chemical Society. Reprinted with permission from ref. 33. Copyright 2011, American Chemical Society. Reprinted with permission from

ref. 34. Copyright 2011, Royal Society of Chemistry.
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Fig. 1 Detection of DUOX-dependent HCLO in the intestinal epithelia
of Drosophila melanogaster by R19S. Nuclear staining of midgut cells
was performed with DAPI (blue). Confocal microscopy images of R19S
treated dissected guts from different genotypes with or without oral
ingestion of bacterial extract. Reprinted with permission from ref. 34.
Copyright 2011, Royal Society of Chemistry.

oxathiolane of thiophene ring-protected naphthylamine to
generate the corresponding aldehyde, accompanied by
increased fluorescence emissions at 460 nm. These probes

5072 | Analyst, 2020, 145, 5068-5089

have been used to detect HCIO in mitochondria and lysosomes
with high sensitivity.

Jiang et al. synthesized CM1 (17) and CM2 (18) fluorescent
probes by the reduction of coumarin dyes and subsequent
selenylation, and observed the generation of endogenous
HCIO/CIO™ in progenitor cells and macrophages.*® During the
reaction, selenium was first oxygenated, and then coumarin
fluorophores are formed by the elimination reaction. This
probe has the merits of high selectivity, high sensitivity, and
fast response speed, is independent of pH and was applied to
the detection of HCIO/CIO™ in aqueous media and living cells.

Chen et al. also designed two-photon fluorescent probe
TPFP (19) through the integration of the lysosome-targetable
group (aminoethyl)morpholine, two-photon fluorophore 1,8-
naphthalimide and HCIO capturing phenyl-thiourea together
for lysosome-targetable HCIO detection.”” The PET process of
TPFP was inhibited by HClO-mediated S atomic oxidation and
the green fluorescence of 1,8-naphthalimide recovery. The LOD
of this probe was lower than that of LYSO-TP. Based on the
same naphthalimide group, they further researched the probe
that was used to detect HCIO in vivo. In addition, a polymer
micelle-based ratiometric fluorescent probe PM (20) was syn-
thesized using amphiphilic diblock copolymers [PEO;;3-b-P
(Styo-co-NPAIL)] via reversible addition-fragmentation chain
transfer radical polymerization.*® Upon the addition of HCIO,
thiourea transformed into an imidazoline derivative, which

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Structures and mechanisms of Se-containing probes for HCIO/CIO™. Reprinted with permission from ref. 39. Copyright 2013, Royal
Society of Chemistry. Reprinted with permission from ref. 40. Copyright 2013, American Chemical Society. Reprinted with permission from ref. 41.
Copyright 2014, Royal Society of Chemistry.
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Scheme 3 Structures of chalcogen-containing probes and reaction mechanisms for HCIO/CIO™ based on chalcogen elimination. Reprinted with
permission from ref. 43. Copyright 2015, Wiley. Reprinted with permission from ref. 44. Copyright 2016, American Chemical Society. Reprinted with
permission from ref. 45. Copyright 2015, American Chemical Society. Reprinted with permission from ref. 46. Copyright 2013, American Chemical
Society. Reprinted with permission from ref. 47. Copyright 2018, Elsevier. Reprinted with permission from ref. 48. Copyright 2018, Elsevier.
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Fig. 2 Synthesis of rhodamine-modified up-conversion nanophosphors and the proposed recognition mechanism towards HCIO. Reprinted with

permission from ref. 49. Copyright 2014, Wiley.

suppressed intramolecular charge transfer and promoted
FRET, causing the changes of fluorescence emission ratio-
metric. This phenomenon of probe selectively visualized
endogenous HCIO in zebrafish during lipopolysaccharide-
induced acute liver injury.

In 2014, Zhang et al. developed rhodamine-modified up-
conversion nanophosphors (NaYF,: 20 mol% Yb, 1.8 mol% Er,
0.5 mol% Tm) for HCIO sensing (Fig. 2).*° The polyacrylic
acid-modified up-conversion nanophosphors were used as the
carrier of the RBH1 probe to detect HCIO through the lumine-
scence resonance energy transfer process between up-conver-
sion nanophosphors and RBH1. The sulfur elements on thio-
semicarbazide were eliminated after they interacted with
HCIO. As a result, the green up-conversion luminous intensity
at 554 nm increased gradually, and the emission in the near-
infrared region was almost unchanged. Therefore, this probe
could be used for the ratiometric up-conversion luminescence
visualization of HCIO released by MPO-mediated peroxidation
of chloride ions in living cells.

Nitrogen-containing functional groups for HCIO/ClO™ fluo-
rescence detection

Nitrogen-containing functional groups, such as hydroximic
acid, hydrazine/hydrazone and anisidine, can react specifically
with HCIO/CIO™. HClO-promoted oxidation of hydroxamic
acid can prohibit the decay process of the excited state of C=N
bond isomerization, resulting in the strong fluorescent pro-
duction of the probe derivative.”® According to a similar prin-
ciple, a series of hydroxamic acid-based fluorescent probes
were prepared for the detection of HCIO (Scheme 4).'> Li
and his coworkers developed a hydroxyl oxime-based fluo-
rescent probe D1 (21) through the hydroxylamine hydro-
chloride treatment of 6-dimethylamino-3-hydroxynaphthalene-
2-carbaldehyde to image ClO™ in the lysosome of organisms.>’
The oxime moiety of D1 can react rapidly (<10 s) with ClO™ to

5074 | Analyst, 2020, 145, 5068-5089
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Scheme 4 Structures and mechanisms of hydroxamic acid-based
probes for HCIO/CIO™. Reprinted with permission from ref. 51.
Copyright 2019, Wiley. Reprinted with permission from ref. 52.
Copyright 2013, Royal Society of Chemistry. Reprinted with permission
from ref. 53. Copyright 2014, Royal Society of Chemistry.

provide the corresponding strong fluorescent aldehyde
product 2, and thus product 2 was used for monitoring
changes in ClO™ levels both in HeLa cells and in zebrafish
with the aid of fluorescence microscopy. It was worth noting
that aldehyde product 2 with excellent optical stability can be
used to detect ClO™ in real samples at —78 °C. Analogously,
BODIPY-based probe MitoClO (22) was obtained by introdu-
cing the oxime group at the 2-position of BODIPY.>*> Through
the HClO-induced nonradiative deactivation of C=N isomeri-

This journal is © The Royal Society of Chemistry 2020
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zation, the generated MitoCOOH fluorescence was observed to
be enhanced by 35-fold. In addition, triphenylphosphine (a
classic subcellular locating group) was introduced at the meso-
position to enable this probe to detect HCIO inside mitochon-
dria. In 2014, Kumar et al designed a dimethyl-
aminocinnamaldehyde linked oxime-based fluorescent probe
1 (23). It was demonstrated that the oxime group can
undergo the oxidation of HCIO to convert nitrile oxide, gener-
ating a fluorescent emission band at 556 nm. With this inter-
esting reaction, this probe was used to image endogenous
ClO™ produced by LPS-stimulated C6 glioma cells and
BV2 microglial cells.

Hydrazine/phenylhydrazine-modified spirolactam is also
HClO-activatable (Scheme 5). Lin et al. developed a lysosomal-
targeted ratiometric fluorescent HCIO probe Lyso-HA (24).>* In
comparison with fluorescence resonance energy transfer-based
probes, this design strategy did not require a connector and
provider. The fluorescence detection of HCIO was performed
by blocking the process of excited-state intramolecular proton
transfer with proton-free benzothiazole. Moreover, this probe
had a good ratio signal (Isge/I450) resolution and membrane
permeability. These merits facilitated it to enable the imaging
of endogenous and exogenous HCIO in living cells.
Unfortunately, this type of probe can also be used to identify
ONOO™.>°*® To improve the specificity towards HCIO detec-
tion, Sheng et al. attached an electron-withdrawing formyl

Probe 2
27

View Article Online
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group at the amino position of the probe to construct a rhoda-
mine-formylhydrazine type fluorescent probe FH-HA (25).>°
Similarly, Rh-ClO (26) probes have rhodamine-formylhydrazine
structures in accordance with FH-HA, which can detect HCIO
in mitochondria.®® The fluorescence of rhodamine B was
released by HClO-mediated ring-opening of the probe.
Therefore, this probe can provide direct visualization of HCIO
in living cells and zebrafish with low cytotoxicity and high sen-
sitivity. In addition, this probe can also distinguish cancer
cells from normal cells by monitoring basal HCIO in cancer
cells. In 2017, Lv et al. synthesized a new probe 2 (27) for HCIO
with the spirolactam form of fluorescein.®® The HClO-pro-
moted ring-opening of the probe could lead to fluorescence
emission enhancement at 542 nm. With the aid of flow cyto-
metry, this probe realized the quantitative detection of intra-
cellular HCIO by recording the intensity changes of fluo-
rescence emissions.

HClO-mediated the cleavage of p-anisidine (4-aminopheny-
lether) and can enhance fluorescence by releasing aniline oxy-
groups that block the photoinduced electron transfer process.
Therefore, it can be used as a fluorescent probes for the detec-
tion of HCIO (Scheme 6).°* %! Nagano et al. synthesized a
MitoAR (28) and MitoHR fluorescent probe by introducing the
4-amino and 4-hydroxylphenylether electron donor into the
2-position phenyl moiety of rhodamine, respectively.®”> The
positive charge of rhodamine dye can promote the movement

O NA

Rhodamine B

0. (o) (o]
L

O

o

Scheme 5 Structure of probes containing hydrazine or phenylhydrazine modified spironolactone and mechanism of detection of HCIO/CIO™.
Reprinted with permission from ref. 54. Copyright 2016, Royal Society of Chemistry. Reprinted with permission from ref. 59. Copyright 2019,
American Chemical Society. Reprinted with permission from ref. 60. Copyright 2018, Elsevier. Reprinted with permission from ref. 61. Copyright

2017, American Chemical Society.
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Scheme 6 Structures and mechanism of p-anisidine-based probes for HCIO/CIO™. Reprinted with permission from ref. 62. Copyright 2007,
American Chemical Society. Reprinted with permission from ref. 63. Copyright 2007, Elsevier. Reprinted with permission from ref. 64. Copyright

2013, Royal Society of Chemistry.

of phospholipid bilayers into the cell and accumulation into
the mitochondrial matrix through the negative membrane
potential. The fixed position of the electron donor was close to
xanthine, which was conducive to the HClO-mediated PET
process to regulate the fluorescence of the rhodamine-contain-
ing probe. The high fluorescence HMTMR used to indicate
HCIO was obtained by the cleavage of the oxidized ether
moiety in MitoAR or MitoHR. This probe was distributed in
mitochondria after internalization and thus it can realize the
visualization of HCIO inside mitochondria in HeLa cells. In
addition, Libby et al. have developed a powerful near-infrared
sulfonaphthoaminophenyl fluorescein fluorescent probe
SNAPF (29) with a xanthene-based dye scaffold on the basis of
the same principle.”® After the probe was oxidized, sulfo-
naphthoaminophenyl dye with 676 nm emission was pro-
duced, which was used as an indicator for HCIO detection. For
the sake of the good selectivity and sensitivity, this probe can
image HCIO produced by stimulated MPO-expressing cells, as
well as HCIO from bone marrow-derived macrophages.
Furthermore, with the aid of fluorescence reflection imaging,
this probe can directly observe the HClIO-mediated inflamma-
tory tissue damage in mice and HCIO production by MPO
expressing cells in human atherosclerotic arterial samples in a
noninvasive manner. In comparison with the traditional
methods,  sulfonaphthoaminophenyl fluorescein-assisted
molecular imaging technology can further aid in understand-
ing the function and dynamic process of HCIO in vascular dis-
eases, which is conducive to accelerating the clinical diagnosis
process. In general, multi-emission fluorescent probes could
self-calibrate the interference factors and improve detection

5076 | Analyst, 2020, 145, 5068-5089

accuracy. Accordingly, a dual-emitting fluorescent probe HA
(30) was synthesized by tethering 4-aminophenoxyl to 1,8-
naphthalimide via a carbamate linkage.®* The 4-Aminophenol
moiety of HA is electron-rich and it can quench fluorescence
via the PET mechanism. After interaction with ClO™, two acyla-
tion derivatives with the HA-1 and HA-3 configuration were
formed and the distinct fluorescent emission bands were
observed at 460 nm and 570 nm, respectively. Since the fluo-
rescence of the probe has good water-solubility and inertness
under physiological conditions, it has been developed for the
dual-channel fluorescence imaging of ClO™ in living cells.
Pyrrole can act as the single-atom electron donor to reduce
the intensity of background fluorescence of the probe and
improve the signal-to-noise ratio by enhancing the photo-
induced electron transfer effect (Scheme 7).>"%” The interrup-
tion of the photoinduced electron transfer process in the fluo-
rescent probes has been used for HCIO detection.®®® In 2014,
Peng et al. synthesized a BODIPY-based HCIO probe BCIO (31)
by the Michael addition reaction of acryloyl chloride with a
2,4-dimethylpyrrole fragment.®® The pyrrole group at the meso
position had an enhanced photoinduced electron transfer
effect on the BODIPY fluorophore, so as to obtain low back-
ground fluorescence and a high signal-to-noise ratio. This
probe can be applied to image basal HCIO in cancer cells and
monitor the time-dependent elevation of HCIO generated by
MCF-7 cells. Furthermore, they also synthesized a BODIPY-
based ratiometric fluorescent probe BRCIO (32) for improving
the detection accuracy of HCIO.*® The corresponding oxyni-
tride product was formed by HCIO oxidation, resulting in a
blue shift of the emission wavelength. Due to the excellent

This journal is © The Royal Society of Chemistry 2020
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sensing properties and biocompatibility, the ratio fluorescent
emission of this probe was applied to detect HCIO changes in
the presence of exogenous HCIO in live cells with clearly separ-
ated signals.

With the characteristics of easy modification and good bio-
compatibility, nanoprobes can be designed as nanoparticles
with a large number of high-sensitivity luminescent groups to
replace small-molecule probes, and have been widely used in
the field of biology.”””" In addition, nanoprobes were condu-
cive to store in the targeted lesion tissue, enabling them to
identify reactive oxygen species.””> To date, a variety of nano-

This journal is © The Royal Society of Chemistry 2020

probes have been prepared for HCIO measurement in vivo.”>
Most of them utilized nitrogen-containing groups as the
specific identification sites for sensing HCIO/CIO™ (Scheme 8
and Fig. 3).

Magnetic nanoparticles have been applied to the human
body due to their good biocompatibility and since they facili-
tate bioimaging.”*”> Hilderbrand et al. developed non-lumi-
nescent organic conjugated nanoprobes by attaching fluoro-
genic oxazine to Alexa Flour 488 modified magnetic nano-
particles 1 (33) for HCIO visualization in vivo.”® HCIO can acti-
vate the nanoprobe and release oxazine dye from the nano-
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Fig. 3 Structures and mechanism of the nitrogen-containing nanoprobe in HCIO/CLO™. (A) Reprinted with permission from ref. 82. Copyright 2019,
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particle scaffold to restore its fluorescence properties. In
addition, the attachment of hundreds of oxazine could alter
the elution kinetics of small oxazines and prolong the half-life
of the circulating probe, resulting in a high sensitivity towards
HCIO. Therefore, this nanoprobe can image HCIO produced by
ischemia-induced inflammation and cardiovascular disease in
living cells and in mice. In addition, Lin et al. utilized poly
(-aminoamine) dendrimers to synthesize an organic polymer
nanoprobe 2 (34) for ClO™ sensing.”” Through a cascade of oxi-
dations in the tertiary amine of the dendritic cores, poly(-ami-
noamine) dendrimers generated fluorescent hydroxylamine,
which can be selectively destroyed by CIO™ to shut down the
fluorescence at 470 nm. This kind of simple sensing system
can utilize confocal microscopy for ClO™ imaging in macro-
phages with minimal interference from biological matrixes,
and is expected to be a sensing tool for ClO™ in biological
fluids.

Semiconductor n-conjugated polymer (SCP) nanoparticles have
strong light emission and low biological toxicity compared with tra-
ditional organic molecule and inorganic semiconductor quantum
dots. Taking into account these merits, Tang et al. synthesized an
amine-functionalized SCP nanoprobe 3 (35) composed of poly-
fluorene derivatives for the determination of HCIO.”® Through the
oxidation of HCIO, the aniline units of polyfluorene derivatives
generated oxydate. Simultaneously, the conjugation in the semi-
conducting conjugated polymer backbone was destroyed,
accompanied by an obvious fluorescence quenching at 419 nm.
With the rapid response and photo/chemical stability, this nano-
probe was used to image HCIO in HeLa cells.

Many fluorescent molecules have the phenomena of aggre-
gation induced quenching in aqueous media or physiological
buffers, severely impairing their luminescence emission and
sensing performances.”® To effectively avoid this phenomenon,
Wu et al. designed an aggregation induced emission-based
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ratiometric fluorescent nanoprobe MTPE-M (36) for intracellular
ClO™ imaging.*® In this probe, electron-withdrawing group dicyano-
vinyl was linked to C=C, resulting in a highly electron-deficient site
that is more vulnerable to attacks by the nucleophile ClO™.
Meanwhile, the aggregation of probe molecules could easily form
micelle nanoparticles with red fluorescence emission. Therefore,
ClO™ could trigger the conversion of dicyanovinyl tetraphenylethene
to the aldehyde tetraphenylethene, leading to the blue shift of fluo-
rescence emission. The change of ratio fluorescence signals allowed
the probe to image endogenous ClO™ in living cells and zebrafish
with the advantages of fast response, high sensitivity and good
selectivity. Another AIE ratiometric nanoprobe 1-methyl-4-(4-(1,2,2-
triphenylvinyl)styryl) pyridin-1-ium iodide TPE-py-I (37) was used for
detecting CIO™ in tap and pond water.®" Of note, the positive charge
of the probe can be balanced by the electrostatic interaction between
ClO™ and pyridine salt groups, and the nanometer aggregates are
formed, accompanied by the change from reddish to bright yellow.
Li et al synthesized the dual near-infrared ratiometric
nanoprobe Er-CSSNPS@Cy925 by combining the Cy925
cyanine dye that can recognize ClO~ with NaYbF:NaYF,:Yb:Nd
nanoparticles in living organisms (Fig. 3A).5> By the structure
of nitrogen-containing dye Cy925 gradually degrading, the NIR
peaks at 925 nm were decreased. The NIR ratio (lops nm/
Lisss nm) Of the cyanogroup dye and the nanoparticle rep-
resented the interaction with ClO™. Based on these good near-
infrared ratiometric signals, deeper imaging penetrability and
lower autofluorescence, the probe can detect the change in
concentration of ClO™ in mice limbs with arthritis through
in vivo imaging experiments. In addition, Peng et al. estab-
lished the first FRET ratiometric fluorescent nanoprobe NP-2
for ClO~ (Fig. 3B).*> Through Stéber synthesis and a copoly-
merization reaction, NP-2 was obtained via embedding an
amino cyanine dye and rhodamine B in SiO,. The specific
response of ClO™ was achieved by the substitution of aliphatic

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Structures and mechanism of the oxygen-containing nanoprobe in HCIO/CIO™. Reprinted with permission from ref. 88. Copyright
2008, American Chemical Society. Reprinted with permission from ref. 89. Copyright 2014, American Chemical Society.

amines in the conjugate bridge center to regulate the oxidation
potential of cyanine dyes. As a result, the fluorescence of cyanine
dye at 750 nm decreased and a new emission band at 575 nm
was observed. The developed ratio fluorescence emissions in the
probe can be applied to visualize the intracellular HCIO.

As a kind of organic luminescent nanomaterial, carbon
dots (CDs) have the advantages of low cost, low toxicity, high
luminescence intensity and good biocompatibility, and have
been applied in the biological detection field as a substitute for
metal quantum dots.** Qiu et al developed a CD-based ratio-
metric fluorescent nanoprobe for the visual and specific detec-
tion of CIO™ (Fig. 3C).*® This probe was made by mixing CDs
synthesized from m-phenylenediamine with Ru(bpy);Cl,-6H,O
in an appropriate proportion, which was called CDs@[Ru
(bpy)s]**. Notably, the rationale of CIO™ detection in this system
was an energy migration induced fluorescence quenching
between the amine group of carbon dots and CIO™ through the
N-H---O-Cl hydrogen bond. In addition, an intracellular CIO™
image was realized via ratiometric imaging microscopy.

Semiconductor quantum dots have been widely used in
biology for the sake of their excellent light stability and unique
spectral tunability.?® Liau et al reported a quantum dot-
coupled polystyrene microbead nanoprobe for HCIO quantifi-
cation (Fig. 3D).*” HClO-mediated oxidation etching can
decrease the size of the probe, causing the blue shift of the
emission spectrum for the detection of HCIO, different from
the rationale of using fluorescence intensity for HCIO detec-
tion. Meanwhile, polystyrene microspheres as the carrier can
effectively control the position and number of probes in the
cell. Consequently, it could be used for the quantitative
research of HCIO secreted by human neutrophils and rat liver
leukocyte cells through stimulation with the endotoxin lipopo-
lysaccharide of Gram-negative bacteria.

Oxygen-containing functional groups for HCIO/C1O™ fluo-
rescence detection

HClO-promoted oxidation of oxygen-containing functional
groups can regulate the photoinduced electron transfer
process, leading to the “turn on” or “turn off” of fluorescence
emissions, so as to realize the detection of HCIO

This journal is © The Royal Society of Chemistry 2020

(Scheme 9).**% Yang and his coworker prepared a BODIPY-based
fluorescent probe containing p-methoxyphenol for monitoring
HCIO.®® The fluorescence of this probe was quenched by the photo-
induced electron transfer effect. Since the HOMO energy level of
the benzoquinone oxidation product was lower than that of
BODIPY, the photoinduced electron transfer process could not
generate the fluorescent emissions. In fact, HKOCI-1 (38) oxidation
products could be further oxidized by HCIO, resulting in an
unstable fluorescence signal. In order to improve the chemical
stability of HKOCl-based probes, they further synthesized a series
of similar probes, HKOCl-2a, HKOCI-2b and HKOCl-2¢c, by substi-
tuting the analog with an adjacent halogen.** Among them,
HKOCI-2b (39) exhibited the highest sensitivity towards HCIO.
With the excellent pH stability and good biocompatibility, the
HKOCI-2b probe was finally applied to image endogenous HCIO in
mouse and human macrophages.

Ma et al. synthesized lanthanide core-shell colloidal fluorescent
nanoprobe HPs by the surfactant-free biphasic sol-gel method for
ClO™ detection (Fig. 4A).°° This probe was obtained by coating a
homogeneous silicon shell on Eu(NTA);-containing 3-(methacryloxy)
propyl trimethoxy silane droplets. ClO™-mediated oxidation could
swell the organic groups of the shell and penetrate into the core,
which prevented the energy transfer between 1-(2-naphthoyl)-3,3,3-
trifluoroacetone (NTA) and Eu®" with luminescence quenching.
Therefore, HPs were applied for CIO™ detection in tap water, aqua-
culture water and disinfectants. Using the same Eu®" complex, Qiao
et al. subsequently synthesized a lanthanide-based ratiometric fluo-
rescent nanoprobe Eu(NTA);L@PS with a polystyrene (PS) cell
(Fig. 4B).”" Upon reaction with ClO~, 4'-(40-vinyl{1,10-biphenyl]-4-
y1)-2,2":6',2"-terpyridine (L) ligand was protonated by H', resulting in
an increase in emerging green emissions and a decrease in
red emissions. The change of ratio fluorescence signals allowed
the probe to directly detect CIO™ concentration by the logic
operation.

C=—C unsaturated double bonds for HCIO/CIO™ fluorescence
detection

C=C unsaturated double bonds as the active sites for HCIO
specific detection usually interact with HCIO to form epoxides,
aldehydes, acids or chlorides. In view of these characteristics,
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Fig. 4 Structures and mechanism of the oxygen-containing function group nanoprobe in HCIO/CLO™. (A) Reprinted with permission from ref. 90.
Copyright 2019, Elsevier. (B) Reprinted with permission from ref. 91. Copyright 2020, Elsevier.

Wang et al. synthesized a near-infrared fluorescent probe
CY-FPA (40) by covalently connecting an electron-donating
group to the cyano main chain for HCIO detection.’® The
quenching of near-infrared fluorescence was derived from the
formation and degradation of chlorohydrin as well as the for-
mation of epoxy during the reaction. In addition, this probe
has good water solubility, photobleaching resistance and cell-
membrane permeability, and can be further used for near-
infrared fluorescence imaging of HCIO in living cells.

The ratiometric fluorescent probe can avoid the influence
of other variables such as instrument efficiency, excitation
intensity and environmental effects for reasonable built-in rec-
tification.”® Zhao et al. constructed a FRET-based ratiometric
fluorescent probe XWJ (41) using dansyl and 2-(3,5,5-trimethyl-
cyclohex-2-en-1-ylidene) malononitrile for sensing HClO.** In
this system, the dansyl fluorophore can be used to construct
the FRET dyad and the near-infrared fluorescence of 2-(3,5,5-
trimethylcyclohex-2-en-1-ylidene) malononitrile could provide
the fluorescence energy conversion system.’>°® Upon the
addition of HCIO, the C=C double bonds were cleaved to yield
an aldehyde group and the FRET was turn off, resulting in a
well-separated double emission. This ratiometric probe was
used to image endogenous and exogenous HCIO in living cells
with outstanding sensitivity and selectivity. In addition, Qian
et al. utilized a,f-unsaturated pyrazolone to synthesize a probe
BODIPY-Pyra (42) for the real-time monitoring of HCIO in
organisms.”” According to the same rationale, the
BODIPY-CHO product could generate green emission at
510 nm. This probe was realized for HCIO fluorescent imaging
in MCF-7 cells, HepG 2 cells and zebrafish. Long wavelength
photons can deeply penetrate tissues and a large Stokes shift
can avoid the self-absorption issue. Yang et al. developed a
long wavelength emission probe NCIO (43) based on a
naphthalimide derivative.”® The C=C double bond between
naphthalimide and methylated pyridine in the probe could be
oxidized by HCIO with a blue shift of emission to display a
ratiometric fluorescence change. NCIO can detect HCIO in
living cells and zebrafish by fluorescence images. Wu et al.
synthesized a near-infrared ratiometric fluorescent probe Py-Cy
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(44) for HCIO determination.”® The red emission probe
extended the conjugation length and introduced the D-t-A elec-
tronic structure by the Norman Geler reaction. The pyrene deriva-
tive fluorophore was converted to pyrene-CHO-based excimer after
the reaction with ClO7, resulting in blue fluorescent emission. The
introduction of BF,” could improve the light stability and water
solubility, the probe could be used to image ClO™ produced in
RAW264.7 cells. Hu et al. constructed a fluorescent probe CMCY
(45) by connecting diethylaminocoumarin aldehyde with 1,2,3,3-
tetramethyl-3H-indolium iodine for sensing ClO™.'* This probe
showed the maximum emission at 631 nm. HCIO readily reacted
with C=C double bonds and destroyed the large n-conjugate of the
probe, resulting in the formation of chlorides with blue fluo-
rescence emission. With good membrane permeability, the probe
could be used for the real-time sensing of CIO™ in HeLa cells using
confocal fluorescence microscopy. The principle of the above-men-
tioned C=C double bond-containing probe to generate aldehyde
derivatives during detecting HCIO/CIO™ is shown in Scheme 10.

Chen et al. prepared a fluorescent nanoprobe SSRN by copre-
cipitation of the morpholine moiety modified amphiphilic poly-
mers with a single dye for ratiometric monitoring HCIO in HeLa
and macrophage cells (Fig. 5)."”" In comparison with the FRET-
based probe for donor-recipient separation, SSRN integrated both
the referenced unit and HCIO sensing unit into a single dye to
achieve the self-referenced ratiometric effect by intramolecular
charge transfer. The Cl atom of HCIO can lead to the opening of
the C=C double bond through the addition reaction, resulting in
the heavy atomic effect of chlorine and thereby reducing the fluo-
rescence emission at 581 nm. In addition, this probe was able to
visualize exogenous and endogenous HCIO in lysosomes by utiliz-
ing the localization ability of morpholine molecules.

Phosphorescent probes for HCIO/
ClO™ detection

In recent years, phosphorescent probes have attracted con-
siderable attention owing to their excellent optical stability."*>
In comparison with fluorescent probes, phosphorescent

This journal is © The Royal Society of Chemistry 2020
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Scheme 10 Structures and mechanism of C=C unsaturated double bonds for HCIO/CIO™ probes. Reprinted with permission from ref. 92.
Copyright 2014, American Chemical Society. Reprinted with permission from ref. 94. Copyright 2014, American Chemical Society. Reprinted with
permission from ref. 97. Copyright 2019, Elsevier. Reprinted with permission from ref. 98. Copyright 2019, Elsevier. Reprinted with permission from
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Fig. 5 Structures and mechanism for the selective visualization of lysosomal HCIO by the SSRN nanoprobe. Reprinted with permission from ref.

101. Copyright 2020, Elsevier.

probes rarely suffer from internal filtering and homo-FRET
effects due to the large Stokes shift.'">* In addition, the long-
lived luminescence generated by the spin-forbidden nature
can be used in time-resolved imaging to minimize self-fluo-
rescence interference and improve imaging accuracy.'®® A
number of phosphorescent probes with HCIO/CIO™ specific
recognition groups have been reported.'® According to the
different structures and luminescence characteristics of the
probes, Table 2 summarizes the phosphorescent probes for
HCIO/CIO™ by comparing their emission wavelengths, detec-
tion limits and corresponding applications.

This journal is © The Royal Society of Chemistry 2020

Sulfur group elements for HCIO/CIO™ phosphorescence
detection

HClO-promoted S elimination in the probe could inhibit the
photoinduced electron transfer process, accompanied by phos-
phorescence enhancement (Scheme 11). Hence, Yuan et al
synthesized a Ru(u) complex-based luminescent probe [Ru
(bpy)(DNPS-bpy)]-(PFe), (46) by exploiting a “signaling moiety-
recognition linker quencher” sandwich approach.’®® On
account of the photoinduced electron transfer effect from the
Ru(n) center to the 2,4-dinitrophenyl electron acceptor, the
luminescence of the probe was completely withheld. Upon the
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Table 2 Summary of different phosphorescent probes for HCIO/CLO™ detection
Probe Aem (NM) Linear range (uM) LOD (pM) Imaging application Ref.
[Ru(bpy), (DNPS-bpy)]-(PFy), (46) 626 2.5-50 53.5x107°  HeLa and Raw264.7 cell 106
Mito-NPSTTA-Eu’* (47) 610 0.005-0.1 1.8x107° Raw264.7 cell, HepG2 cells and zebrafish 107
[Ru (bpy)s*']-PTZ (48) 605 1073-100 1.8x107° Mice 108
Ru-Fc (49) 626 2-15 38.6x107° MDA-MB-231 cells, Daphnia Magna 109
Ir-Fe (50) 600 5-40 93.3x107° HepG 2 cells and zebrafish 110
Ruazo (51) 600 0.5-50 0.437 Mice 111
Ir1-Ir4 (52) 534-598 . o Raw264.7 cell 112
Si0,-1@mSi0,-2 (53) Is08/I500 0-50 — Raw264.7 cell 113
ANMTTA-Eu*" (54) 610 0.01-1 1.3x107° HeLa and Raw264.7 cell 114
ANMTTA-Tb** (55) 540 0.01-1 0.64 x107° — 114
[Ru(bpy).(AN-bpy)]** (56) 612 2.5-40 33x107° HeLa and porcine neutrophils cell 115
RTLNP I530/I607 — 0.27 Raw264.7 cell, zebrafish and Daphnia Magna 116
Ru-1 (57) 587 0-400 76 x107° HEK293T cells 117
NPPTTA-Eu*" (58) 610 0.01-0.06 1.1x107° Raw264.7 cell and Daphnia Magna 118
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Scheme 11 Structures of sulfur-containing probes and reaction mechanisms for HCIO/CLO™ based on sulfur elimination. Reprinted with permission
from ref. 106. Copyright 2013, American Chemical Society. Reprinted with permission from ref. 107. Copyright 2017, Royal Society of Chemistry.
Reprinted with permission from ref. 108. Copyright 2014, Royal Society of Chemistry.

addition of HCIO, 2,4-dinitrophenyl was separated from the
Ru(n) complex with remarkable red emissions. Moreover, the
probe can be used to capture and visualize exogenous/
endogenous HCIO inside cancer and macrophages -cells.
Analogously, Yuan et al. prepared a mitochondria-targeting
time-gated luminescent probe Mito-NPSTTA-Eu*" (47) for
sensing HCIO."” The long-lived red luminescence signals
were observed when this probe interacted with HCIO. The high
sensitivity and selectivity of the probe can be used for the
imaging of mitochondrial HCIO in RAW264.7 cells and
zebrafish.

5082 | Analyst, 2020, 145, 5068-5089

ClO™-responsive phenothiazine is a typical S-containing
compound with a reversible one-electron oxidation potential.
In view of this feature, Sun et al. designed an intramolecular
electron transfer phosphorescent probe [Ru(bpy);>‘]-phe-
nothiazine (48) through a ruthenium tris-bipyridyl complex co-
valently linked with phenothiazine.'®® The phosphorescence
intensity of the probe oxidized by ClO~ was significantly
enhanced at 605 nm. However, after H,S was added in
sequence, the probe returned to the original state. This probe
showed good redox reversibility and enabled one to monitor
ClO™/H,S simultaneously. In this end, it was used to visualize

This journal is © The Royal Society of Chemistry 2020
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the CIO™ and H,S-induced redox cycle in mice at the subcellu-
lar level by imaging technology.

Nitrogen-containing functional groups for HCIO/CIO™ phos-
phorescence detection

Nitrogen-containing functional groups can be used as a med-
iating factor for phosphorescence initiation in the probe. By
removing nitrogen-containing functional groups, luminous
transition metals and lanthanide complexes are released for
HCIO detection (Scheme 12).'°°7''* Zhang et al. reported a
transition metal complex phosphorescent probe Ru-Fc (49) for
the detection of HCIO in vivo with high sensitivity and selecti-
vity.'®® In view of the classical photoinduced electron transfer
inhibition luminescence principle, the metal-to-ligand charge
transfer state of the [Ru(bpy),(COOH-bpy)]** complex was re-
established by HClO-promoted cleavage of the nitrogen-con-
taining moiety, resulting in remarkable photoluminescence
emission. Due to its lower cytotoxicity and distribution in the
lysosome by intracellular endocytosis, this probe allowed one
to monitor HCIO in the lysosome of living cells and in liver
injury of zebrafish using confocal microscopy and flow cytome-

HOOC
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try. By replacing Ru(u) with Ir(m), another phosphorescent
probe Ir-Fc (50) was synthesized with the same HCIO response
group.™? Notably, this probe enabled HCIO to be imaged by
single-photon, two-photon and lifetime mode in liver injury of
mice and living cells.

Sun et al. synthesized a dinuclear Ru(u) complex phos-
phorescent probe Ruazo (51) for HCIO by combining the
azo-o-amino moiety with the Ru(u) complex.'' A highly
luminescent product was formed by the oxidation of azo-o-
amino groups in the binuclear ruthenium(u) complex. The
synergetic effect of the dinuclear Ru(u) complex could
improve the sensitivity and selectivity for HCIO. Thus, the
probe imaged HCIO inside living cells and mice. In addition,
Chao et al. synthesized a series of Ir(u) complex multicolor
probes Ir1-Ir4 (52) by coupling the diaminomaleonitrile
moiety with the bipyridine ligand in the Ir(ur) center for
sensing HCIO.""* By the elimination of C=N isomerization,
the probe could turn on phosphorescence emission from
534 nm to 598 nm. These multicolor emissions of these
probes facilitated the visualization of HCIO inside the mito-
chondria of living cells.

Z°C

Scheme 12 Structures and mechanisms of nitrogen-containing functional group probes for HCIO/CIO™. Reprinted with permission from ref. 109.
Copyright 2015, Elsevier. Reprinted with permission from ref. 110. Copyright 2017, Elsevier. Reprinted with permission from ref. 111. Copyright 2016,
Nature. Reprinted with permission from ref. 112. Copyright 2014, Royal Society of Chemistry. Reprinted with permission from ref. 113. Copyright

2015, Royal Society of Chemistry.
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The C=N isomerization was also useful for the develop-
ment of nanomaterial-based phosphorescent probes. For
example, Huang et al. prepared a silica-based core-shell ratio
phosphorescent nanoprobe SiO,-1@mSi0,-2.""* This nano-
probe showed no-luminescence because the C=N isomeriza-
tion of complex (53) resulted in non-radiative decay of the
excited state. Once exposed to ClO™, the luminescence of the
nanoprobe varied dramatically from blue to red. Therefore, the
intracellular detection of exogenous and endogenous ClO™ was
demonstrated via ratiometric imaging and photoluminescence
lifetime imaging microscopy.

Oxygen-containing functional groups for HCIO/C1O™ phos-
phorescence detection

The oxidative cracking reaction of ether groups can enhance
phosphorescence intensity or change the luminous wavelength
of the probe (Scheme 13). In 2012, Yuan et al. synthesized a
group of time-gated luminescent probes ANMTTA-Eu®",
ANMTTA-Tb*" and ANMTTA-Ln*" for the specific detection of
HCIO."* In these probes, the photoinduced electron transfer
process regulated the luminescence emission of the probe.
The cleavage of the ether group can block the photoinduced
electron transfer, resulting in the long-lived (millisecond)
luminescence of the lanthanide HTTA-Eu®*/Tb®" complex. In
comparison with ANMTTA-Tb*" (55) probes, the ANMTTA-Eu**
(54) probe exhibited excellent selectivity towards HCIO,
enabling it to be used for the detection of HCIO secreted in
live cells by time-gated luminescence imaging without back-
ground. Similarly, Yuan and his co-authors synthesized
another probe [Ru(bpy),(AN-bpy)]*” (56) by introducing the
same HCIO recognition moiety for the real-time detection of
HCIO.'*® This probe showed fast response to HCIO, leading to

[Ru(bpy)2(AN-bpy)?*

56

€0z .0,c— N

/ \_J \
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the 110-fold luminescence enhancement in the oxidation
product of [Ru(bpy),(HM-bpy)]**. In addition to the imaging of
the exogenous HCIO in HeLa cells, the endogenous HCIO
generation at porcine neutrophils was also observed in
microscopy images. The signal output of the single emission
probe usually was interfered by analyte-independent factors. In
order to break the limit, Yuan et al further constructed a
silica-based core-shell ratiometric time-gated luminescent
nanoprobe RTLNP.''® In this probe, the g-diketonate Eu’*
complex was coated on the surface of silica nanoparticles for
specifically sensing HCIO and the green emission of the Tb**
complex acted as a reference signal (Fig. 6). Therefore, the
ratio phosphorescence emission was exhibited by the oxidation
of p-diketonate. This long-lived phosphorescent emission
enabled the probe to accurately and sensitively detect HCIO in
living cells and animals via ratiometric time-gated lumine-
scence imaging microscopy.

Unsaturated double bonds for HCIO/CIO™ phosphorescence
detection

In general, unsaturated double bonds of the probe can be
broken or form carboxylic acid upon action with HCIO
(Scheme 14).""7"'® Khatua et al. synthesized a bis-heteroleptic
Ru(u) complex based phosphorescent probe Ru-1 with the
1,2,3-triazole ligand, which achieved the conversion from C=C
bond to C-H hydroxylation to detect HCIO.''” C(sp®)-H
hydroxylation of this complex could inhibit the nonradiative
decay of the excited state Ru-1 (57) and turn on the lumine-
scence of Ru-1-OH/O™. Due to the advantages of membrane
penetrability and low cytotoxicity, this probe was used for
HCIO imaging in HEK293T cells. In addition, Yuan and his co-
workers synthesized a functional lanthanide complex probe by

Eud+

N COy’
/2o~
HTTALn%* ANMTTATb*
55

[Ru(bpy)2(HM-bpy)1*

Scheme 13 Structures and mechanisms of oxygen-containing functional group probes for HCIO/CLO™. Reprinted with permission from ref. 114.
Copyright 2012, American Chemical Society. Reprinted with permission from ref. 115. Copyright 2014, Royal Society of Chemistry.
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Fig. 6 Design concept of a ratiometric luminescent probe based on crow-like dual-emissive silica nanoparticles modified by Tb** and Eu®* com-
plexes (a), and the luminescence quenching mechanism of a -diketonate-Eu®* complex by HCLO (b). Reprinted with permission from ref. 115.

Copyright 2017, Royal Society of Chemistry.

Ru-1 Ru-1-OH/O™
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Scheme 14 Structures and mechanisms of unsaturated double bond-containing functional group probes for HCIO/CIO™. Reprinted with per-
mission from ref. 117. Copyright 2019, American Chemical Society. Reprinted with permission from ref. 118. Copyright 2017, Institute of Physics.

incorporating dinitrophenyl into a terpyridine polyacid
(NPPTA)-Eu®" complex (58) through a hydrazine linker for
HCIO."'® Nitro groups were cracked by HCIO to generate the
strong luminescent Eu®* complex, accompanied by a 900-fold
luminescence enhancement with a long lifetime of 1.41 ms.
Hence, the visualizations of HCIO generated in RAW264.7 cells
and Daphnia Magna were performed by time-gated lumine-
scence imaging technology.

Chemiluminescent probes for HCIO/
ClO™ detection

Chemiluminescence is the process of converting chemical
energy into luminescence.''® Recently, probe-based chemilu-
minescence has been widely explored for determination
systems due to merits such as no background signal, no photo-
bleaching, simple equipment and fast signal response.'** ">
Moreover, chemiluminescence can accurately detect analytes

This journal is © The Royal Society of Chemistry 2020

online and avoid the transformation of analytes in the sub-
sequent reactions.’*® On account of the high signal-to-noise
ratio, probe-based chemiluminescence imaging plays a very
important role in the fields of immunology and cell
biOlOgy.124’125
ClO™ in vivo have been reported. In addition to direct lumine-

Chemiluminescent probes for detecting HCIO/

scence, indirect luminescence including chemiluminescence
resonance energy transfer can be used to enhance the lumine-
scence intensity and improve the detection sensitivity for
HCIO/CIO™. Table 3 summarizes chemiluminescent probes for
HCIO/CIO™ by comparing their emission wavelengths, detec-
tion limits and imaging applications.

Conjugated polymers can be used as energy receptors in
chemiluminescence resonance energy transfer to enhance che-
miluminescence with their characteristics of optical signal
amplification and light capture.'®®'*” Therefore, Duan et al.
designed a conjugated polymer-based chemiluminescence
nanoprobe CPN-PFV-co-MEHPV (59) for imaging ClO~
in vivo."”® The C=C bond of polyfluorene-vinylene (PFV) can
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Table 3 Summary of different chemiluminescent probes for HCIO/CLO™ detection

Probe Aem (NM) Linear range (uM) LOD (M) Imaging application Ref.
CPN-PFV-co-MEHPV (59) 560 2-30 0.47 Mice 128
Benzoylhydrazine luciferin (60) 560 0-62.5 0.705 MDA-MB-231 cells, nude mice 130
p-Luciferin cage (61) 560 1-200 0.033 ES-2-Fluc cells and mice 131

PFV-dioxetane < EEY-sldefiyde
< WV
o o o [o]
H
\_ -
CPN-PFV-co-MEHPV
OCH;3 OCH,
PPV-dioxetane PPV-aldehyde
(o]
Ho S N HO o
HCIO OH
J ) S /N
/>—< Luciferase, ATP, O, /
—_—
et 3 N = AMP. CO, N s
robe D-Luciferrin
60 o
X S, N OH S ‘
J
)< X1= J\ X2= HzNOO
\@N s \'7‘ o~ \
Probe X Probe 2 Probe 3
61

Scheme 15 Structures and mechanism of chemiluminescent probes for HCIO/CIO™. Reprinted with permission from ref. 128. Copyright 2018,
American Chemical Society. Reprinted with permission from ref. 130. Copyright 2017, American Chemical Society. Reprinted with permission from

ref. 131. Copyright 2018, Royal Society of Chemistry.

form high energy intermediates through ClO™-mediated n*-x’
cycloaddition. Because of the instability of the intermediate, it
can transfer energy to the conjugated polymer receptor, along
with long-lived chemiluminescence (half-life 3.0 min). Using
this chemiluminescent probe, endogenous ClO™ generation in
a mouse model of peritonitis inflammation was imaged.
Bioluminescence is a special type of chemiluminescence in
biological systems.'?® Liang et al. developed a benzoylhydra-
zine luciferin bioluminescent probe (60) for the highly selec-
tive detection of CIO™ in vivo."*° In this report, the carboxyl
group of this probe was oxidized by CIO™ and hydrolyzed to
release p-luciferin, which was used for luciferase to generate
light signals. This bioluminescent probe has been utilized for
bioimaging of ClO™ in live cells and tumors. Similarly, Li et al.
designed two kinds of turn-on bioluminescent probes (61) for
the selective detection of ClIO™ by using a versatile and well-

5086 | Analyst, 2020, 145, 5068-5089

implemented caging p-luciferin strategy.'®' By the interaction

with ClO7, sulfide and the tetraminophenol moiety masking
groups were cleaved to yield p-luciferin for luciferase to gene-
rate a light readout. Therefore, this probe was applied for the
highly selective detection of ClO™ in vitro and imaging
endogenous ClO™ in a mouse inflammation model. The HCIO/
ClO™ detection mechanisms of the above chemiluminescent
probes are shown in Scheme 15.

Conclusion and prospective

The detection of HCIO/CIO™ in vitro and in vivo is essential for
biological applications, especially in biomedicine. The devel-
opment of luminescent probes is conductive for people to
intuitively locate the lesions caused by HCIO/CIO™, and further

This journal is © The Royal Society of Chemistry 2020
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to explore the effects of HCIO/CIO™ on physiological functions
of living organisms. In this review, we discussed the detection
mechanisms of luminescent probes for HCIO/CIO™ with
different recognition groups. Among them, fluorescent and
phosphorescent probes have been widely used for the localiz-
ation and detection of HCIO/CIO™ in vitro and in vivo. In order
to make up for the oneness and deficiency of the above
probes, other probes for HCIO/CIO™ have also been developed.
Two-photon/near-infrared fluorescent probes have a strong
ability to penetrate biological tissues and avoid damage to bio-
logical samples, but still cannot completely avoid the detri-
ment of incident light. Chemiluminescent probes can be acti-
vated to allow the real-time monitoring of HCIO/CIO™ in vitro
and in vivo without external light. However, the luminescence
intensity and lifetime of chemiluminescent probes limit their
further applications.

Nowadays, great progress has been made in the research of
luminescent probes in HCIO/CIO™. However, there are still
some challenges in clinical applications. Furthermore, most of
the luminescent probes described in this review are irrevers-
ible. Therefore, it is a critical criterion to further explore the
comprehensiveness of the detection performance of the lumi-
nescent probes. In view of the superior contribution to biologi-
cal detection, we believe that luminescent probes will continue
to make new progress in the field of biological analysis.
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