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In the past few years, the preparation of novel small-molecule fluorescent probes for specific detection

and imaging of chemical species inside lysosomes has attracted considerable attention because of their
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wide applications in chemistry, biology, and medical science. This feature article summarizes the recent
advances in the design and preparation of small-molecule fluorescent probes for specific detection of
chemical species inside lysosomes. In addition, their properties and applications for the detection and

imaging of pH, H,O,, HOCL, O,*~, lipid peroxidation, H,S, HSO3~, thiols, NO, ONOO™, HNO, Zn%*, Cu?*,

rsc.li/chemcomm

1. Introduction

Lysosomes are important cell organelles that contain more than
50 degradative enzymes, which usually have optimal activity in an
acidic environment of pH 4.5-5.5." The acidic microenvironments
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enzymes, etc. in lysosomes are discussed as well.

in lysosomes can activate these enzyme functions to facilitate the
degradation of proteins.”> For a long time, lysosomes were
considered merely to be cellular waste bags as well as the
stomachs of the cells. Nowadays, lysosomes are described as
advanced organelles which play critical roles in cellular homeo-
stasis and the mediation of a variety of physiological processes,
such as protein degradation and plasma membrane repair.’
Pieces of evidence have shown that lysosomes are associated with
the pathogenesis of diseases such as storage disorders, cancer,
neurodegenerative disorders, and cardiovascular diseases.*
Recent research has indicated that the chemical species
(such as pH, H,0,, HOCI, O,* ", lipid peroxidation, H,S, HSO; ",
thiol, NO, ONOO~, HNO, Zn*, Cu®**, enzyme, etc.) inside
lysosomes seriously affect the status and function of these
organelles.” For example, a lysosomal proton is associated with
many cellular events, including apoptosis, autophagy, and cell
maturation.® H,S inside lysosomes could cause cell death in
association with the activation of calpain proteases and lysosomal
destabilization.” Excessive H,0, in lysosomes would lead to
lysosomal dysfunction or even rupture.® HOCI could induce
apoptosis of cultured cells through the rupture of lysosomes.’
Zn** plays an important role in lysosome dysfunction and the
autophagy lysosome pathway.'® The level of Cu®** in lysosomes
is closely related to a number of neurodegenerative diseases,
including Wilson’s disease (WD), Menkes disease (MD) and
Alzheimer’s disease (AD)."* Therefore, specific detection and
imaging of chemical species inside lysosomes would be very
meaningful for the understanding of intracellular reaction
kinetics and mechanisms, and further assisting the development
of diagnostic and treatment strategies. Compared with traditional
analytical techniques such as atomic absorption spectrometry,
inductively coupled plasma atomic emission spectrometry, and
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electrochemical methods, fluorescence probes have been recognized
as one of the most efficient molecular tools in biological systems due
to their high sensitivity and selectivity, easiness of manipulation,
real-time imaging, high spatiotemporal resolution, and nondestruc-
tive detection.'” Therefore, during the past few years, a great number
of small-molecule fluorescent probes for the specific detection and
imaging of chemical species inside lysosomes have been developed,
which provide important concentration and distribution informa-
tion of the chemical species within lysosomes. Considering the fact
that significant progress has been made in this field, it is crucial and
urgent to summarize the recent development of such fluorescent
probes. In this feature article, we will summarize and discuss the
recent advances in small-molecule fluorescent probes for specific
detection of chemical species, such as pH, H,0,, HOCI, O,*, lipid
peroxidation, H,S, HSO; ™, thiol, NO, ONOO ™, HNO, Zn**, Cu*', and
enzymes, inside lysosomes.

2. General methods for delivering
small-molecule fluorescent probes to
lysosomes

Despite the fact that various kinds of small-molecule fluorescent
probes for specific detection and imaging of chemical species inside
lysosomes have been reported, there are only a few methods to
deliver molecular probes to cellular lysosomes so far. The most
common approach is the incorporation of weakly alkaline groups,
such as morpholine, as the guiding unit to target the probe
molecules into the lysosome since these acidotropic groups can help
the probes selectively accumulate in acidic lysosomes through the
protonation of the amine groups in a cellular acidic environment."*
Thus, usually, this kind of lysosome-specific probes contain a fluor-
ophore as well as an amine-containing side group. For instance,
LysoTracker Red is one of the commonly-used commercial lysosome
probes, which has a BODIPY fluorophore and a weak basic side
chain that can accumulate in acidic lysosomes.'* The other way to
target the probes into lysosomes is by using a rhodamine group,
which acts as not only the fluorophore but also the lysosome
anchor.”® Under neutral or basic conditions, the spirolactam of
rhodamine remains closed and the rhodamine derivatives are non-
fluorescent. However, under acidic conditions such as within lyso-
somes, a proton leads to spirolactam ring-opening, which exhibits
strong fluorescence emission and results in the accumulation of
probes in lysosomes.

Based on the above strategies, various kinds of small-molecule
fluorescent probes for specific detection and imaging of chemical
species such as protons, NO, H,S, H,0,, HOCI, HNO, His, Zn**, Cu*",
and enzymes inside lysosomes have been reported. In order to make it
easy to understand, in this feature article, we classified these fluor-
escent probes depending on the type of the guests they recognized.

3. Small-molecule fluorescent probes
for the detection of lysosomal pH

As previously mentioned, lysosomes contain more than 50 degra-
dative enzymes that play critical roles in cellular metabolism.
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The acidic microenvironments in lysosomes (pH 4.5-5.5) can
activate these enzyme functions to facilitate the degradation
of proteins. However, the minor pH fluctuation of lysosomes
may induce lysosome malfunction and consequently result in
lysosomal storage diseases. Therefore, it is essential to precisely
monitor lysosomal pH inside living cells in order to investigate
cellular functions and understand physiological and patho-
logical processes.

The spirocyclic structure of rhodamine is sensitive to the pH
of the solutions.'® For example, under basic conditions, it
remains in the spirocyclic form that is non-fluorescent and
colorless. While in acidic solutions, the ring-open form displays
strong fluorescence and pink color. More importantly, these
probes based on rhodamine usually exhibit a pK, value ranging
from 4 to 6, which is suitable for studying acidic lysosomes.
Therefore, the rhodamine framework is popular for studying
the pH of lysosomes.

Han et al. reported a rhodamine 6G-based fluorescent probe 1
(Scheme 1).” Analogous to commerecial lysotrackers which often
consist of a fluorophoric core linked to a weak base moiety,
probe 1 also contains an amino group in order to preferentially
accumulate in acidic organelles. The pH titration displayed that
probe 1 was almost nonfluorescent at pH 7.0 or above because of
its stable “ring-closed” form while the fluorescence was signifi-
cantly enhanced as the pH decreased. The fluorescence intensity
of probe 1 at pH 4.0 was 1500-fold brighter than that at pH 7.0,
and was 100 fold brighter than that at pH 6.5, which indicated
that probe 1 was a sensitive acid responsive probe capable of
sensing minute pH changes in the range of pH 6.0-4.0 (Fig. 1a).
The high sensitivity of probe 1 to protons and its high selectivity
over interfering species that could be present inside cells such as
Na’, K, Ca**, Co**, cu*', Fe*', Zn**, Mg>*, HOCI, and H,0,
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Fig. 1 (a) Fluorescence emission spectra of probe 1 at various pH values;
the inset shows the pH titration curve of probe 1 (Ex@535 nm and
Em@552 nm); (b) selectivity of probe 1 for pH over selected interferences
in Dulbecco’'s Modified Eagle Medium (DMEM). Fluorescence emission
intensity of probe 1 in DMEM containing H,O, (5 mM), HOCL (5 mM) or
various cations (1 mM) as compared to pH (0.1 mM) (Ex@533 nm,
Em@553 nm). Copyright 2011 Royal Society of Chemistry.
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Fig. 2 Intracellular distribution of probe 1 as compared to lysotracker
green. MEF, L929 and Raw 264.7 cells were respectively co-cultured with
probe 1 and lysotracker green, washed with HBBS buffer, and then
analyzed with confocal fluorescence microscopy to pinpoint the locations
of probe 1 and lysotracker green inside cells. Merging of the fluorescence
of probe 1 (shown in red) and lysotracker green (in green) was shown in
yellow. Bars, 10 mm. Copyright 2011 Royal Society of Chemistry.

indicated that probe 1 was a potential selective pH sensor for
applications in live cells (Fig. 1b). The double staining experi-
ments showed that probe 1 stained the lysosomes in cells of
mouse embryonic fibroblast (MEF), L929, and mouse leukaemic
monocyte macrophage (Raw 264.7). Moreover, the distribution
of probe 1 colocalized with lysotracker green, suggesting that
probe 1 selectively stain lysosomes in live cells (Fig. 2). Further, it
was found that probe 1 exhibited high stability against photo-
bleaching and long retention time in lysosomes, allowing tracking
of morphological alteration of lysosomes from start to finish in
the process of TNF-a triggered cell death.

Zhang and Mao et al. designed a new rhodamine-morpholine
fluorescent probe 2, which contains a morpholine group as the
lysosome tracker (Scheme 2).'® The investigation of the fluores-
cence responses of probe 2 at various pH values showed that it
was almost nonfluorescent at pH 7.4 because of its stable “ring-
closed” form, but the fluorescence intensity of probe 2 was
significantly enhanced as the H' concentration increased to
induce the opening of the spirolactam ring, which displayed a
140-fold increase in the emission intensities within the pH range
of 7.4-4.5 (Fig. 3a). Moreover, probe 2 had a pK, of 5.23, which
was valuable for studying lysosomal pH (Fig. 3b). The confocal
fluorescence imaging experiment showed that probe 2 and
LysoSensor Green displayed large overlaps, which suggested that
probe 2 selectively stained lysosomes in live cells (Fig. 4). More
importantly, probe 2 was successfully applied to detect the
chloroquine-induced increase in lysosomal pH and monitor
the lysosomal pH changes during apoptosis in live cells, which
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Scheme 2 Fluorescent probe 2 for pH.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Feature Article

a x b

lzooo AN ) 1obe

] 2\ 4.0 N

= N

> 15007 \ 0.8 \

K] § \

g | AR\ 06 N

£ 10001 & \ = N pKa=523
3 § A 0.4

£ ) 76 Y

& 500 NN \

S e — = -

[ = e 0.0 —

560 580 600 620 640 4 5 6 7
Wavelength (nm) pH

Fig. 3 (a) Fluorescence spectra of probe 2 (10 pM) at various pH values in
Britton—Robinson buffer solution (40 uM), dex = 525 nm, (b) pH titration
curve of probe 2, Aex = 525 M, Aem = 573 nm. Copyright 2014 Elsevier.

Fig. 4 Cells were stained with (a) 1 mM LysoSensor Green, (b) 10 mM
probe 2. (c) Areas of colocalization appear in yellow. Probe 2 and
LysoSensor Green were excited at 543 nm and 488 nm, respectively.
The fluorescence images were recorded at 550-650 nm and 495-515 nm.
Copyright 2014 Elsevier.

indicated that probe 2 could detect lysosomal pH changes in
real time.

Zhao and Miao et al. reported a rhodamine B-based pH
probe 3, which was synthesized from rhodamine B and cysteine
ethyl ester (Scheme 3)."° As shown in Fig. 5a, probe 3 was nearly
non-fluorescent at pH 7.51. However, significant fluorescence
enhancement was observed with decreasing pH from 7.51 to
3.53 (more than 150-fold increase), which demonstrated the
formation of a ring-open structure of probe 3 induced by H"
under acidic conditions. In addition, the result revealed that
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Fig. 5 (a) Fluorescence spectra of probe 3 (10 uM) in buffer at various
pH values; (b) fluorescence intensity at 584 nm with pH values according
to the fluorescent pH titration (pH 3.53-7.51), Jex = 563 nm. The inset
shows the linear relationship of fluorescence intensity at 584 nm and
pH values from 4.0 to 5.5 (R = 0.98101). Copyright 2013 Elsevier.
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Fig. 6 Confocal fluorescence images of living Hela cells co-stained with
1 uM probe 3 and 0.25 uM LysoSensor Green. (a) Red emission from probe 3;

(b) green emission from LysoSensor Green; (c) overlay of (a) and (b); areas of
co-localization appear in yellow. Copyright 2013 Elsevier.
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Scheme 4 Fluorescent probe 4 for pH.

probe 3 with a pK, of 4.71 was suitable for studying acidic
organelles (Fig. 5b). The fluorescence imaging experiments showed
that the distribution of probe 3 colocalized with LysoSensor Green,
which suggested that probe 3 could selectively stain lysosomes
in living cells (Fig. 6). The lysosome-specificity of probe 3 might
be due to N,N-diethyl groups of 3. Moreover, it was found that
probe 3 could serve as a fluorescent indicator for lysosomal pH
and monitor lysosomal pH changes in living cells.

After that, Zhao and Miao et al. further reported a rhodamine
B-based probe 4 for detecting H" (Scheme 4).%° The fluorescence
response of probe 4 to pH was similar to that of probe 3, while
probe 4 has a pK, of 5.72, which is higher than that of probe 3
(Fig. 7). The result indicated that the detection range of probe 4
could cover both normal and abnormal lysosome pH. Confocal
fluorescent microscopy images displayed that the distribution of
red fluorescence from probe 4 colocalized with green fluores-
cence from LysoSensor Green, which suggested that probe 4
selectively stained lysosomes in living cells (Fig. 8). Moreover, the
fluorescence microscopy images of living HeLa cells co-incubated
with bafilomycin A1 (BafA1) and probe 4 indicated that probe 4
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Fig. 7 (a) Fluorescence spectra of probe 4 (10 uM) in aqueous solution
(Britton—Robinson buffer—EtOH, 9:1, v/v) with different pH values; (b) pH
titration curve of probe 4, ¢y = 563 NM, Aem = 589 Nm. The inset shows the
linear relationship of fluorescence intensity at 589 nm and varying pH
values from 4.6 to 6.5. Copyright 2014 Elsevier.
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Fig. 8 Fluorescence microscopy images of living Hela cells co-stained
with 1 uM probe 4 and 0.25 pM LysoSensor green. (a) Red emission from
probe 4; (b) green emission from LysoSensor green; (c) overlay of (a) and (b);
areas of colocalization appear in yellow. Copyright 2014 Elsevier.
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Scheme 5 Fluorescent probe 5 for pH.

could be used as a fluorescent indicator for lysosomal pH and to
monitor lysosomal pH changes in living cells.

Zhao and Miao et al. also designed and synthesized a new
rhodamine-based probe 5, which exhibited a highly selective
and sensitive response to acidic pH (Scheme 5).** The fluorescence
intensity of probe 5 gradually increased about 46-fold from pH 6.7
to 4.4 with a pK, value of 5.05. Based on the "H NMR spectra, the
authors suggested that two open-ring structural forms, the amide
form and the enol form, of probe 5 existed in the acidic solution
simultaneously. Probe 5 could monitor intracellular pH in living
HeLa as well as HUVEC cells. Moreover, it was suggested that
probe 5 was valuable to measure pH changes in lysosomes as well
since the fluorescence of the probe in cells weakened upon the
addition of bafilomycin Al or chloroquine that could induce a
PH value increase in lysosomes.

Yu and Li et al. prepared two rhodamine B-based probes 6
and 7 via click reaction (Scheme 6).>* 1,2,3-Triazole was intro-
duced as an ideal bridge to improve the biocompatibility and
water solubility of probes 6 and 7. The difference between
probes 6 and 7 was that 7 comprised one more amide bond,
which might serve as additional protonate groups under acidic
conditions. The investigations of the fluorescent response of
probes 6 and 7 to pH showed that the fluorescence of probe 6
increased about 35 fold from pH 7.6 to 4.0 while that of probe 7
increased about 75 fold from pH 8.0 to 4.4 (Fig. 9). Moreover,
the pK, values of the two probes were calculated as 4.79 and
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Scheme 6 Fluorescent probes 6 and 7 for pH.
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Fig. 9 (a) Fluorescence spectral changes of probe 6 (5 pM) in Britton—
Robinson buffer (B—R buffer) solution at different pH values (Jex = 540 nm),
and the maximum emission intensity was measured at 583 nm. Inset: Plot
of the emission fluorescence intensity at 583 nm; pH 3.60, 4.00, 4.19, 4.40,
4.62, 4.80, 5.01, 521, 541, 559, 582, 6.00, 6.21, 6.42, 7.01, and 7.61.
(b) Fluorescence spectral changes of probe 7 (5 uM) in B—R buffer solution
at different pH values (1ex = 540 nm), and the maximum emission intensity
was measured at 583 nm. Inset: Plot of the emission fluorescence intensity
at 583 nm; pH 3.60, 4.00, 4.19, 4.40, 4.62, 4.80, 5.01, 5.21, 5.41, 5.59, 5.82,
6.00, 6.21, 6.42, 7.01, 7.61, and 8.05. Copyright 2014 Royal Society of
Chemistry.

5.23 for probes 6 and 7, respectively. Interestingly, confocal
laser scanning microscopy analysis indicated that the sub-
cellular regions stained with probe 6 not only matched those
stained with LysoTracker Green very well but also matched well
with MitoTracker Green staining, while the subcellular regions
stained with probe 7 only matched well with LysoTracker Green
staining (Fig. 10). These results revealed that probes 6 and 7
had different locations in living cells. Moreover, compared with
the two commercial dyes LysoTracker Green and MitoTracker

h)

Fig. 10 Confocal microscopy images of the intracellular distribution of
lysosomes (incubation 30 min). (a—d) Hela cells were stained with one
drop of NucBlue (blue channel), 1 uM LysoTracker Green (green channel)
and 5 mM probe 6 (red channel). (e—h) Hela cells were stained with one
drop of NucBlue (blue channel), 1 uM MitoTracker Green (green channel)
and 5 uM probe 6 (red channel). (i-1) HelLa cells were stained with one drop
of NucBlue (blue channel), 1 uM LysoTracker Green (green channel) and
5 puM probe 7 (red channel). (m-p) Hela cells were stained with one drop
of NucBlue (blue channel), 1 uM MitoTracker Green (green channel) and
5 uM probe 7 (red channel). Blue channel: ex = 405 nm, Jdem = 420-470 nm;

green channel: dex = 488 NM, Aem = 500—-540 nm; red channel: e = 552 nm,
Jem = 565-620 hm. Copyright 2014 Royal Society of Chemistry.
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Scheme 7 Fluorescent probes 8, 9 and 10 for pH.

Green, probes 6 and 7 were much less toxic, and it was suggested
that probes 6 and 7 were more beneficial for biological applica-
tions in this regard.

Li and Liu et al. prepared a series of rhodamine B-based
probes 8, 9, and 10 (Scheme 7).>* For these probes, the func-
tional group of 2,6-diaminopyridine was introduced and the
amine side chains were protected with a flexible Schiff base or a
rigid naphthyridine based on the considerations that a com-
pound containing amine will not only have good solubility in
both water and lipids but will also help the probe to accumulate
selectively in an acidic environment such as a lysosome. The
neutral solution of probes 8, 9, and 10 was almost colorless and
non-fluorescent; however, with decreasing pH from 7 to 3.67,
these probes exhibited a remarkable fluorescence emission
peak at 590 nm with the solution changing from colorless to
pink. It was found that the large straight line slope for probes 8, 9,
and 10 was in the pH range from 4.34 to 5.35, 4.34 to 5.13, and
4.16 to 5.25, respectively (Fig. 11), which indicated that these
probes have promising properties to study the pH of lysosomes
in biological systems. Moreover, all of the probes could detect
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Fig. 11 (a) Sigmoidal fitting of the maximum emission fluorescence
intensity at 590 nm for probes 8, 9 and 10. Inset: (b) The linearity of probe 8
in the pH range of 4.34-5.35. (c) The linearity of probe 9 in the pH range of
4.34-513. (d) The linearity of probe 10 in the pH range of 4.16—5.25. Copyright
2015 Elsevier.
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Fig. 12 Lysosomal pH dependent staining of A549 cells with probe 8
(10 uM), probe 9 (10 puM), probe 10 (10 uM) and LysoTracker green DND-26
(0.5 uM). A549 cells pretreated with or without Bafilomycin Al for about 5 h
and then analyzed by confocal microscopy. The intracellular fluorescence
of probes 9 and 10 is shown in red and that of LysoTracker green DND-26
is shown in green. Copyright 2015 Elsevier.

pH changes with high selectivity both at pH 7.0 and pH 4.2.
Confocal microscopy images of living A549 cells co-stained with
probes 8, 9, and 10 indicated that all of the probes could
selectively stain lysosomes in living cells while probe 9 was the
most promising one in terms of cell permeability and pH
sensitivity in vivo. Furthermore, lysosomal pH dependent staining
of A549 cells with probes 8, 9, 10, and the commercially available
lysosome specific staining probe LysoTracker green DND-26
demonstrated that probes 9 and 10 could sensitively respond to
lysosomal pH changes but probe 8 performed inferior to probes 9,
10, and LysoTracker (Fig. 12). The results revealed that probes 9
and 10 could be used for real-time monitoring of lysosomal pH
changes sensitively. MTT assays suggested that probes 9 and 10
exhibited no obvious toxicity to the A549 cells but probe 8 was
highly toxic to the cells. The authors described that the different
performances including the quantum yield, cytotoxicity, cell
membrane permeability and sensitivity for staining lysosomes
of probes 8, 9, and 10 were attributed to the different lone pair
electron distribution of the N atoms in the lactam of probes 8, 9,
and 10.

Zhang et al. designed a rhodamine B-based fluorescent
probe 11 for the detection of lysosomal pH (Scheme 8).>* In
probe 11, the morpholine group served as a targeting unit for
lysosomes, the xanthene derivative exhibited a pH-modulated
open/close reaction of the spirocycle, and the o-hydroxy benzoxazole
moiety displayed a pH modulated excited-state intramolecular
proton transfer (ESIPT) process. When the pH values changed
from 3.5 to 7.4, the fluorescence intensity of probe 11 at 525 nm
decreased significantly accompanied by a large increase in the

ESIPT on ESIPTIoff

Scheme 8 Fluorescent probe 11 for pH.
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Fig. 13 (a) Fluorescence emission spectra of probe 11 (1 uM) in PBS buffer
(10 mM) at different pH values. (b) Plot of Fsys/Fss0 (the ratio of the
fluorescence intensity of probe 11 at Aem = 525 nm and Jem = 450 nm)
versus pH. Inset: The linear relationship between Fsys/F450 and pH in the
pH range of 4.0-6.3. Copyright 2015 Royal Society of Chemistry.

fluorescence intensity at 450 nm (Fig. 13a), which provides the
basis for achieving a ratiometric (Fs,s5/F450) detection of pH.
Moreover, probe 11 exhibited an excellent Fs,s/F4s50 linearity in
the pH range of 4.0-6.3 with a pK, value of 4.98, which made 11 a
promising ratiometric fluorescent probe for an accurate
measurement of lysosomal pH (Fig. 13b). The confocal fluores-
cence microscopy studies showed that probe 11 could selectively
stain lysosomes in living cells. Moreover, a strong fluorescence
in the green channel and no obvious fluorescence in the blue
channel were observed when HeLa cells were incubated with
probe 11 for 30 min. However, upon the addition of chloroquine,
the fluorescence intensity of the HeLa cells exhibited a time-
dependent decrease in the green channel accompanied by a
significant time-dependent increase in the blue channel
(Fig. 14). The results proved that probe 11 could image the
dynamic changes in lysosomal pH.

Zhao and Miao et al. reported a rhodamine B-based fluorescent
probe 12, in which the positive charge was introduced to contribute
to the solubility and its sensitivity to the pH environment
(Scheme 9).>® At pH > 6.0, probe 12 was non-fluorescent. However,
the decrease in pH gave rise to both an increase in fluorescence
intensity at 580 nm and a discernible fluorescence color change
concomitantly (Fig. 15a). Moreover, probe 12 exhibited a pK, value

Fig. 14 Fluorescence images of probe 11 in Hela cells before and
after chloroquine stimulation. (a—c) Images of the stained cells before
chloroquine simulation. (a) Fluorescence image from the green channel
with Hela cells incubated with probe 11 (1 pM). (b) Fluorescence image
from the blue channel. (c) Pseudocolor image of (a) and (b). (d—f) Images of
the cells in (a—c) exposed to 80 uM chloroquine for 10 min. (d) Fluores-
cence image from the green channel. (e) Fluorescence image from the
blue channel. (f) Pseudocolor image of (d) and (e). The probe was excited at
405 nm and the fluorescence was collected at: blue channel 415-470 nm
and green channel 485-550 nm. Scale bar: 100 pm. Copyright 2015 Royal
Society of Chemistry.
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Scheme 9 Fluorescent probe 12 for pH.
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Fig. 15 (a) Change in the fluorescence spectra of probe 12 (1 puM) in
aqueous solution containing DMSO (B-R buffer: DMSO = 95:5, v/v) with
decreasing pH from 7.4 to 4.0 (lex = 560 nm). (b) Sigmoidal fitting of the
pH-dependent fluorescence intensity at 580 nm. Inset: The good linearity
in the pH range of 4.6-5.8. Copyright 2015 Elsevier.

of 5.2 and displayed good linearity (R* = 0.98905) between fluor-
escent intensity at 580 nm and pH ranging from 4.6 to 5.8, which
implied that probe 12 could serve as a functional pH probe for
weak acidic organelles like lysosomes (Fig. 15b). Confocal fluores-
cence imaging of living HeLa cells co-stained with probe 12 and
Lysosensor™ Green DND-189 suggested that probe 12 could
specifically label lysosomes in cells (Fig. 16). Fluorescence micro-
scopy imaging of living HeLa cells pretreated with chloroquine
revealed that probe 12 could be used as an indicator in the
monitoring of pH changes of lysosomes in living cells with a fast
response.

Peng and Fan et al. reported a rhodamine-based pH fluor-
escent sensor 13, in which a novel lysosome-locating group
methylcarbitol was first introduced.>® Moreover, a contrasting
molecule 14 lacking the methylcarbitol group was synthesized
as well (Scheme 10). Probe 13 was almost nonfluorescent at
pH 7.4 while its fluorescence was significantly enhanced as the
H' concentration increased (Fig. 17a). Within the pH range of
7.4-4.5, a 50-fold increase in the emission intensities was
observed. The pH titration curve of 13 yielded a pK, of 5.47
indicating that probe 13 could detect minute pH changes in the

00 LysoSensor 250

Fig. 16 Confocal fluorescence imaging of living Hela cells co-stained
with probe 12 (5 uM) and LysoSensor Green (1 uM) for 1 h. (a) Red emission
from probe 12; (b) green emission from LysoSensor Green; (c) overlay of
(a) and (b); areas of co-localization appeared in yellow; (d) the correlation
of LysoSensor Green and probe 12 intensities. Copyright 2015 Elsevier.
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Fig. 17 (a) Fluorescence spectra of probe 13 at various pH values in
Britton—Robinson buffer solution, Aex = 525 nm. (b) pH titration curve of
probe 13, lex = 559 nm, Aem = 578 nm. (c) Fluorescence responses
(578 nm) of probe 13 to miscellaneous ions in water: 50 uM for H*,
200 uM for the other ions. Copyright 2012 Royal Society of Chemistry.

4.5-6.0 range, which covered both normal and abnormal lyso-
some pH (Fig. 17b). Moreover, no observable fluorescence
enhancement of probe 13 in the presence of chemical species
such as Na*, K*, Ca®>", Mg”*, Co**, Pb**, Ni**, Hg**, Cr**, Zn*",
cd>, Fe*’, Ag", Cu®, CI7, NO;, Br™, H,PO,~, Ac™, ClO,, 1",
C0;>7, 8>, HPO,*> ", and OCl~ suggested that probe 13 exhibited
high selectivity for H" (Fig. 17¢). Confocal fluorescence micro-
scopy results demonstrated that probe 13 was able to stain the
acidic vesicles but its contrasting molecule 14 without the
methylcarbitol group could not. Confocal fluorescence imaging
of living cells co-stained with probe 13 and LysoSensor™ Green
DND-189 indicated that 13 selectively stained lysosomes in live
cells (Fig. 18). Fluorescence images of 13 in mouse macrophages
stimulated with chloroquine indicated that probe 13 was a
lysosomal pH-responsive sensor in cell biology. Furthermore,
probe 13 could be used to monitor changes in the acidity of
lysosomes during apoptosis in live cells.

Han and Yang et al. prepared a ratiometric pH probe 15 based
on a fluorescence resonance energy transfer (FRET) mechanism
through the conjugation of rhodamine 6G-lactam (R6G-lactam)
with dansyl chloride via diethylenetriamine (Scheme 11).>” This
probe was expected to selectively accumulate in lysosomes in
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Fig. 18 Probe 13 co-localizes to lysosomes in live MCF-7. Cells were
stained with: (a) 1 uM LysoSensor Green, (b) 10 uM Probe 13. (c) Areas of
co-localization appear in yellow. Probe 13 and LysoSensor Green were
excited at 559 nm and 488 nm, respectively. The fluorescence images
were recorded at 575-620 nm (Probe 13) and 495-515 nm (LysoSensor
Green), respectively. Copyright 2012 Royal Society of Chemistry.
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Scheme 11 Fluorescent probe 15 for pH.

living cells via protonation of the amine-containing linker. The
fluorescence emission centered at 555 nm, characteristic of R6G-
lactam, was 800 fold brighter at pH 4.0 relative to that at pH 6.5
(Fig. 19a). In contrast to the dramatic increase of R6G-lactam
fluorescence at acidic pH, the dansyl moiety exhibited decreased
fluorescence emission at 485 nm. Fig. 19b revealed that subtle
acidification in the range of pH 5.5-3.5 resulted in pronounced
changes in the ratios of R6G-amide fluorescence intensity
(Iss5nm) to that of the dansyl group (I gsnm)- It was suggested that
probe 15 could be used as a molecular pH-meter for monitoring
subtle acidic pH changes. Confocal microscopic analysis of 1929
cells co-stained with 15 and LysoTracker Green DND-26 showed
that probe 15 was exclusively confined in lysosomes (Fig. 20). The
analog, 16, where R6G-lactam was linked with the dansyl moiety by
ethylenendiamine, distributed both intra- and extra-lysosomally,
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Fig. 19 pH dependent ratiometric fluorescence emission of probe 15.
(@) Fluorescence emission spectra of probe 15 (10 pg mL™) at pH 35-8.0
under dual-wavelength excitation (1ex@300 nm for dansyl group, 532 nm for
R6G-lactam). (b) pH titration curves of lg ratios between fluorescence emission
of R6G-amide (/sssnm) and that of dansyl group (/4gsnm). Copyright 2013 Elsevier.
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Fig. 20 Staining of lysosomes with probe 15. L929 cells were respectively
stained with probe 15 (1 pg mL™Y), Lysotracker green (0.4 ug mL™3), or
both. Intracellular R6G-amide fluorescence is shown in red, dansyl
fluorescence is shown in blue and that of Lysotracker green is marked in
green. Bar, 10 um. Copyright 2013 Elsevier.
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which suggested that diethylenetriamine linker of probe 15
played a critical role in targeting lysosomes. Confocal fluores-
cence microscopy demonstrated that probe 15 could determine
the pH of individual lysosomes and the overall lysosomal pH in
living cells. Moreover, probe 15 was proved to be highly efficient
in differentiating apoptosis vs. necrosis cells.

Peng et al. reported a naphthalimide-rhodamine FRET system 17
as a ratiometric and intracellular pH probe, in which 1,2,3-triazole
was identified as an ideal bridge and biocompatible (Scheme 12).28
As shown in Fig. 21a, probe 17 displayed a green fluorescence colour
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Scheme 12 Fluorescent probe 17 for pH.
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Fig. 21 (a) Emission spectra of probe 17 (5 uM) at pH approximately ranging
from 7.2 to 2.0 upon addition of HCL (1 M) in solution (methanol/HEPES =
9/1, viv, pH 7.2). Inset: Change in fluorescence of probe 17 (5 uM) upon
addition of H* (100 pM). Excitation wavelength is 430 nm. Slit: 5 nm/2.5 nm.
(b) Selectivity of probe 17 for pH over selected cation interferences. The
ratios of fluorescence emission intensity of probe 17 (5 uM) at 580 nm and
538 Nnm (Fsgonm/Fs3enm) CONtaining various cations (333 uM) as compared to
H* (200 pM) in the solution (methanol/HEPES = 9/1, v/v, pH 7.2). 1: H™,
2: Blank, 3: Na™, 4: Ca®*, 5: Mg?*, 6: Zn?*, 7: Cd?", 8: Ba®*, 9: Fe®*, 10: Fe?*,
11: Cr¥*, 12: Pb?*, 13: Cu?*, 14: Hg?*, 15: Mn?*, 16: Ni?*, 17: Co®", 18: NH,".
Copyright 2013 Elsevier.
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Fig. 22 Intracellular distribution of probe 17 (10 pM) as compared to
lysosensor green (1 uM). (a) Bright field image; (b) fluorescence image of
lysosensor green; (c) fluorescence image at 580 + 15 nm of probe 17;
(d) merging of b and c; (e) co-localization coefficient of probe 17 and
lysosensor green is 99.9% in the same cell. Excitation wavelength of
lysosensor green and probe 17 respectively is 488 nm and 405 nm.
Copyright 2013 Elsevier.

when pH > 6.2. However, the intensity of the green fluorescence
band centered at 538 nm gradually decreased and a new pink
fluorescence band centered at 580 nm gradually increased when
the pH changed from 7.20 to 2.00. The ratiometric calibration curve
of Isgonm/Is3snm indicated that the pK, of 17 was 2.79. As shown in
Fig. 21b, probe 17 exhibited a selective response to H' in the
presence of metal ions or amino acids. Co-localization experiments
suggested that probe 17 was cell membrane permeable and localized
in lysosomes (Fig. 22).

Zhao and Miao et al. prepared a ratiometric pH probe 18
comprising a naphthalimide donor and a rhodamine acceptor
based on the FRET mechanism (Scheme 13).%° Probe 18 displayed
very weak fluorescence at 529 nm at pH 7.20. As the pH value
decreased from 7.20 to 4.20, the emission band of naphthalimide
centred at 529 nm enhanced gradually accompanied by a new
peak evolved at 580 nm strikingly (Fig. 23a). The interesting
observation that both emission intensities of the naphthalimide
(529 nm) and rhodamine (580 nm) moieties increased along with
the pH decrease might be attributed to the integration of PET
and FRET processes. At pH 7.20, the photo-induced electron
transfer (PET) process of piperazine nitrogen quenched the
fluorescence of the naphthalimide moiety. However, the addition

390 nm 390 nm

FRET
580 nm 18+H"

\ lﬁu :m

13+H+
Scheme 13 Fluorescent probe 18 for pH.
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Fig. 23 (a) Fluorescence spectra of probe 18 (5 puM) in the B—R buffer/EtOH
(9/1, v/v) solution at different pH values (7.20, 7.00, 6.80, 6.60, 6.30, 6.00, 5.80,
5.70, 5.60, 5.50, 5.40, 5.30, 5.20, 5.10, 5.00, 4.90, 4.80, 4.70, 4.60, 4.50, 4.40,
4.30, and 4.20); and (b) the plot of the emission ratios of R at Isxo//sg0 versus pH
values; Jex = 390 nm. Copyright 2015 Royal Society of Chemistry.

of H' prohibited the PET process via protonation of the nitrogen,
which induced the enhancement of the fluorescence intensity of
the naphthalimide. In the meantime, the H-bonding interaction
between protonated piperazine N and rhodamine lactam O induced
the ring-opening process of the rhodamine spirocycle, thus the FRET
process from the naphthalimide donor to the rhodamine acceptor
occurred accordingly. The ratio of fluorescence intensities
(Is2onm/Issonm) Of 18 showed a significant change from pH 4.50
to 5.50 and the pK, of 18 was calculated to be 4.82 (Fig. 23b). The
co-localization fluorescence imaging experiments indicated that
probe 18 could detect lysosomal pH changes and selectively stain
lysosomes in living cells, which was confirmed by the excellent
colocalization of the red emission of 18 with the green emission of
LysoSensor Green DND-189 (Fig. 24).

Based on a similar mechanism to the above case, Zhao and
Miao et al. synthesized a FRET-based fluorescent probe 19,
embracing a coumarin donor and a rhodamine acceptor, for
detecting pH values (Scheme 14).3° As shown in Fig. 25a, probe

Fig. 24 Fluorescence microscopy images of living Hela cells co-stained with
probe 18 (5 uM) and LysoSensor Green DND-189 (1 pM). (a) Red emission of
probe 18 (560-700 nm), (b) green emission of LysoSensor Green DND-189,
(c) overlay of (a) and (b), and (d) a bright field image. Excitation wavelength of
probe 18 and LysoSensor Green DND-189 was 405 nm and 488 nm, respec-
tively. Copyright 2015 Royal Society of Chemistry.

\[° /

19+H*

Scheme 14 Fluorescent probe 19 for pH.
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Fig. 25 (a) Fluorescence spectra of probe 19 (1 uM) in solution (B—R buffer/EtOH = 7/3, v/v) at different pH values (3.00, 3.20, 3.40, 3.60, 3.80, 4.00, 4.10,
4.20, 4.30, 4.40, 4.50, 4.60, 4.70, 4.80, 4.90, 5.00, 5.10, 5.20, 5.30, 5.40, 5.50, 5.60, 5.70, 5.80, 5.90, 6.00, 6.15, 6.30, 6.45, 6.60, 6.80, 7.00, 7.20, and
7.40). Inset: The photographs of probe 19 at diverse pH values under UV irradiation; incubation time: 2 h; (b) fluorescence emission ratios (/477/1sg2)
versus pH values according to the fluorescence pH titration. Inset: The good linearity in the pH range of 4.20-6.00 (R = 0.99763). Zex = 420 nm.

Copyright 2015 Royal Society of Chemistry.

19 exhibited a strong blue emission at 477 nm at pH 7.40,
which was mainly attributed to the optical properties of the
coumarin moiety. As pH decreased from 7.40 to 3.00, the
fluorescence intensity of the coumarin moiety decreased gradually
accompanied by a new red emission peak of the rhodamine
moiety appearing at 582 nm and showing an 18-fold increase.
The decrease of coumarin emission (477 nm) and the concomitant
increase of rhodamine emission (582 nm) along with the pH
decrease were attributed to the FRET process from the coumarin
moiety (donor) to the rhodamine moiety (acceptor). The pH titration
of probe 19 showed that the ratios of fluorescence intensities
(Z477nm/Iss2nm) Were linearly proportional to the pH value in the
range of 4.20-6.00 and the pK, of the probe was calculated to be
4.98 (Fig. 25b). Moreover, fluorescence microscopy images
of HeLa cells co-stained with probe 19 and LysoSensor®
Green DND-189 indicated that probe 19 could selectively stain
the lysosome in living cells (Fig. 26). Meanwhile, the probe
exhibited desirable anti-interference ability against many analytes
(metal cations, amino acids and the ATP) and displayed satis-
factory photostability and low cytotoxicity in HeLa cells.

Ge and Sun et al prepared a pH probe 20 based on
rosamine, which is the decarboxylated analogue of rhodamine
(Scheme 15).>" Probe 20 was non-fluorescent in neutral envir-
onments resulting from the photoinduced electron transfer
(PET) by the electron donating amine-containing side chain.
However, a 400-fold enhancement of the emission intensity was
observed when the pH was reduced from 8.0 to 3.0 and a 13-fold
increase was observed in the pH range of 4.0-6.0, indicating that

Fig. 26 Fluorescence microscopy images of Hela cells co-stained with
probe 19 (2 uM) and LysoSensor Green DND-189 (1 uM). (a) Blue fluores-
cence of probe 19 (450-550 nm); (b) green fluorescence of LysoSensor
Green DND-189; (c) merged image of (a) and (b). The excitation wave-
length of probe 19 and LysoSensor Green DND-189 was 405 nm and
488 nm, respectively. Copyright 2015 Royal Society of Chemistry.
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Fig. 27 (a) Fluorescence spectra of probe 20 (10 uM) under different
pH values in Na,HPO,4—citric acid buffer solution; the inset shows color
changes of probe 20 at pH 3.0 and 8.0. (b) Fluorescence spectra of probe
20 (10 pM) at various pH values in Na,HPO4—citric acid buffer solution,
Jex = 535 nm; the inset shows fluorescence changes of probe 20 at various
pH values under UV light excitation at 365 nm. Copyright 2014 Elsevier.

probe 20 was a particularly sensitive pH probe (Fig. 27a). The
pK, of probe 20 was calculated to be 4.73, which indicated that
probe 20 was suitable for detecting and imaging pH in lysosomes
(Fig. 27b). Confocal microscopic analysis of HeLa cells co-stained
with 20 and LysoSensor Green DND-26 showed that probe 20
could be used effectively as a lysosome-specific sensor for
monitoring changes in lysosomal pH during physiological and
pathological processes (Fig. 28).

Ying et al. reported a series of BODIPY-based pH probes
21a-d (Scheme 16).>> As expected, these probes were almost
non-fluorescent at neutral pH 7.0, due to photo-induced
electron transfer (PET) from the aniline moiety to the BODIPY
fluorophore. With pH lowering, the fluorescence intensities of
these probes 21a-d increased gradually. Interestingly, these probes
displayed tunable pK, values ranging from 3.2 to 5.2 because of the
different substitution of the N-alkyl group on the aniline moiety
and the substituent on the BODIPY fluorophore (Fig. 29).

This journal is © The Royal Society of Chemistry 2019
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Fig. 28 Fluorescence images of Hela Cells. (a) Fluorescence image of Hela
cells with Hoechst 33342 (1.0 uM); (b) fluorescence image of Hela cells with
LysoTracker Green DND-26 (1.0 uM); (c) fluorescence image of HelLa cells with
probe 20 (10 uM); (d) merged image of (b) and (c); (e) merged image of (a)—(c);
(f) bright-field transmission image of the cells. The fluorescence images were
excited at 405 nm, 488 nm and 543 nm, and recorded at 435-480 nm
(Hoechst 33342), 505-550 nm (LysoSensor Green DND-26) and 580-625 nm
(probe 20), respectively. Copyright 2014 Elsevier.

21a (R R?% R3, R* = CH3);

21b (R" R?= CHj, R, R* = CH,CH3);

21c (R" R%= CH3, R® = CH,CHj, R* = CH,CH,CH,CO,Me);
21d (R = H' R? = CH,CH,CO,Me, R%, R* = CH,CHj)

Scheme 16 Fluorescent probes 21a—c for pH.
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Fig. 29 Fluorescence emission spectra (lexy = 480 nm) of probes 21a—-d
as a function of pH. Probes 21a—d were prepared at 100 nM concentration
at varying pH buffer. 100 mM NH4OAc was used to make pH 2-4 buffers;
PBS was used to make pH 5-8 buffers. Copyright 2011 Elsevier.

The cell images clearly showed that probes 21a-d selectively
labeled the acidic organelle lysosomes. Moreover, their fluores-
cence intensities in the acidic lysosomes were varied based on
the pK, of the pH probes, for example, probe 21b with pK, = 5.2
displayed the highest fluorescence intensity, but probe 21d with

This journal is © The Royal Society of Chemistry 2019
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Fig. 30 The cellimages and relative fluorescence intensities of pH probes
2la-d. Cell imaging labeled with probes 2la-d is shown in (a-d),

respectively. (e) The fluorescence intensities were averaged in triplicate.
Copyright 2011 Elsevier.

0

pK., = 3.2 showed the lowest fluorescence intensity. Furthermore, it
was demonstrated that these probes especially probe 21b was
useful for noninvasive monitoring of lysosomal pH changes during
physiological and pathological processes (Fig. 30).

Liu, Tiwari, and Luo et al. prepared a series of BODIPY-based
near-infrared fluorescent probes 22a-c for the detection of
lysosomal pH (Scheme 17).* In these probes, piperazine residues
were used to manipulate the fluorescent responses to pH via the
modulation of the intramolecular charge transfer (ICT) effect and
potential photo-induced electron transfer (PET) of piperazine
moieties at 3,5-positions to BODIPY cores at different pH values.
Moreover, tri(ethylene glycol)methyl ether residues attached
to piperazine moieties were used to enhance the hydrophilic
properties of the probes and improve the water solubilities of the
probes. Fluorescent probes 22a, 22b and 22c displayed very
sensitive responses to pH. For example, a decrease of pH values
from 9.98 to 2.20 caused a significant increase in fluorescence
intensities at 715 nm of fluorescent probes 22a, 22b and 22c¢ with
75-, 88- and 102-fold enhancements, respectively (Fig. 31). The
pK, values of probes 22a, 22b and 22c¢ were calculated to be 2.91,
3.19 and 3.57, respectively. Live cell imaging of probes 22a, 22b
and 22c¢ both in breast cancer cell line MDA-MB-231 and normal
endothelial cell line HUVEC-C suggested that probes 22a, 22b
and 22c were able to target lysosomes in a manner similar to
Lyso-Sensor Green DND-189 and distinguish between different
regions inside cells based on pH (Fig. 32 and 33). Probe 22a showed
the highest fluorescence intensity among all three probes.

22a R1=CH3; Ry = WO~

22b R1 = Rz = Y‘/\O/\/o\/\o/

o\/\o/\/OV\O/
22¢c Ry =¥ NI~ Ra =74—<

O/\,O\/\O/\,O\

Scheme 17 Fluorescent probes 22a—c for pH.
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Fig. 31 (a—c) Emission spectra of fluorescent probes 22a—c (5 uM) in buffer
solution at different pH values. (d) Fluorescent responses of probes 22a—c to
different pH values in buffer solutions. Inset: Zoomed fluorescence intensity
responses of probes 22a—c to pH in the window between cytoplasm pH and
lysosomal pH. Copyright 2015 Royal Society of Chemistry.
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Fig. 32 Fluorescence images of MDA-MB-231 cells incubated with fluor-
escent probes 22a—c. Cells incubated with 5 pM of respective probes for
2 h, post serum starvation (2 h) and imaged for co-localization with 1 uM
LysoSensor Green and (1 ug mL™) Hoechst 33342 stains. All images were
acquired at 60 x magnification using an inverted fluorescence microscope
(AMF-4306, EVOSq, AMG). Copyright 2015 Royal Society of Chemistry.
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Fig. 33 Fluorescence images of HUVEC-C cells incubated with 15 uM
probe 22c at different pH values; 1 uM LysoSensor Green and 1 pg mL™t
Hoechst 33342 were used as co-stains. Images were acquired using an
inverted fluorescence microscope (AMF-4306, EVOSy; AMG) at 40x
magnification. Copyright 2015 Royal Society of Chemistry.

6640 | Chem. Commun., 2019, 55, 6629-6671

View Article Online

ChemComm

However, probe 22¢, the most hydrophilic compound among these
three probes, displayed poor fluorescent signals. The possible
reason was that probes 22a and 22b were more hydrophobic and
less steric hindered than probe 22c, therefore they could more
easily bind or interact with lipophilic structures such as micelles,
liposomes, and membranes in lysosomes. Live cell fluorescence
imaging of probes 22a-c¢ at different intracellular pH values
indicated that probe 22¢ was sensitive to pH not only in buffer
solution but also inside the living cells. More importantly, com-
pared with commercial probe LysoSensor, probe 22c¢ was more
sensitive to pH. For instance, probe 22c displayed very weak
fluorescence in cells near physiological pH whereas its fluores-
cence intensity was significantly enhanced as pH decreased from
7.5 to 5.0. However, probe LysoSensor Green did not display any
evident change of fluorescence at different pH values.

Li et al. reported a pH sensitive fluorescent probe 23 based
on a 4-acylated naphthalimide fluorophore (Scheme 18).>* In
probe 23, p-Phe-1-Phe was used to regulate the pK, and parti-
tion coefficient of the probe and N,N-dimethylethylamine was
selected as the PET donor for its acidotropic property towards
lysosomes. Probe 23 displayed weak fluorescence under neutral
and basic conditions. However, the emission of probe 23
significantly increased as the pH decreased to acidic levels
(Fig. 34). The appropriate pK, of probe 23 was 6.48, which
was suitable for detecting in the pH range of 7.3-4.5. ES-2 cells
were co-stained with commercial markers, including Lyso
Tracker Red (LT Red), Mito Tracker Green (MT Green) and
Golgi Tracker Red (GT Red), which demonstrated that probe 23
could specifically label lysosomes in ES-2 cells (Fig. 35). More-
over, the signal to noise ratio of probe 23 in lysosome imaging
was much higher than that of LT Red.

Tian et al. reported a series of pH sensitive probes 24a, 24b
and 24c¢ based on naphthalimide derivatives (Scheme 19).*
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Scheme 18 Fluorescent probe 23 for pH.
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Fig. 34 (a) The fluorescence change of probe 23 in Britton—Robinson
buffer at different pH values; (b) the fluorescence intensity at 460 nm
depending on different pH values, lox = 360 nm. Copyright 2013 Royal
Society of Chemistry.
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Fig. 35 Colocalization images of ES-2 cells incubated with probe 23 and
the three commercial trackers. The four images in each row show:
(a) bright-field images; (b) cells stained by probe 23, (Jox = 405 nm);
(c) cells stained by LT Red (lex = 555 nm), GT Red (lex = 555 nm) and MT
Green (Jex = 488 nm) in rows A, B and C, respectively; (d) merged images.
All images were taken under a 63x oil immersion objective. Copyright
2013 Royal Society of Chemistry.
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Scheme 19 Fluorescent probes 24a—c for pH.
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The acidity of lysosomes enabled a protonation of amino
groups, and thus made probes emit brightly in lysosomes by
inhibiting the photo-induced electron transfer from the amino
groups to the fluorophores (Fig. 36a). Through studies in
U87MG, HeLa, CP-A, and CP-D cells with confocal fluorescence
microscopy, 24a, 24b and 24c were proved to be permeable and
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Fig. 36 (a) Fluorescence intensity (at 517 nm) ratios of probes 24a—c from
pH 3 to pH 10. Iy is the fluorescence intensity at pH 10. Excitation
wavelength for emission spectra was 405 nm. Concentrations of the
sensors were 5 pM. (b) Fluorescence intensity (at 517 nm) ratios of thin
films 25a—c from pH 3 to pH 10. [y is the fluorescence intensity at pH 10.
Excitation wavelength for emission spectra was 405 nm. Copyright 2010
Elsevier.
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Fig. 37 Confocal fluorescence images of probe 24a (B), 24b (F) and 24c
(J) in CP-A cells co-stained with nuclei staining Hoechst 33342 (A, E and )
and LysoTracker Red (C, G and K), respectively. The scale bar represents
10 mm. D is the overlay of A, B and C. H is the overlay of E, F and G. L is the
overlay of I, J and K. Copyright 2010 Elsevier.

accumulated majorly in the lysosome (Fig. 37). More interestingly,
these pH probes possess methacrylate moieties enabling these
compounds to be used as monomers and further polymerized
with other monomers for thin film preparation. Film 25
composed of the sensing moiety 24c has been successfully used
as an extracellular pH sensor to monitor pH changes during the
metabolism of prokaryotic Escherichia coli (E. coli). Monitoring
results showed that the pH values measured with film 25
correlated well with those measured using a glass pH electrode.

Ge and Lu et al. prepared two benzophenoxazine-based fluores-
cent probes 26a and 26b (Scheme 20).*® The (2-hydroxyethyl)pyridin-
1-ium-3-yl group was chosen for the pH-activatable OFF-ON
emission response. Moreover, electronic groups, including a
cyano or a hydroxyl group, were attached to the central fused
heterocycles of benzo[a]-phenoxazines to modify the pkK, values
for lysosome labelling. Fluorescence emission experiments
revealed that they were highly sensitive and selective pH probes
(Fig. 38). However, the pK, value of each was 5.0 and 5.8, which
showed that the attachment of the hydroxyl group has a small
effect on pK,. Moreover, probe 26a exhibited excellent selectivity
to protons over other competitive species that may be present in
biological systems (Fig. 39). Additionally, probe 26a with HeLa
cells showed that it could be used as a lysosome-tracker both in
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Scheme 20 Fluorescent probes 26a and 26b for pH.
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Fig. 38 Optical responses of probe 26a towards various pH values with
disodium hydrogen phosphate—citric acid buffers containing 1% DMSO.
(a) Absorption spectra; (b) emission spectra (lex = 600 nm); (c) absorption
changes with different pH values monitored at 607 nm; (d) fluorescence
intensity changes with different pH values monitored at 686 nm. Copyright
2013 Royal Society of Chemistry.

long wavelength (633 nm) and NIR (650-790 nm) regions (Fig. 40),
while probe 26b can only be used as a cytoplasm pH probe.

Kim et al. presented a series of ratiometric two-photon (TP)
pH probes (27a-c, 28) derived from benzimidazole, which has an
ideal pK, value (pK, ~ 5.5) for acidic organelles and thus was
used as a proton binding site of these probes (Scheme 21).%”
These benzimidazole derivatives had pK, values ranging from
4.9 to 6.1, and their spectra showed a marked blue-to-green
emission colour change in response to a pH decrease (Fig. 41).
Among these derivatives, 28 was lysosomal-targeted by intro-
ducing a tertiary amine substituent to 27a (pK, = 10). The pkK,
value of 28 was 5.82 in one-photon mode and 5.86 in two-photon
mode. Probe 28 could locate in lysosomes selectively with the
Pearson colocalization coefficient = 0.95 when it was co-labelled
with Lysotracker Red DND-99 (LTR) in HeLa cells. The ratiometric

6642 | Chem. Commun., 2019, 55, 6629-6671
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Fig. 39 Fluorescence responses of 26a (10 puM) to different analytes;
K* (100 mM), Na* (100 mM), Ca®" (0.5 mM), Cd®* (0.3 mM), Cu®*
(0.3 mM), Mg?* (0.5 mM), Co?* (0.3 mM), Hg>* (0.3 mM), Mn?* (0.3 mM),
Ni?* (0.3 mM), Cys (0.1 mM), Phe (0.1 mM), Gly (0.1 mM), Glu (0.1 mM), Arg
(0.1 mM), Lys (0.1 mM), Pro (0.1 mM), Try (0.1 mM) and His (0.1 mM) were
included. (a) Tested in disodium hydrogen phosphate-citric acid buffer
(pH 7.0). (b) Tested in citric acid buffer (pH 1.6). Copyright 2013 Royal
Society of Chemistry.

Fig. 40 Fluorescence images of Hela cells (blue channel emission was
collected in the range 410-480 nm upon excitation at 405 nm, green
channel emission was collected in the range 505-550 nm upon excitation
at 488 nm, and red channel emission was collected in the range
650-790 nm upon excitation at 633 nm). (a) The bright-field image; (b) image
with Hoechst 33342 (50 nM); (c) image with LysoTracker Green DND-26
(50 nM); (d) image with probe 26a (10 puM); (e) overlay of (b) and (d); (f) overlay
of (b), (c) and (d). Copyright 2013 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2019
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Scheme 21 Fluorescent probes 27a—c and 28 for pH.
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Fig. 41 (a) Plots of Igreen/liso Versus pH for probes 27a—c and 28 determined
in one-photon mode. The excitation wavelength is 360 nm. (b) Plots of /green/
liso Versus pH for probe 27a—c and 28 determined in two photon mode. Data
in (b) are normalized at the maximum /green//iso. The excitation wavelength for
two-photon mode is 740 nm. Copyright 2013 American Chemical Society.

TPM image of 28-labeled HeLa cells showed the various pH values
separately and realtime pH changes inside of the lysosome
compartment (Fig. 42). Moreover, 28 was capable of direct, real-
time estimation of the pH values in living mouse brain tissues
through use of two-photon microscopy. Fluorescence images of a
fresh slice of rat hippocampus stained with 28 showed that the
acidic pH was more distributed in the DG than in CA regions.
Additionally, images at a higher magnification clearly showed that
acidic spots stained with 28 were much clearer than those stained
with 27a (Fig. 43).

After proving the usage of quinoline derivatives as fluoro-
phores to design fluorescent probes, Xue and Jiang et al. designed
a quinoline-based fluorescent probe 29 for ratiometric detection
of lysosomal pH (Scheme 22).*® A weak electron-withdrawing
acetamido was introduced at the 2-position of quinolone, which
could enhance the charge-transfer process and import a diverse
proton receptor. In the meantime, a basic dimethylethylamino
moiety was also attached to the tail of the 4-position on the
quinoline fluorophore as the lysosome anchor through protona-
tion. Probe 29 can ratiometrically and selectively respond to pH
changes with an emission shift of 76 nm and calculated pK, of
4.20 + 0.015 (Fig. 44). With 29 and LysoTracker Red DND-99 in
NIH 3T3 cells, it was shown that 29 could be efficiently localized
to lysosomes with a Pearson’s colocalization coefficient of 0.81.
Moreover, as oxidation can induce alkalization of lysosomes and
acidification of cytoplasm, 29 was used to evaluate the efficiency
of redox agents (Fig. 45). Probe 29 imaged and monitored

This journal is © The Royal Society of Chemistry 2019
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Fig. 42 (a) Two-photon excited fluorescence spectra of ionophore-treated
Hela cells labeled with 3 pM probe 28 at pH 3.5 and pH 8.0. (b) Two photon
lgreen/lir titration with pH in ionophore-treated and 28-labeled Hela cells.
(c and e) Pseudocolored ratiometric TPM images (Igreen//ir) Of Hela cells
incubated with 3 pM 28 before (c) and after (5 min) (e) addition of 5 mM
NH4Cl to the imaging solution, and (d and f) merged images with the
corresponding DIC images. (g) Enlargement of a white box in (c) showing
the changes of pH with time. The numbers in (g) are the estimated pH values
in the region of interest indicated by white arrows. Excitation wavelength is
740 nm. Scale bars are (c) 20 pm and (g) 8 um. Cells shown are represen-
tative images from replicate experiments (n = 25). Copyright 2013 American
Chemical Society.

Fig. 43 Pseudocolored ratiometric TPM images (/green//ir) Of a rat hippo-
campal slice stained with 30 pM (a and b) 28 and (c and d) 27a. (a and c)
120 TPM images along the Zz-direction at depths of approximately
90-180 pm were accumulated to visualize the overall pH distribution with
10x magnification. (b and d) Higher magnification images (63x) in the
regions of DG. Excitation wavelength is 740 nm. Scale bars are (a and c)
300 pm and (b and d) 47 um. Copyright 2013 American Chemical Society.
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Fig. 44 (a) Absorption spectra of probe 29 (5 puM). (b) Fluorescence
emission spectra of probe 29 (2 pM) in Na,HPO4—citrate buffer (10 mM
Na,HPO,4 and 10 mM citric acid) at various pH values. (c) Ratio (F494nm/
Fs70nm) Changes as a function of the pH values. (d) Emission spectra of
probe 29 (2 pM) in the presence of various metal ions (100 pM Mn?*, Fe3*,
Fe2*, Cu?*, Zn?*, and 1 mM Mg?*, Ca®*, Na*, and K*), 5 mM thiols (GSH,
Cys, Hey), and 100 uM H,0O, and NaClO in Na,HPO,4—citrate buffer (pH =
4.2); dex = 405 nm. Copyright 2013 American Chemical Society.

pH=4.22] |8

Fig. 45 Ratiometric imaging of NIH 3T3 cells. The cells were incubated
with probe 29 (2 uM) at 37 °C for 30 min and then treated with (a) PBS at
25 °C for 3 min, (b) 10 mM NH,4Cl at 25 °C for 1 min, (c) 50 uM chloroquine
at 25 °C for 3 min, (d) 100 pM H,0O, at 25 °C for 30 min, (g) 100 uM HCIO at
37 °C for 30 min. The cells were pretreated with (e) 100 uM NEM and (f)
500 uM NAC at 37 °C for 30 min then incubated with 29 (2 uM) for further
30 min. Average pH values were measured from 10 cells in (a—g) and were
calculated from the ratio (Fgreen/Freq) according to the intracellular calibra-
tion curve. Scale bar: 20 pum, ratio bar: 0—4. Copyright 2013 American
Chemical Society.

lysosomal pH changes successfully after treating with H,0, and
other oxidative stress. Interestingly, the result indicated that
HCIO did not obviously affect lysosomal pH.

Ma et al. developed a lysosome-targeting near-infrared ratio-
metric fluorescent pH probe 30, by combining a typical
lysosome-targeting moiety of morpholine with a hemicyanine
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Scheme 23 Fluorescent probe 30 for pH.

skeleton (Scheme 23).%° This probe showed not only an excellent
Is70/l;08 linear ratiometric response in the pH range of 4-6 in
living cells, but good reversibility between pH 4.0 and pH 8.0
attributed to the protonation/deprotonation of the hydroxy group
(Fig. 46). Moreover, probe 30 had stable fluorescence. It could
remain almost constant after 40 minutes of continuous intensive
irradiation. This reversible and stable probe 30 was used to
investigate the change of lysosomal pH with temperature variation
in HeLa and MCF-7 cells (Fig. 47). Notably, they revealed for the
first time that the lysosomal pH value increased rather than
decreased during heat shock, which meant that the pH rise
process was irreversible.

Tiwaria and Liu et al. synthesized four near-infrared fluores-
cent probes 31, 32, 33 and 34 containing four different residues
in order to investigate the effect of hydrophobic and hydrophilic
residues on the cell imaging experiments (Scheme 24).*° Probes
31, 32, 33 and 34 exhibited sensitive fluorescence responses to
pH with 71-, 395-, 592- and 229-fold increases in the fluorescence
intensity at 743 nm with decreasing pH from 7.4 to 4.1, respec-
tively (Fig. 48a and b), and their pK. values were 5.8, 4.6, 4.9
and 5.4, respectively. It was observed that an increase of ethanol
concentration in the buffer solution enhanced fluorescence
intensity of the four fluorescent probes as the probe solubility
had improved (Fig. 48c). All the probes except probe 31 can
specially localize in lysosomes (Fig. 49). The fluorescence signal
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Fig. 46 (a) Absorption and (b) fluorescence emission spectra of probe 30
(10 uM) in phosphate buffer (0.2 M) at different pH values. (c) Plot of
lg70/ 1708 (ratio of the fluorescence intensity of probe 30 at A = 670 nm and
A =708 nm) versus pH values in the pH range 2.6-9.2. Inset: The linear
relationship between lg70/l708 and pH values in the pH range 4.0-6.0.
(d) pH reversibility study of probe 30 between pH 4.0 and 8.0. /e =
635 nm; data are expressed as the mean of three separate measurements +
standard deviation (SD). Copyright 2014 Wiley-VCH.
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Fig. 47 Relationship between lysosomal pH and heat shock in HeLa and MCF-
7 cells monitored by probe 30. (@ and b) The fluorescence images (top, merged;
bottom, differential interference contrast) of probe 30-loaded Hela cells (a) and
MCF-7 cells (b) under heat shock at 37 °C, 41 °C, and 45 °C (left to right) for
20 minutes. The fluorescence images are the merged images from both red
(Aem = 650—-680 nm) and green (Aem = 690-720 Nm) channels at Aex = 635 Nm.
(c) Lysosomal pH changes with temperature in HelLa and MCF-7 cells. The
lysosomal pH values in control and heat-treated cells were quantified by image
analysis with 100-200 cells counted per condition. Results are expressed as the
mean of three separate measurements + SD. Statistical analyses are performed
using the Student's t-test: *P < 0.001. (d and e) Reversibility of the lysosomal pH
change in Hela cells (d) and MCF-7 cells (e) with temperature. Results are
expressed as the mean of three separate measurements + SD. Scale bars =
20 pm. Copyright 2014 Wiley-VCH.
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Scheme 24 Fluorescent probes 31-34 for pH.

of probe 34 bearing the N-(2-hydroxyethyl) ethylene amide
residue was the highest and was followed by probe 32.

Weng and Zhou et al. reported a convenient ratiometric 1,8-
naphthalimide derivative 35 with amino groups, as modification
with amino groups can usually improve the solubility of molecules
in both water and lipids (Scheme 25).** 35 had a good fluorescence
response to the pH value reversibly with a considerable Stokes shift
of 45 nm because of the protonation of the imine (C—=N) nitrogen
(Fig. 50). It could also be used to distinguish different pH values
even by the naked eye under UV excitation. With a pK, value of 5.88,
35 could measure a wide range of intracellular pH values in HeLa
cells and A549 cells (Fig. 51). It showed an obvious fluorescence
change from bright red to bright green with the increase of pH
value. Moreover, probe 35 could also be used as a lysosome marker
in living cells.

Han et al. presented an acidic-responsive near-infrared probe 36
conjugated with sialic acid (Sia) (Scheme 26).** Probe 36 showed an

This journal is © The Royal Society of Chemistry 2019
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Fig. 48 Fluorescent spectra of 5 uM fluorescent probe 31 at different
pH values in 40 mM citrate—phosphate buffer solution containing 40%
ethanol (a) and pH effect on fluorescence intensity of fluorescent probe 31
at 743 nm with three repeated measurements (b). Fluorescence spectra of
5 uM fluorescent probe 34 in 40 mM citrate—phosphate buffer solution at
pH 4 containing different concentrations of ethanol (c). Copyright 2014
Royal Society of Chemistry.
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Fig. 49 Fluorescence images of MDA-MB-231 cells incubated with
fluorescent probes 32, 33, and 34. Cells were incubated with 20 mM of
dyes 32, 33, and 34 for 2 h and imaged for co-localization in the presence
of 5 uM LysoSensor Green, a lysosomal stain and Hoechst, a nuclear stain.
The images were acquired using a confocal fluorescence microscope at
60x magnification. Copyright 2014 Royal Society of Chemistry.
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Scheme 25 Fluorescent probe 35 for pH.

optimal turn-on fluorescence response to acidic pH within
pH 4.0-5.5, because of acidic pH-mediated fluorogenic opening
of the intramolecular fluorophore ring (Fig. 52). Containing
inflamed tissue targeting domain Sia, probe 36 was utilized for
imaging inflammation in mice (Fig. 53). After injecting Escherichia
coli (E. coli), Gram-positive bacteria or lipopolysaccharide (LPS) into
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Fig. 50 (a) Fluorescence spectra (Aex = 480 nm) of probe 35 (2 pM) at
different pH values; (b) the color change of probe 35 (1 mM) in 20 mM PBS
buffer at different pH values under the condition of visible light; (c) the
color change of probe 35 (1 mM) in 20 mM PBS buffer at different pH
values under UV light irradiation. Copyright 2014 Elsevier.
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pH 6.0
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Fig. 51 Confocal laser scanning microscopy analysis of Hela cells in
various pH buffers. Hela cells incubated with probe 35 (10 uM) for 1 h
and then immersed in 20 mM PBS buffers for 5 min at pH 2.0 (a—c), pH 4.0
(d-f), pH 6.0 (g-i), and pH 8.0 (j—) respectively. All images used Ex
488 nm, Em 515 nm (first column, green fluorescence) and 650 nm
(second column, red fluorescence) and the third column was merged with
green fluorescence and red fluorescence. Copyright 2014 Elsevier.

the thigh muscle of ICR mice, intense NIR fluorescence of probe 36
was identified in the injection sites respectively, and the fluores-
cence would be off after immunological elimination. A similar
phenomenon was observed when Raw 264.7 cells were incubated
with probe 36 and natural Sia, which suggested that probe 36 could
be an outstanding cellular uptake substrate even in the presence
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Fig. 52 Acid-activatable fluorescence of probe 36. A series of phosphate
buffer solutions (pH 3.9-9.4) containing 36 (200 puM) was analyzed for
fluorescence emission using an excitation wavelength of 715 nm. Copy-
right 2015 American Chemical Society.
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Fig. 53 (a) Differential illumination of E. coli-induced inflammation by
probe 36. ICR mice were injected with E. coli in the muscle of the right
thigh and then administered with 36 (40 mg kg™ by the tail vein. At
indicated time points after probe administration, the mice were imaged for
whole-body NIR fluorescence. (b) Antibiotic-mediated fluorescence
switch off of probe 36 in inflammatory tissues. ICR mice were injected
with E. coli in the muscle of the right thigh. Probe 36 (40 mg kg™
was intravenously injected into mice, and then the mice were injected
with streptomycin (20 mg kg™ in the left thigh 2 days after administra-
tion of the bacteria. Whole-body fluorescence was visualized at 48 and
96 h postinjection of streptomycin. Copyright 2015 American Chemical
Society.
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Fig. 54 Elevation of probe 36 fluorescence in live cells in the presence of
bacteria and LPS. Raw 264.7 (a) and Hela cells (b) prestained with probe 36
(100 pM) were cultured in DMEM containing E. coli, S. aureus, LPS,
respectively, or no addition (control). The cells were washed with PBS
and then imaged by fluorescence microscopy. Bar: 10 um. Copyright 2015
American Chemical Society.
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Fig. 55 Optoacoustic imaging of S. aureus-elicited inflammation in mice
with probe 36. Nude mice were injected with S. aureus in the thigh muscle
and then intravenously injected with probe 36 (40 mg kg™). At 0 and 24 h
post probe injection, the inflamed spots were imaged for optoacoustic
contrasts. Copyright 2015 American Chemical Society.

of Sia (Fig. 54). Moreover, the inflammation-associated fluores-
cence of nude mice was quenched after treating with antibiotics.
Additionally, probe 36 also displayed turn-on optoacoustic signals
under acidic settings (Fig. 55).

Sun and Ge et al. reported lysosome-targetable pH sensors
37a-37c which were designed aiming at selective detection of
cancer cells (Scheme 27).** 37a-37¢ were based on Darrow Red
derivatives and chose a cyano group as a lysosome tracker.
Because lysosome maintains an acidic environment of approxi-
mately pH 4.5-5.0 in normal cells and pH in cancer cells is
lower than that in normal cells, the authors deduced that the
lysosome-targetable OFF-ON type sensors for cancer cells
should emit no to weak emissions at pH = 4.0. Fluorescent
PH titration experiments showed that the fluorescence inten-
sity of 37a increased 39 times from pH = 5.0 to pH = 1.6 with
pK, value 2.4, fluorescence intensity of 37b was enhanced by

): IN\‘O = \/@Ni“
+7,
N () SN OH N 0 NH
H L] H IIR
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— —
+N N+
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Scheme 27 Fluorescent probes 37a—c for pH.
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Fig. 56 pH activable emission properties of probes 37a—c (10 uM, Aex =
570 nm) in disodium hydrogen phosphate—citric acid buffers containing
10% DMSO: (a) probe 37a; (b) probe 37b; (c) probe 37c; (d) normalized
fluorescence intensities of probes 37a—c at different pH values at (a) 657 nm,
(b) 668 Nm, and (c) 663 nm; (e) photograph of pH-dependent red emissions
under a 365 nm lamp in a darkroom. Copyright 2015 American Chemical
Society.

141-fold from pH = 8.0 to pH = 4.0 with pK, value 5.6, and
fluorescence emission of probe 37c increased 91 times from pH =
9.0 to 5.0 with a pK, of 6.8 (Fig. 56). Unsurprisingly, confocal
fluorescence imaging in HeLa cancer cells, V79 and KB normal
cells showed that 37a entirely fitted the design aims and was
found to be a lysosome tracker for cancer cells. 37b and 37c¢ could
be used as lysosome-trackers in cancer and normal cells.

Miao and Zhao et al. reported a rhodamine B-based probe 38
(Scheme 28).** Probe 38 could measure pH values in short time
(within 1.5 min at pH values of 4.60, 5.60 and 7.20), and the
fluorescence intensity was linearly proportional (R = 0.99523) to
pH values in the range of 4.2-6.0 (Fig. 57). Moreover, it had
excellent reversibility between pH 4.60 and 7.20 (Fig. 58). In
living HeLa cells, 38 could selectively stain lysosomes and the

0
@ N_/—NCO "
———..
N O () O NS OH
RN

Scheme 28 Fluorescent probe 38 for pH.
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Fig. 57 (a) Fluorescence spectra of probe 38 (1 uM) in buffers at different
pH values; (b) fluorescence intensity at 583 nm with pH values according to
the fluorescence pH titration (pH 4.00-7.40), Aex = 563 nm. The inset shows
the linear relationship of fluorescence intensity at 583 nm and pH values
from 4.20 to 6.00 (R = 0.99523). Copyright 2015 Royal Society of Chemistry.
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Fig. 58 The pH reversibility of probe 38 between pH 4.60 and 7.20.
Copyright 2015 Royal Society of Chemistry.

fluorescence intensity of 38 was also concentration and time
dependent. More importantly, 38 could be used to quantitatively
monitor the pH changes in lysosomes induced by bafilomycin A1
within HeLa cells (Fig. 59). Lysosomes have proton-pumping
vacuolar ATPases and Bafilomycin A1 is a selective inhibitor of
the vacuolar-type H'-ATPase (V-ATPase). Therefore, bafilomycin
A1l can inhibit lysosomal acidification, thereby regulating the
lysosomal pH environment. Incubating different concentrations
of bafilomycin A1 for 6 h, and then 2.5 uM 38 for 1 h, gradually
weakened fluorescence intensities with increased concentration
of bafilomycin A1 in HeLa cells were observed.

Xiao et al. introduced a near-infrared (NIR) lysosomal probe
40 based on their previously reported probe 39 (Scheme 29).*®
The chemical structure of probe 40 was interestingly unusual since it
was functionalized with two triphenylphosphonium (TPP) moieties
from 39 via click chemistry. Because the mitochondrial membrane
has typically a negative potential, positively charged TPP moieties are

. . 0 20 4 60 10
‘The different concentrations of bafilomycin A1 (M)

Fig. 59 Fluorescence microscopy images of living Hela cells first incubated
with 0—-100 nM bafilomycin Al for 6 h, and then with 2.5 uM probe 38 for 1 h
at 37 °C. The results are presented as means + SE with replicates n = 3.
*p < 0.05; **p < 0.01. Copyright 2015 Royal Society of Chemistry.
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Scheme 29 Fluorescent probe 40 for pH.
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Fig. 60 Fluorescence images of MCF-7 stained with probe 40 (pseudo
green) and DND-99 (pseudo red) stimulated with 100 uM Hg?* [(a and b)
probe 40; (c and d) DND-99] and 10 uM dexamethasone [(e and f) probe
40; (g and h) DND-99]. Copyright 2014 American Chemical Society.

usually used as mitochondrial delivery vehicles instead of lysosome-
targeting moieties. In this case, the two TPP moieties endowed the
probe with lysosome-targeting capability by mediating the probe’s
hydrophilic-lipophilic balance. In lysosomes, this probe showed
intensive near-infrared (NIR) fluorescence and better photostability
compared with commercial lysosomal tracker NR and 39 (Fig. 60).
Moreover, probe 40 demonstrated stable targeting ability and stable
fluorescence against lysosomal pH changes. This feature was rare
but valuable because most currently used lysosomal probes will lose
their fluorescence or even leave lysosomes once the pH rises.
However, pH values of lysosomes in different physiological status
are different. Thus, probe 40 was suitable for tracking lysosomes
under different physiological status including apoptosis and
poisoning.

Lin et al. developed a novel dual site-controlled and lysosomal-
targeted ICT-PET-FRET fluorescent probe 41 for monitoring
lysosomal pH in living cells (Scheme 30).*® The probe employed
coumarin and naphthalimide fluorophores as the donor and
acceptor to construct the FRET platform, and adopted hydroxyl
and morpholine as the two pH sensing sites to control the
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Scheme 30 Fluorescent probe 41 for pH.
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Fig. 61 Fluorescence intensity ratios /szo/l4s4 (@) and l4s4/ls30 (b) of 5 uM
41 in B-F buffers (5% MeOH) at various pH values. Insets are the linear
plots of fluorescence intensity ratio to pH; Zex = 380 nm. Copyright 2016
American Chemical Society.

fluorescence of coumarin and naphthalimide by ICT and PET,
respectively. With the pH changing from 3.0 to 10.0, the fluores-
cence changed from the green fluorescence of the naphthali-
mide unit to the blue fluorescence of the coumarin unit. Under
the synergistic effect of ICT, PET and FRET, 41 had an excellent
response and high sensitivity to pH (Fig. 61). Moreover, the
fluorescence ratio of 41 was linearly related to pH over a wide
range of pH 4.0 to pH 8.0. Probe 41 had no significant toxicity to
living cells and had ideal lysosomal targeting properties, thus
was successfully applied to fluorescence imaging of lysosomal
pH (Fig. 62).

James, Jia and Huang et al. synthesized a new ratiometric
fluorescent probe 42 that could be used to detect the interplay
between lysosomal behaviour and heat stroke (Scheme 31).*”
The maximum absorption of 42 gradually red-shifted from
430 nm to 538 nm with pH values increasing from 3 to 11.
Upon excitation at 473 nm, a decrease of fluorescence emission
intensity at 522 nm accompanied by an increase of fluorescence
emission intensity at 557 nm was observed when the pH value
of the solution increased, indicating the ratiometric fluores-
cence sensing of probe 42 for pH changes. Colocalization
experiments indicated that probe 42 was a lysosomal specific
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Fig. 62 (a) Fluorescence images for 5 uM 41 in Hela cells at various pH
values: blue channel, emission at 425-475 nm with excitation at 405 nm;
green channel, emission at 500-550 nm with excitation at 488 nm. Ratio
images represent the ratio of fluorescence intensity between the green
channel and blue channel (Igreen//owe)- (b) Quantified relative fluorescence
intensity at various pH values was analyzed using Nikon NIS Element
software and presented as mean = SD, with n = 3. (c) Ratio of /green/Ibiue
at various pH values obtained from panel b. Statistical analyses were
performed with Student's t test (n = 3). *P < 0.05, *P < 0.01, and error
bars are +£SD. Copyright 2016 American Chemical Society.
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Scheme 31 Fluorescent probe 42 for pH.
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Fig. 63 Relationship between lysosomal pH changes and heat stroke in
Hela cells. (a) Ratiometric fluorescence images of the 42-stained cells
under heat shock at 37 °C, 41 °C, and 45 °C (left to right) respectively for
20 min and then continued culture for another 20 min at 37 °C. Excitation
wavelength for probe 42: 488 nm; emission collection, channel 1 (green,
channel 1): 500-550 nm; channel 2 (yellow, channel 2): 570-620 nm.
Scale bar is 10 mm. (b) Semiquantitative determination of 42-stained Hela
cells according to the ratio of average fluorescence intensity of channel 2
(yellow) to channel 1 (green). Error bars represent s.d. Copyright 2018
Royal Society of Chemistry.
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labelling probe and could be used for the ratiometric fluorescence
sensing of pH changes of lysosomes in live cells, in which the
morpholine displayed the ability to improve the lysosome-
targeting specificity. More importantly, probe 42 was able to sense
the fluctuation of lysosomal pH ratiometrically under heat stroke
in live HeLa cells, which showed a gradual decrease in green
fluorescence (channel 1, 500-550 nm) and simultaneous enhance-
ment in the yellow fluorescence (channel 2, 570-620 nm) as the
temperature increased from 37 °C to 41 °C, then to 45 °C (Fig. 63).
The fluorescence emission ratio values of average emission intensity
for yellow images (channel 2) and green images (channel 1) were
calculated to be increased from 1.78 to 4.84 under heat stress. This
work provided an effective ratiometric imaging tool for mapping
lysosomal pH changes in live cells under a heat shock stimulus.

4. Small-molecule fluorescent probes
for the detection of reactive oxygen
species (ROS) inside lysosomes

During the metabolism, the body produces different kinds of
reactive oxygen species (ROS), including superoxide (0,°7),
hydroxyl radicals (*OH), peroxy radicals (*OOR), single oxygen
(*0,), and hypochlorous acid/hypochlorite (HOCI/CIO™) and
hydrogen peroxide (H,0,). It has been reported that reactive
oxygen species in lysosomes play a crucial role in the pathogenesis
of many serious diseases such as cancer, neurodegenerative dis-
eases and cardiovascular diseases.*® Therefore, effective monitoring
of ROS level in living cells and tissues is very important for human
health.

4.1 Small-molecule fluorescent probes for the detection of
H,0, inside lysosomes

Hydrogen peroxide (H,0,) is a major member of reactive oxygen
species (ROS) and has a variety of physiological functions, including
respiration, host defense, intracellular signaling, and immune
responses.®’ Excess H,0, in lysosomes leads to lysosomal dysfunc-
tion and even rupture due to autophagy and apoptosis. Therefore, it
is important to detect lysosomal H,O, in living cells.

You and Nam et al. developed a new fluorescent probe 43 for
H,0, (Scheme 32).°° Unlike previous experiments utilizing
H,0, to oxidize Fe?' for the fluorescence detection of H,O,,
probe 43 was developed based on the cleavage of the paramagnetic
Fe ionophore from the fluorophore, which afforded exceptional
selectivity for H,O, over other ROSs. The addition of an excess of
H,O0, to the solution of 43 provoked a significant fluorescence
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Scheme 32 Fluorescent probe 43 for H,O,.
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Fig. 64 (a) Fluorescent detection of intracellular H,O, in live Hela cells:
bright field (top) and fluorescence (bottom) micrographs of Hela cells
incubated with probe 43 (10 pM, 30 min). Cells shown in the right panels
were treated with H,O5 (200 puM, 10 min). Scale bar = 50 pm. (b) Subcellular
localized fluorescence signals from the lysosomes. Hela cells were pre-
treated with H,O, (200 pM, 10 min) and incubated with probe 43 (10 uM,
30 min) and LysoTracker-Red (50 nM, 1 h): (i) probe 43 signals; (i) LysoTracker-
Red signals; (iii) merged images (i) and (ii); (iv) bright field image. Scale bar =
10 um. Copyright 2012 Royal Society of Chemistry.

turn-on with a 22-fold increase in the fluorescence quantum
yield. However, the addition of O, ~, “OCl, #BuOOH, NO, '0,, (NH,),-
Ce"(NO;)s (CAN), and 2,3-dichloro-5,6-dicyano-pbenzoquinone
(DDQ) did not produce fluorescence turn on, and only a small
increase in the fluorescence intensity was observed in the cases
of +-BuO* and *OH. The limit of detection (LOD) of probe 43 for
H,0, was determined to be 29 uM. Colocalization experiments
showed that the fluorescence patterns of 43 and the LysoTracker-
Red signals were overlapped perfectly, which indicated unambigu-
ously that the fluorescence response was localized at the lysosome
(Fig. 64).

Zhang et al. reported a two-photon cell-permeable fluores-
cent probe myeloperoxidase MPO-44 through the combination
of MPO with probe 44 since myeloperoxidase (MPO) has many
advantages such as specific reactivity and selectivity to convert
“H,0, + ClI”” into hypochlorite, good cell-permeability, and
lysosomal retention (Scheme 33).>' The probe could be used to
visualize exogenous or endogenous H,0, with high selectivity and
sensitivity. In the presence of MPO, hypochlorite-sensitive ZnSalen
44 showed a selective turn-on response to H,0, in acidic buffer pH
(4.5-6.0) aqueous solution, while other bio-related ROS interference
can be ignored. Subcellular localization of the probe MPO-44 assay
showed that the probe MPO-44 exhibited good colocalization with
that of LysoTracker Green DND-26, with a Pearson’s correlation
coefficient of 0.92 and an overlap coefficient of 0.94 (Fig. 65).

p-Dihydroxyborylbenzyloxycarbonyl has been proved to be
an efficient moiety for the detection of H,0O,. Recently, Yin and
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Scheme 33 Fluorescent probe 44 for H,O,.
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Fig. 65 Probe 44 colocalization assay in Hela cells. Cells treated with
“"MPO-44" for 12 h and then H,O, for half an hour were stained with
LysoTracker Green DND-26 for half an hour: (i) fluorescence image of
“"MPO-44"; (ii) fluorescence image of LysoTracker Green DND-26;
(iii) merged image of (i) and (ii); ICA scatter plots of "MPO-44" (iv) and
LysoTracker Green DND-26 (v); (vi) PDM image. The PDM scale bar is
inserted. Cells expressing LAMP2-EGFP were treated with "MPO-44"
for 12 h and then H,O, for half an hour. (vii) Fluorescence image of
“MPO-44"; (viii) image of LAMP2-EGFP; (ix) merged image of "MPO-44"
and LAMP2-EGFP. The scale bar is 10 pm in original pictures, 1 pm in
amplified pictures. Copyright 2013 Royal Society of Chemistry.
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Scheme 34 Fluorescent probe 45 for H,O,.

Yoon et al. reported a borate-based hydrogen peroxide (H,O,)
probe 45 with a morpholine moiety as the lysosome-directing
group (Scheme 34).> Probe 45 exhibited high selectivity and
sensitivity for H,O,. As shown in Fig. 66, the addition of H,0,
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Fig. 66 (a) Fluorescence spectra of probe 45 (2 pM) with various ROS
(200 puM) and (b) fluorescence titration of probe 45 (2 M) upon addition of
H,O, (0-100 eq.) in PBS (pH 7.4) solution containing 1% DMF after
incubation for 2 h at 25 °C at an excitation wavelength of 405 nm, and
excitation and emission slit widths of 3 and 5 mm, respectively. Copyright
2015 Nature.
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Fig. 67 Probe 45 was localized to lysosomes in RAW264.7 cells. Confocal
microscopy images of probe 45 on the endogenous H,O5: (a) probe 45
(red, ex405/em490-590 nm); (b) LysoTracker Blue DND-22 (blue, ex405/
em430-455 nm); (c) bright field (gray); (d) overlay of (a) and (b) (purple). Left:
No treatment; middle: 1 pg mL™ PMA (Phorbol 12-myristate 13-acetate),
1 h; right: 1 pg mL™ PMA, 1 h and 100 pM TEMPO (2,2,6,6-tetramethyl-
piperidine-1-oxyl, ROS scavenger), 1 h. (For producing endogenous H,O,,
the RAW264.7 cells were treated with PMA. All cells were stained with 5 pM
probe 45, 100 nM Lysotracker for 30 min; scale bar: 10 um.) Copyright 2015
Nature.

into the solution of probe 45 induced an obvious increase in the
fluorescence intensity. However, under the same condition,
slight changes were observed after incubation with various ROSs
including *OH, ONOO™, *OOR, °NO, ClO", and +ROOH. The
investigation of the fluorescence titration of probe 45 upon
addition of H,O, showed that an obvious fluorescence enhance-
ment was observed along with increasing H,0,. More interest-
ingly, confocal microscopy images of probe 45 indicated that
probe 45 was a lysosome-targetable H,O, indicator and could be
used as an efficient tool to monitor the level of exogenous and
endogenous H,0, in the living cells. As shown in Fig. 67, owing
to the existence of endogenous H,0, released from the RAW
264.7 cells, the confocal microscopy image of probe 45 displayed
a red emission. Moreover, since more endogenous H,O,
was produced by treating RAW 264.7 cells with PMA (Phorbol
12-myristate 13-acetate, 1 mg mL '), a significant fluorescence
enhancement was observed. The subsequent addition of TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl, 100 mM), a ROS scavenger to
block H,0,, resulted in a significant decrease in the fluorescence
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Fig. 68 Time-dependent fluorescence intensity of probe 45 in Hela cells.
Hela cells were incubated with 0 or 100 uM H,O, for 30 min and 0.2 uM
probe 45 was added for 30 min. The time-dependent fluorescence image
of probe 45 was acquired by confocal microscopy: (a) no treatment;
(b) 100 uM H,0O,; (c) time-dependent fluorescence intensity graph of probe
45 in Hela cells (blue color: no treatment; red color: 100 uM H,0,).
Copyright 2015 Nature.

intensity. Furthermore, probe 45 could be used for monitoring the
level of H,O, in the living cells over time. As shown in Fig. 68, the
fluorescence image displayed a weak red emission when the HeLa
cells were not treated with H,0,. However, when the HeLa cells
were incubated with H,0,, an increasing red emission was
observed from the confocal microscopy images and a stronger
red emission was observed over time.

4.2 Small-molecule fluorescent probes for the detection of
HOCI inside lysosomes

Hypochlorous acid (HOCI) is one of the important reactive
oxygen species (ROS) that can be synthesized by hydrogen
peroxide and chloride under myeloperoxidase (MPO) catalysis.
HOCI is a weak acid (pK, = 7.6) and mainly distributed in the acidic
organelle lysosome of macrophages. Although it is present in
extremely low concentration, it plays a key role in the immune
defense against invading bacteria and other pathogens.>® Abnormal
accumulation of HOCI in phagocytes can induce various diseases
such as rheumatoid arthritis, neuronal degeneration, Parkinson’s
disease and cerebral ischemia. Therefore, chemosensors that
achieve imaging or quantification of HOCI are necessary for
investigations of HOCI related biological processes. Until now, a
large number of fluorescent probes for sensing of HOCI have
been reported based on the HOCl-mediated oxidation reaction
with recognition groups, such as special carbon-nitrogen double
bonds, sulfide, selenide, rhodamine-based spirane structure,
p-methoxyphenol, and pyrrole and some other methods.** How-
ever, only a few fluorescent probes could detect HOCI inside
lysosomes.

Chang et al. developed the lysosomal targetable two-photon
fluorescent HOCI probe 47 (Scheme 35).>° In this probe, a well-
known two-photon fluorophore Acedan was chosen as the
fluorescence reporting group due to its excellent photophysical
properties whilst 2-mercaptoethanol was employed to be the
protecting group because the thiol atom in methionine could
be easily oxidized to sulfoxide by HOCI thereby changing the
fluorescence of the probe. Lysosome-targetable group morpho-
line was introduced to ensure the probe’s intracellular localiza-
tion. For comparison, a two-photon fluorescent HOCI probe 46
without the morpholine group was prepared as well. Based on
the oxidative deprotection mechanism, a fast response (within
a few seconds) and good sensitivity (<20 nM) of these probes to
HOCI were achieved with excellent selectivity over other ROS
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Scheme 35 Fluorescent probe 47 for HOCL

and biomolecules. Cell imaging experiments showed that probe
47 displayed good cell penetration and lysosomal localization
ability in living cells and could be successfully utilized to detect
HOCI in lysosomes. In particular, two-photon imaging of 47
indicated that more HOCI can be detected in the lysosome of
macrophages during inflammatory conditions in a murine
model. As shown in Fig. 69, strong fluorescence from 47 in
LPS-stimulated macrophage cells was observed in inflammation
tissues, which was conducted by subcutaneous injection of 200 pL
of LPS (1 mg mL™ ') into the right rear paws of mice and
subcutaneous injection of 47 into the paw skin after 1 day. There-
fore, these probes not only could help elucidate the distribution of
subcellular HOCI, but also served as excellent tools to exploit
potential functions of HOCI at subcellular and tissue levels.

Based on the intramolecular charge transfer (ICT) mechanism,
Tang et al. synthesized a two-photon fluorescence probe

a) b) Probe 47 (inflamm.)  CcD11b Merge Probe 47 (normal)

i t 1
Probe 47 (inflamm.) Probe 47 (normal)

LPS Probes  Tissue
® >
~ >
Inflamed T}WFT Normal
tissue tissue
/Probe a7
’

(h) (iv.)  harvested

Fig. 69 Detection of LPS-dependent HOCLI generation in inflammation
tissues via probe 47. (a) 200 puL of LPS (1 mg mL™) was subcutaneously
(i.h.) injected into the right rear paws of mouse to cause inflammation. After
1 day, 200 pL of 1 mM probe 47 was intravenously (i.v.) injected and the paw
skin was sectioned 1 h later. (b) Fluorescence images of probe and CD11b in
the inflamed tissue. Probe fluorescence, green; antibody CD11b, red. Arrows
indicate the merged parts of the HOCI sensitive probe and CD11b. (c) 3D
volume-rendered image shows the distribution of macrophages within the
inflamed and normal tissues. (+) Inflammation tissues; (—) normal tissues.
Scale bar: 30 um. Copyright 2015 American Chemical Society.
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Scheme 36 Fluorescent probes 48 and 49 for HOCL

O-(N-butyl-1,8-naphthalimide)-4-yl-N,N-dimethylthiocarbamate
(probe 48) employing N,N-dimethylthiocarbamate (DMTC) as
the recognition receptor for HOCI since HOCI can oxidize sulfide-
type amino acids through the initiation of an electrophilic
addition of chlorinium ion (Cl') from the decomposition of
HOCI (Scheme 36).>® Probe 48 displayed excellent selectivity,
which may be attributed to oxidative cleavage of the DMTC
moiety by electrophilic addition of CI" (Fig. 70). The detection
limit of 48 to HOCI was 7.6 pM, which was the first fluorescent
probe that can accurately determine the picomolar level of HOCI.
The lysosome-targetable fluorescent probe 49 was obtained by
introducing an alkylmorpholine group into the 48 platform, and
its ability to image HOCI in lysosomes was confirmed. Two-
photon confocal fluorescence imaging studies suggested that 49
was capable of monitoring native and the fluctuation of endo-
genous HOCI levels in lysosomes of live macrophages (Fig. 71).

Lin et al. designed and synthesized a lysosomal-targeted
ratiometric fluorescent HOCI probe 50 based on the mechanism
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Fig. 70 Fluorescence responses of probe 48 (5.0 puM) toward HOCI
(10.0 pM) and other various analytes (500.0 pM except 3000.0 uM GSH)
under PBS/ethanol (1: 1, v/v, pH 7.4) buffer solution: (a) blank, (b) H,O,, (c) O, ™,
(d) TBHP, (e) *O'Bu, (f) *OH, (g) 1O, (h) NO,~, (i) NOs~, (j) NO, (k) ONOO™,
() GSH, (m) K*, (n) Ca®*, (0) Na*, (p) Mg?*, (q) Zn*, () glutamate (Glu),
(s) alanine (Ala), (t) valine (Val), (u) threonine (Thr), (v) lysine (Lys), (w) leucine
(Leu), (x) ascorbic acid (AA), and (y) HOCL; Aex = 410 nm, slit widths: We, =
Wem = 3 nm. Bars represent the fluorescence intensities at 547 nm and
each datum was acquired 10 min after HOCI addition. Copyright 2016
American Chemical Society.
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Fig. 71 Two-photon confocal fluorescence images of live macrophages:
(a) control macrophages, (b) macrophages pretreated with 49 (20.0 pM)
for 20 min, (c) macrophages pretreated with 49 (20.0 uM) for another
20 min after preincubation with 200.0 uM ABAH for 60 min, (d) macro-
phages pretreated with 49 (20.0 uM) for another 20 min after stimulation
with 1.0 pg mL™* PMA for 60 min, and (e) relative fluorescence intensities of
macrophages in panels (a)-(d). The provided images of macrophages are
representative ones (n = 10 fields of cells). Fluorescence images were obtained
with an 800 nm light source. Fluorescence emission windows: 470—-650 nm.
Scale bar = 20 um. Copyright 2016 American Chemical Society.
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50
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Scheme 37 Fluorescent probe 50 for HOCL

ESIPT OFF Open form

of ESIPT and rhodol ring opening processes (Scheme 37).%
Before reacting with HOC], probe 50 adopted its spirocyclic form
and meanwhile the ESIPT process occurred between the phenolic
hydroxyl group and the N atom of the benzazole ring. The sensor
only displayed the characteristic emission peak of the ESIPT
process at around 450 nm and showed no emission band for
the rhodol moiety. However, the spirocycle of this probe opened
and the ESIPT process stopped after a reaction with HOCI since
there were no free protons in close proximity to benzothiazole;
meanwhile, a drastic increase in the fluorescence intensity around
586 nm along with a gradual decrease in the emission peak at
450 nm was observed. As shown in Fig. 72a, the addition of
80 mM HOCI induced a 97-fold variation in the emission ratios of
the fluorescence intensities at 586 and 450 nm (I5ge/I450). More
importantly, the fluorescence ratios were linear with regard to the
concentration of HOCI, which revealed that the limit of detection
of 50 toward HOCI could be calculated to be 0.11 pM. Probe 50
displayed high selectivity toward HOCI over other reactive oxygen
species (ROSs), reactive nitrogen species (RNSs) and various
biologically relevant analytes (Fig. 72b). For example, the addition
of Co**, Cu®*, Ni**, Br,1",NO, ,NO; ", OH ", >, Cys, GHS, Hcy,
t-butylhydroperoxide, peroxide tert-butyl ether, H,O,, and NO only
caused minimum perturbation in the fluorescence spectra of
probe 50 while the addition of HOCI induced a large fluorescence
enhancement. The determination of the intracellular location of
probe 50 inside cells was conducted by the co-incubation of probe
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Fig. 72 (a) Emission spectra (excitation at 420 nm) of probe 50 (10 uM) in
the presence of various amounts of NaOCl (0 to 80 uM) in PBS buffer
(pH 5.0, containing 30% DMSO as a cosolvent). The inset shows the visual
fluorescence color of the chemodosimeter 50 (20 pM) before (left) and
after (right) the addition of 50 uM of HOCl upon excitation at 365 nm using
a hand-held UV lamp. (b) Ratios of fluorescence intensity (/sgs/l450) Of
probe 50 (5.0 uM) to various relevant species (100 uM): (1) blank; (2) Co?*;
(3) Cu?*; (4) Ni?*; (5) Br—; (6) I7; (7) NO,~; (8) NOs*~; (9) OH™; (10) S*~;
(11) Cys; (12) GHS; (13) Hcy; (14) t-butylhydroperoxide; (15) peroxide tert-
butyl ether; (16) H>O,; (17) NO and (18) HOCL in pH 5.0 PBS buffer
(30% DMEF as a cosolvent). Copyright 2016 Royal Society of Chemistry.

Fig. 73 Bright field and fluorescence images of A549 cells stained with
probe 50 and LysoTracker Green. (a) bright-field image; (b) from the green
channel (LysoTracker Green imaging of lysosomes); (c) from the red channel
(50 imaging of HOCU); (d) overlay of green and red channels; (e) intensity profile
of the linear region of interest across an A549 cell costained with LysoTracker
Green and the red channel of 50; (f) intensity scatter plot of the green and red
channels. Copyright 2016 Royal Society of Chemistry.

50 and the commercial lysosomal tracker LysoTracker Green in A549
cells, which suggested that probe 50 could readily permeate the cell
membrane and could image HOCI in lysosomes specifically (Fig. 73).

Since some olefinic C=C double bonds are susceptible to
oxidative cracking by HOCI under mild conditions, recently,
Fan et al. developed a BODIPY-based NIR ratiometric probe 51 that
could selectively detect HOCI via oxidative cleavage of olefins
(Scheme 38).°® Upon the addition of NaOCI into the solution of
probe 51, the absorption intensity displayed a blue-shift from

Scheme 38 Fluorescent probe 51 for HOCL
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Fig. 74 (a) UV-vis spectra of probe 51 (5 uM) upon addition of NaOCl
(0—10 uM) in PBS (10 mM) solution (ethanol/water = 1/1, v/v, pH 7.4). Inset:
The color of probe 51 (5 pM) in the absence and presence of NaOCl
(10 uM). (b) Fluorescence emission of probe 51 (5 uM) upon the addition of
increasing concentrations of NaOCl in PBS (10 mM) solution (ethanol/
water = 1/1, v/v, pH 7.4). Copyright 2017 Elsevier.

650 nm to 501 nm, accompanied by a color change from blue to
hermosa pink. Meanwhile, the fluorescence intensity at 713 nm
decreased while the fluorescence intensity at 511 nm gradually
enhanced with increasing NaOCl concentration (Fig. 74). The
detection limit of 51 to HOCI was determined to be 10.6 nM. The
probe exhibited superior selectivity toward HOCI over other ROS as
witnessed by the results that the probe showed more than 300-fold
enhancement of the fluorescence ratio (Is11nm/f713nm) in the
presence of HOCI over other ROS including H,0,, *OH, O,°",
TBHP, TBO®, '0,, NO* and ONOO~ (Fig. 75). The confocal fluores-
cence images demonstrated that the probe could penetrate through
the plasma membrane and visualize exogenous and endogenous
HOCI in lysosomes of living cells with low cytotoxicity (Fig. 76).

> 300-fold

0 T

Blank H,0, *OH 0," TBHP TBO+ !0, NO+« ONOO HOCI

Fig. 75 Fluorescence responses (/511nm/l713nm) Of probe 51 (5 uM) toward
HOCI (10 pM) and other ROS (100 uM) in PBS (10 mM) solution (ethanol/
water = 1/1, v/v, pH 7.4); Jex= 480 nm, 635 nm. Copyright 2017 Elsevier.

Fig. 76 Confocal fluorescence imaging without (up) and with (down)
exogenous NaClO (10 pM) in MCF-7 cells using probe 51 (2 uM) for
60 min at 37 °C; (a and f) green channel (500-550 nm); (b and g) red
channel (655-755 nm); (c and h) bright-field images; (d and i) overlay image
of (a, b and c; f, g and h); (e and j) ratio images generated from green/red
channel; ex = 488 nm, 635 nm. Scale bar = 20 pm. Copyright 2017 Elsevier.
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Scheme 39 Fluorescent probe 52 for HOCL

Although a few fluorescence probes for sensing of HOCI have
been reported, relatively few fluorescence probes for reversible
HCIO/GSH redox cycle monitoring have been established. Ye
et al. designed and synthesized a two-photon reversible fluorescent
probe 52 based on intramolecular charge transfer (ICT) for the
selective detection of HOCI (Scheme 39).>° In probe 52, methyl
thioether was chosen as an ideal receptor for HOCI since it could be
easily oxidized to sulfoxide by HOCI and then the sulfoxide can be
reduced to thioether by reductants. As shown in Fig. 77, upon the
addition of OCI™ into the solution of probe 52, absorption peak at
405 nm simultaneously decreased and a new absorption peak
at 350 nm increased. Moreover, an intense fluorescence quenching
at 505 nm was observed with the addition of OCl . The detection
limit of probe 52 for the determination of OCl™ was estimated to be
0.674 uM based on the fluorescence titration experiments. Due to
the selective oxidation of thioether, 52 exhibited higher selectivity to
HOCI than other ROS, RNS and anions including H,0,, HCIO,,
0*7, NO, S,04*,F,Cl, Br, I, PO, , HPO,>, H,PO, , NO;
CO;*", HCO;™, AcO, and SO4>". Interestingly, the addition of
GSH into the mixture solution of probe 52 and ClO™ induced the
restoration of the fluorescence intensity to almost the original level.
However, the addition of other reductants, such as Cys, Hcy, H,S,

O
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Fig. 77 (a) UV/vis spectra of 52 (10 uM) in PBS with different anions
(100 uM). Inset: The photo of 52 (left) and 52 + ClO™~ (10 equiv.) (right).
(b) Fluorescence spectra of 52 (10 pM) in the presence of 100 uM different
anions in PBS (Ley = 405 nm, slit = 5 nm). (c) UV-vis spectra of 52 (10.0 uM)
in the presence of CIO™ (0.1-10 equiv.) in PBS buffer (0.1, 0.2, 0.3, 0.4, 0.5,
0.6,0.7,0.8,09,1.0,15,2.0,25,3.0,35,40,45,50,55,6.0,6.57.0,7.5,
8.0, 8.5, 9.0, 9.5, and 10.0). (d) Fluorescence spectra of 52 (10 uM) with
gradual addition of various amounts of CIO™ (from bottom O to 7 equiv.) in
PBS (pH = 7.4, 10 mM). Copyright 2017 American Chemical Society.
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Fig. 78 Confocal fluorescence images of live 4T1 cells pretreated with 52
(10.0 pM) and Lyso-Tracker Red DND-99 (500.0 nM) for 20 min: (a) bright-field
image; (b) green channel for probe fluorescence; (c) red channel for Lyso-
Tracker fluorescence; (d) merged image from panels b and c; (e) intensity
profile of the linear region of interest across the 4T1 cell costained with Lyso-
Tracker Red and probe 52; (f) intensity correlation plot of 52 and Lyso-Tracker
Red. Pearson’s correlation: 0.8789, overlap coefficient: 0.8937. Scale bar =
5 um. Copyright 2017 American Chemical Society.

HSO, ™, Fe*', $,0,°7, and Ve, could not regenerate the probe’s
fluorescence. These results suggested that probe 52 could be used
to monitor the redox cycles between OCl™ and GSH continuously.
Furthermore, co-localization experiments by co-staining the 4T1
cell with Lyso Tracker Red DND-99 and probe 52 showed that probe
52 could image OCI™ in lysosomes very well (Fig. 78).

4.3 Small-molecule fluorescent probes for the detection of
superoxide inside lysosomes

As the product of the one-electron reduction of dioxygen O,,
0,°" is associated with the pathogenesis of many diseases
such as cardiovascular diseases, diabetes, cancer and immune
system decline.®® Moreover, O,*~ is an important marker for
early ROS generation and a parent species of other ROS. Thus,
it is crucial to detect superoxide with high selectivity and
sensitivity in biological systems.

Chen, Dong and Zhao et al. developed a fluorescein-based
water-soluble fluorescent probe 53 for detecting superoxide
(Scheme 40).°" This probe contained a (N-methylpyridinium-
3-yl)sulfonate moiety as a novel superoxide trapper. Probe 53
was fairly stable under neutral and acidic conditions and
responded selectively to superoxide with a detection limit of
2.2 uM (Fig. 79). Cell imaging experiments suggested that the
probe possessed good cell penetration and could detect O,* ™ in
the lysosome of PMA-stimulated HepG2 cells (Fig. 80). More-
over, it should be noted that probe 53 could also image O,* ™ in
the mitochondria of cells due to the presence of the N-methyl-
pyridinium unit, which is a well-known mitochondria-targeted
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Scheme 40 Fluorescent probe 53 for O,° .
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Fig. 79 Fluorescence responses of probe 53 (10 pM) to KO, H,O,,
NaClO, t-BuOOH, m-CPBA, hydroquinone, H,S, PhSH, GSH, and amino
acids (100 pM each) at room temperature in PBS buffer. Data were
recorded at 10 min after addition of various analytes (lex = 492 nm,
Aem = 513 nm, slit: 2.5 nm/2.5 nm). Copyright 2018 American Chemical
Society.

a) Probe 53 b) Lyso-Tracker Red c) Merge

Fig. 80 Confocal fluorescence images of HepG2 cells with multiple
labels. HepG2 cells were stimulated for 1 h with PMA (100 ng mL™) and
incubated for 20 min with probe 53 (20 pM), organelle-tracker (5 uM)
simultaneously. Images shown above are signals from (a) probe 53,
green channel; (b) Lyso-Tracker Red DND-99, red channel; (c) merged
image of (a) and (b). Scale bar = 10 um. Copyright 2018 American Chemical
Society.

Fig. 81 Confocal imaging of endogenous O,*~ in 72 h post-fertilization
zebrafish embryos. (@ and b) Zebrafish embryos preloaded with probe 53
(10 uM) for 20 min; (c and d) zebrafish embryos briefly challenged with
PMA (200 ng mL™) for 20 min after preloaded with probe 53 (10 uM) for
20 min; (e and f) zebrafish initially stimulated with PMA (100 ng mL™) for
20 min, treated with Tiron (100 puM) for 20 min and loaded with probe 53
(10 uM) for 20 min. (a, c and e): green channel, (b, d and f): bright channel.
Scale bar = 1 mm. Copyright 2018 American Chemical Society.

functional group. In addition, this probe was successfully
applied to detect O,° in living zebrafish embryos under
PMA-stimulated conditions (Fig. 81). This study presented the
first successful example on the detection of O,*" both in
lysosome and mitochondria in living cells.
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4.4 Small-molecule fluorescent probes for the detection of
lipid peroxynitrite inside lysosomes

Lipid peroxidation (LPO) in lysosomes is closely related to the
pathogenesis of many diseases.®®> For example, in the initial
stage of atherosclerosis, lysosomes swell by accumulating a lot
of lipoproteins, which promotes the free-radical chain propaga-
tion of LPO. Although several fluorescent LPO probes have been
previously reported,®® they were unable to detect LPO in lyso-
somes owing to their unspecific intracellular localizations.
Therefore, precise and quantitative assessment of dynamic
LPO levels in lysosomes is of great interest for the early
diagnosis of atherosclerosis and related pathological or phar-
macological studies.

Xiao et al. developed a lysosome targetable fluorescent probe
54 for LPO (Scheme 41).%* This probe had a basic tertiary amino
unit to target acidic lysosomes and a diene group to respond to
LPO. Because of the extended conjugation with the diene and
phenyl moieties, this BODIPY probe displayed bright red
fluorescence with an emission maximum at 586 nm. As
expected, probe 54 demonstrated a sensitive and selective
response to the LPO (Fig. 82). In the presence of hemin and
cumene hydroperoxide (CumOOH), which is a similar situation
as lipid peroxidation in living cells, a continuous increase in
fluorescence intensity at 512 nm and a decrease at 586 nm was
observed until equilibrium was reached as time went on. The
hypsochromic shift of the emission of the probe was attributed
to the cleavage of the m-structure. Cell imaging experiments
showed that 54 was able to dynamically visualize morphological
changes of lysosomes during the evolution of foam cells as well
as to relatively quantify local LPO in a single lysosome through
ratiometric imaging (Fig. 83). More importantly, 54 provided a

LPO

Scheme 41 Fluorescent probe 54 for LPO.
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Fig. 82 (a) Fluorescence ratio (512/586) change of probe 54 towards
different ROS. (b) Changes of fluorescence wavelength of probe 54 in pH
~5 PBS (containing 30% methanol) in the presence of 1 uM hemin and
1 mM CumOOH, excited at 488 nm. Copyright 2015 American Chemical
Society.
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Fig. 83 Fluorescence images of healthy macrophage cells (a, b, and c)
and foam cells (e, f, and g) co-stained by DND-189 (a and e, green channel,
Aex = 405 nm, Aem = 500-560 nm) and probe 54 (b and f, red channel,

ex = 488 nm, lem = 570-630 nm). (c) Merged image of panels a and b and
bright field. (g) Merged image of panels e and f and bright field. Panels d
and h are amplified images of regions in panels b and f. Copyright 2015
American Chemical Society.
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Fig. 84 Fluorescence images of stained (probe 54, 1 uM for 5 min)
macrophage cells being incubated with ox-LDL (20 mg L™ and different
amount of LDL (50-200 mg L™ for 24 h, cells are stained with probe 54 at
the 12th hour. Copyright 2015 American Chemical Society.
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new opportunity to distinguish and clarify the different roles
played by low-density lipoprotein (LDL) and its oxidized form
(ox-LDL) for the LPO processes of foam cells, which was
beneficial for understanding the initiation and control factors
of atherosclerosis (Fig. 84).

5. Small-molecule fluorescent probes
for the detection of reactive sulfur
species (RSS) inside lysosomes

Active sulfur species (RSS) include H,S, SO,, cysteine (Cys),
homocysteine (Hcy), glutathione (GSH) and so on. RSS play
important roles in physiological and pathological processes,
such as regulating oxidative stress and controlling signal
transduction.®® Therefore, the establishment of convenient
detection methods for RSS is on demand.

5.1 Small-molecule fluorescent probes for the detection of
hydrogen sulfide inside lysosomes

Hydrogen sulfide (H,S), which is produced endogenously in
mammalian systems from r-cysteine in reactions catalysed mainly
by two pyridoxal-50-phosphate-dependent enzymes, cystathionine
B-synthase (CBS) and cystathionine y-lyase (CSE), has been
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Scheme 42 Fluorescent probe 55 for H,S.

considered the third most important gasotransmitter for regulating
cardiovascular, neuronal, immune, endocrine, and gastrointestinal
systems. The endogenous level of H,S has been found to be related
to some diseases such as Alzheimer’s disease, Down’s syndrome,
diabetes, and liver cirrhosis.®® Recently, research revealed that H,S
also functioned in lysosome organelles, and it could induce cell
death in association with the activation of calpain proteases and
lysosomal destabilization along with the release of lysosomal
proteases.®” For example, H,S induced lysosomal membrane desta-
bilization leads to an autophagic event of precipitation apoptosis
coupled with calpain activation, thus ensuring cellular demise.
Therefore, detecting and imaging lysosomal H,S is meaningful and
provides a potential powerful tool for probing the relationship
between H,S and disease states.

Xu, Spring and Cui et al. developed a lysosome-targetable
fluorescent probe 55 based on naphthalimide for imaging H,S in
living cells (Scheme 42).°% In probe 55, the dinitrophenyl ether
group was introduced into the 4-position of 1,8-naphthalimide
acting as the H,S reactive site, and 4-(2-aminoethyl)morpholine
was introduced as the lysosome-targetable group. The fluores-
cence at 555 nm of 55 remained unaffected at pH 8.2-4.2 and
then gradually increased from pH 4.2 to 2.03 which indicated
that probe 55 could be used in lysosomes. Probe 55 displayed
high sensitivity and selectivity to H,S in aqueous solution
(Fig. 85). The addition of H,S into the solution of 55 induced
a 42-fold enhancement of the emission band centered at
555 nm due to the thiolysis of the dinitrophenyl ether by H,S.
However, the addition of 100 equiv. of Na¥, Ca*>", K*, Mg*",
HCO; ™, F, ClI, Br, I, NO;, $,05>, $,0,>, $,05>, SO;,
N;~, CO;*~, CH;COO~, OH ™, SO,>~, H,0,, HSO,~, homocysteine,
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Fig. 85 (a) Fluorescent emission spectra of 10 pM probe 55 in the
presence of 0—10 equiv. of H,S in aqueous solution (CHsCN/PBS = 1:9,
pH = 7.4, 37 °C) (NaHS was dissolved in water at a concentration of
10 mM). Excitation at 450 nm. (b) Fluorescence responses of 10 uM 55 to
various analytes in agueous solution (CHsCN/PBS =1:9, pH = 7.4, 37 °C).
Excitation at 450 nm. Bars represent the final fluorescence intensity of 55
with 1 mM analytes over the original emission of free 55. (1) Free 55;
(2) an*' (3) Na™; (4) Ca®*; (5) K*; (6) Mg®*; (7) HCOs™; (8) F~; (9) CL;
(10) Br; (11) I”; (12) NOs; (13) S,05° (14) $,04°; (15) $;057; (16) SO5;
(17) N5™; (18) CO3°~; (19) CH3COO™; (20) SO42™; (21) H,05; (22) HSO,4™;
(23) homocysteine; (24) ascorbic acid; (25) cysteine; (26) glutathione; and
(27) NaHS. Copyright 2013 American Chemical Society.
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Fig. 86 Probe 55 colocalizes to lysosomes in MCF-7 cells. (a) 5.0 uM probe 55
with 20 uM of H,S incubated for 10 min at 37 °C (channel 1: 4ex = 450 M, Jem=
520-560 nm). (b) 5.0 uM NR (channel 2: Aex = 559 MM, em = 565-610 Nm).
(c) Merged images of (a) and (b). (d) Bright field image. (e) Intensity profile of
regions of interest (ROI) across MCF-7 cells. (f) Intensity correlation plot of dyes
55 and NR. Scale bars = 20 pm. Copyright 2013 American Chemical Society.

and ascorbic acid produced a nominal change in the fluorescence
spectra of 55. The detection limit of H,S with probe 55 was
calculated to be 0.48 uM. The fluorescence localization experiments
indicated that the probe was applicable to H,S detection in live cell
imaging and had the ability to detect intracellular H,S in lyso-
somes. As shown in Fig. 86, the fluorescence patterns of 55 and the
commercially available lysosome-specific dye Neutral Red (NR)
signals overlapped perfectly, indicating that the fluorescence
response of 55 to H,S was localized at the lysosome.

Yang et al. developed a simultaneous H,S and proton-activatable
probe 56 for selective recognition of H,S in a lysosomal pH
environment by utilizing the spironolactam moiety of 56 to
bind hydrogen protons and an azide group to react with H,S
(Scheme 43).°° Probe 56 displayed highly sensitive and selective
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Scheme 43 Fluorescent probe 56 for H,S.
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Fig. 87 (a) Fluorescence emission changes of 5.0 uM probe 56 in the
presence of different concentrations of NaHS (0—-50 pM) in buffer solution
(10% DMF, pH 4.5). (b) Signal-to-background ratios (S/B) of probe 56 as a
function of NaHS concentrations (0—50 uM) at pH 4.5 (a) and pH 7.4 (b),
respectively. Inset: Linear responses of S/B of 5 uM probe 56 to changing
NaHS concentrations (0—10 puM) at pH 4.5 (a) and pH 7.4 (b), respectively.
The magnitudes of the error bars were calculated from the uncertainty
given by three independent measurements. (c) Fluorescence enhance-
ments of probe 56 with selected species (100 uM for ROS and RNS,
5.0 mM for GSH, 1.0 mM for other) in the absence (gray bar) or the
presence (black bar) of 50 pM NaHS in buffer solution (pH 4.5). The
magnitudes of the error bars were calculated from the uncertainty
given by three independent measurements; Jey/Zem = 530 nm/555 nm.
Copyright 2014 American Chemical Society.

fluorescence response to H,S in a lysosomal pH environment.
As shown in Fig. 87, the addition of NaHS to the aqueous
solution of 56 at pH 4.5 elicited a dramatic enhancement of the
emission spectra and the detection limit was calculated to be
0.5 uM. However, the addition of other potentially competing
species did not induce observable fluorescence enhancement.
Cell imaging experiments showed that 56 was membrane
permeable and enabled visualization of exogenous and endogenous
H,S in lysosomes of living cells (Fig. 88 and 89). It should be noted
that this simultaneous target and location-activatable approach
showed in this study would ensure that fluorescence can only be
lighted up by the analyte present in a specific location, which
provides advantages of elimination of false signals and improvement
of spatial resolution and sensitivity.

Zhou and Zhang et al. synthesized a H,S fluorescent probe
57 based on a coumarin derivative containing disulfide bonds
(Scheme 44).”° The probe chose a special selective reaction
instead of a lysosomal targeting group as a lysosomal-targeted
tool to track lysosomal location and disruption in cells. Probe
57 exhibited excellent selectivity towards H,S with a detection
limit of 7.9 x 1077 M. Colocalization imaging experiments
indicated that probe 57 could be applied to monitor endogenous

This journal is © The Royal Society of Chemistry 2019
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Fig. 88 Probe 56 colocalizes to the lysosome in Hela cells. Cells were
stained with (a) LysoTracker Green (1.0 puM, channel 1 (Chl, green), Aex =
488 NnM; Jem = 505-530 nm) and (b) probe 56 (5.0 uM, channel 2 (Ch2, red),
Jex = 515 NM; Jem = 540-580 nm) with NaHS solution (50.0 uM) for 60 min at
37 °C. (c) Overlay of parts (a) and (b). (d) Intensity profile of the linear region of
interest (ROI 1) across the Hela cell costained with LysoTracker Green and 56.
(e) Intensity scatter plot of Chl and Ch2 in ROI 2. (f) Bright-field images. Scale
bar: 10 um. Copyright 2014 American Chemical Society.

High

Fig. 89 Relative fluorescence images of endogenous H,S in lysosomes of
Hela cells using 56 in the absence or presence of H,S stimulants and
inhibitors (images displayed in pseudocolor): (a) incubated with 5.0 uM 56 only;
(b) incubated with 5.0 uM 56 in the presence of 200 uM Cys for 60 min;
(c) incubated with 5.0 pM 56 in the presence of 2.0 pL (1 pg mL™%) PMA for
60 min. Zex = 515 NM; Zem = 540-580 nm. Scale bar: 30 pm. Copyright 2014
American Chemical Society.
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Scheme 44 Fluorescent probe 57 for H,S.
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and exogenous H,S in HeLa cells (Fig. 90), C. elegans (Fig. 91),
and D. melanogaster (Fig. 92). This work provided the first
example on the disulfide bond-containing coumarin derivative
to trace the accumulation of lysosomes in D. melanogaster and
endogenous lysosomal injury in mutated C. elegans (SRP-6nulls)
with a high resolution.

Hua et al. designed and synthesized a series of N-annulated
perylene-based colorimetric and ratiometric NIR fluorescent
probes 58 and 59 for the sensitive and selective detection
of H,S (Scheme 45).”" In the absence of H,S, probe 58 and
its lysosomal targetable derivative 59 showed near-infrared

This journal is © The Royal Society of Chemistry 2019
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Fig. 90 Colocalization imaging of Hela cells stained with 10.0 uM 57 and
300 pM of H,S for 30 min at 37 °C. (a) Bright-field image. (b) The confocal
image of 5.0 uM NR on channel 1 (lex = 559 nm, Aem = 585-610 nm).
(c) The confocal image of 57 on channel 2 (Jex = 385 M, Zem = 405-440 nm).
(d) The merged image of (b) and (c). (e) The intensity profile of the regions of
interest (ROI) across the Hela cells. (f) The intensity correlation plot of 57 and NR.
Copyright 2014 Royal Society of Chemistry.
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Fig. 91 Colocalization imaging of lysosomes in C. elegans. (a) Bright field
image. (b) 500 uM AQO incubated for 4 h at 20 °C (channel 2: Aex = 485 nm,
Jem = 510-550 nm). (c) 10.0 pM 57 with 300 puM of H,S incubated for
30 min at 20 °C (channel 1. Aex = 385 Nnm, Aem = 405-440 nm). (d) The
merged image of channels 1 and 2. (e) The intensity profile of the regions
of interest (ROI) across C. elegans. (f) The intensity correlation plot of 57
and AO. Copyright 2014 Royal Society of Chemistry.

fluorescence at 681 nm due to the strong electron-withdrawing
ability of the nitro group. With the addition of only a small
amount of H,S in a few minutes, the dramatic decrease of the
NIR fluorescence accompanied by the sharp increase of a new
fluorescence peak at 481 nm was observed (Fig. 93). The probe
possessed high selectivity to H,S and the detection limit was
determined to be 139 nM. Probe 59 was successfully employed to
quantify endogenous H,S in lysosomes of live cells (Fig. 94) and
in fetal bovine serum.

5.2 Small-molecule fluorescent probes for the detection of
sulfur dioxide inside lysosomes

Sulfur dioxide (SO,) is one of the harmful atmospheric pollu-
tants and exists in the forms of sulfite (SO;>7) and bisulfite

Chem. Commun., 2019, 55, 6629-6671 | 6659
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Fig. 92 Detection of H,S accumulation in the ovary and midgut of
D. melanogaster. (a) and (b): bright-field images. (c) The fluorescence image
of ovary. (d) The fluorescence image of mid gut. Copyright 2014 Royal
Society of Chemistry.
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Fig. 93 The changes of fluorescence spectra of 58 in the presence of different
concentrations (0.0, 5.0, 10.0, 17.0, 20.0, 40.0, and 50.0 pM) of NaHS in FBS. (a)
Jex = 435 nm; (b) Zex = 510 nm. Copyright 2017 Royal Society of Chemistry.

(HSO; ™) in organisms. As a gaseous signalling molecule, SO, can
modulate a wide range of physiological processes, such as anti-
atherosclerosis, regulating cardiovascular structure and function,
and increasing antioxidant capacity.”” Excessive intake of sulfur
dioxide or its derivatives may bring about respiratory diseases,
neurological diseases, vascular diseases and even lung cancer.
However, the lack of methods for detecting SO, in lysosomes has
brought obstacles to the research of related physiological processes
and pathological mechanisms. Therefore, the development of
methods for detecting SO, and its derivatives in lysosomes is of
great significance.

Lin et al. developed a lysosomal-targeted two-photon fluorescent
probe 60 for the detection of SO, derivatives (Scheme 46).”
Probe 60 was designed based on a unique C—N isomerization
mechanism, in which bisulfite reacted with aldehydes and formed
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Fig. 94 Confocal fluorescence imaging of the detection of endogenous
H,S using 59 in living Hela cells. (the first line) Images of Hela cells
strained with probe 59 (10 puM) for 20 min. (the second line) Images of
Hela cells firstly pretreated with L-cysteine (100 uM) for 30 min and then
incubated with 59 (10 uM) for 20 min. The green channels represent the
fluorescence emission at 480-530 nm (lex = 458 nm), while the red
channel represents the fluorescence at 630-700 nm (dex = 510 nm). The
pseudocolored ratiometric images generated from green/red channels
using the image analysis software, Image J. (right) Average intensity ratios
of images. Copyright 2017 Royal Society of Chemistry.
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Scheme 46 Fluorescent probe 60 for SO,.

intramolecular hydrogen bonds to inhibit C—=N isomerization.
Probe 60 possessed remarkable selectivity and sensitivity since it
was only responsive to HSO; . As shown in Fig. 95, the addition of
NaHSO; into the solution of probe 60 triggered a dramatic increase
in the fluorescence intensity. However, almost no marked fluores-
cence enhancement was observed by treating probe 60 with
ca*,co*, cu®, Fe*, Fe*, 1, Mg*", Cl7, SO,*", NO; , F,
NO*", Sn**, Zn**, TBHP, DTBP, H,0,, ClO, Hcy, GSH, Cys,
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Fig. 95 (a) Fluorescence spectra of probe 60 (10 pM) upon addition of
various concentrations of NaHSOz (0-300 uM). (b) Fluorescence
responses of probe 60 (10 uM) in the presence of various relevant species
in PBS buffer (10 mM, pH 5.5, 5% CH3CN). Legend: 1. only 60; 2. CaCl,; 3.
CoCly; 4. CuSOy; 5. Fen(SO4)s; 6. FeSOy; 7. KI; 8. MgCl,; 9. Na,SOs; 10.
KNOs; 11. NaF; 12. NaNOy; 13. SnClp; 14. ZnSOy; 15. TBHP; 16. DTBP; 17.
H,0,; 18. NaClO; 19. Hcy; 20. GSH; 21. Cys; 22. NaHS; 23.NaHSOs3; Aex =
440 nm. Copyright 2018 Elsevier.
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Fig. 96 Confocal images of Hela cells treated with probe 60 (10 pM),
NaHSO3 (500 puM) and Lyso Tracker Red (75 nM). (a) Red channel (570-
620 nm) for Lyso-Tracker Red under 561 nm excitation. (b) Green channel
(500-550 nm) for probe 60 under 488 nm excitation. (c) The overlay image
of red and green channels. (d) Bright-field of HelLa cells. () The intensity
scatter plot of two channels. (f) Intensity profile of ROI across the cells in the
red and green channels. Scale bar = 20 um. Copyright 2018 Elsevier.

and NaHS. Importantly, fluorescence co-localization studies
showed that 60 could be effectively used to image of SO, in
lysosomes of living cells (Fig. 96) for the first time and to detect
SO, derivatives in living zebrafish (Fig. 97).

5.3 Small-molecule fluorescent probes for the detection of
thiols inside lysosomes

Low molecular weight biothiols, such as cysteine (Cys), homo-
cysteine (Hcy) and glutathione (GSH), are important components of
many peptides that play key roles in many physiological processes,
including cellular growth, redox hemeostasis, and signal transduc-
tion.” Once the levels of biothiols are abnormal, they will lead to
many serious diseases. For example, low level of Cys can cause
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Fig. 97 (A) Fluorescence images of zebrafish treated with probe 60.
(al-d1) are the fluorescence images of only zebrafish. (@2—d2) are the fluores-
cence images of zebrafish treated with 10 uM 60. (@3—d3) are the fluorescence
images of zebrafish treated with 500 pM NaHSOs3 and then treated with 10 pM
60. OP green channel: Aex = 488 Nm, Aery = 500-550 nm; TP green channel:
Jex = 760 NM, Jem = 500-550 nm. Scale bar = 500 pm. (B) Quantification of
fluorescence intensities for (A) in OP mode. (C) Quantification of fluorescence
intensities for (A) in TP mode. The results were presented as means + SE with
replicates n = 3. **p < 0.01, ***p < 0.001. Copyright 2018 Elsevier.
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symptoms such as liver damage, edema, skin lesions, slow growth in
children, and discoloration of hair.”> More importantly, many
reports have been indicated that cystine-containing proteins have
their disulphide bonds reduced during proteolysis in lysosomes.”*
High level of Hcy is closely related to neural tube defects, cardiovas-
cular diseases, and Alzheimer’s disease.”® Abnormal level of GSH,
the most abundant intracellular non-protein thiol, is directly related
to aging, heart disease, and cancer.”’ Furthermore, thiols were
closely associated with proteolysis in the lysosome which reduced
disulphide bonds.””” Therefore, the development of methods for
detecting levels of thiols in living cells and tissues is of great
significance, providing more basic information for further explora-
tion of the pathogenesis of related diseases.

Fan et al. developed a two-photon fluorescent probe 61 based on
1,8-naphthalimide, in which morpholine acted as a lysosomal
directing group and piperazine acted as a linker to introduce
2,4-dinitrobenzenesulfonyl (DNBS) into the 4-position of naphtha-
limide (Scheme 47).”® The fluorescence was essentially quenched
due to the photo-induced electron transfer (PET) between DNBS
and naphthalimide. Once the thiol reacted with DNBS, the PET
process was inhibited bringing about a dramatic increase in
fluorescence emission at 540 nm. This probe possessed superior
selectivity to Cys, GSH and Hcy compared to other amino acids
(Fig. 98). More importantly, the probe was successfully applied to
imaging of thiols in lysosomes of living cells and tissues (Fig. 99).

Liu et al. designed and synthesized a coumarin-based fluor-
escent probe 62 for the detection of cysteine (Cys) in lysosomes
(Scheme 48).”° A fast conjugate addition-cyclization reaction
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Scheme 47 Fluorescent probe 61 for thiols.
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Fig. 98 (a) Time-dependent emission spectra (lex = 400 nm) of probe 61
(10 uM) upon treatment with Cys (100 equiv.) in DMSO-HEPES (10 mM, pH
7.4, 3.7, v/v) at 37 °C. Spectra were recorded every min (0-45 min).
(b) Blue bars represent probe 61 + analogues; red bars represent
probe 61 + Cys in the presence of other analogues (100 puM). Data were
collected at 45 min after addition of each analogue in DMSO-HEPES
(10 mM, pH 7.4, 3:7, v/v) at 37 °C. Copyright 2016 Nature.
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Fig. 99 Fluorescence images of the liver, heart, kidney, lung and spleen.
(a) Dissected from mouse not injected with 61, (b) mouse injected with 61,
(c) mouse injected with NMM, and (d) mouse injected with 61 after pre-
injection with NMM. The TPM images were collected at 520-560 nm upon
excitation at 805 nm with fs pulse. Copyright 2016 Nature.
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Scheme 48 Fluorescent probe 62 for Cys.

between 62 and Cys was achieved for detection of Cys in the micro-
molar range in aqueous buffer. Probe 62 possessed remarkably
higher selectivity for Cys over cysteine (Hcy), glutathione (GSH)
and various other natural amino acids under physiological condi-
tions (Fig. 100). The probe was nearly non-fluorescent under

3000 -

2500

500

Fluorescence Intensity (a.u

USRI GRS (X PAB PO PP PP P S P48 io;sggg\go‘-az\%@

Gly Tyr Asn Asp Met Gin Trmp Ser

Hcy GSH Arg Lys Val Len FPro Thr His lle Glu Phe Ala

y Tyr Am Asp Mst G Trp Ser

Hcy GSH Arg Lys Val leu Pro Thr His Tl Glu Phc Al

Fig. 100 Top: Selectivity and competitiveness of 62 (2 uM) to various analytes
(40 uM) in PBS buffer. (The orange bars represent the fluorescence intensity of
62 after being treated with analytes. Then the solution was treated with Cys,
and the green bars show the fluorescence intensity of orange bars treated with
Cys.) Bottom: Color changes and fluorescence changes when excited using a
UV lamp (365 nm) of 62 upon addition of Cys, Hcy, GSH, and various amino
acids. Copyright 2018 American Chemical Society.
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Fig. 101 Fluorescence image of colocalization experiment in (a and f)
green channel, (b and g) red channel, and (c and h) overlap; (d and i) bright-
field image, (e and j) overlap. (k) Fluorescence intensity correlation plot.
() Intensity profile of regions of interest (ROI) across HelLa cells. Copyright
2018 American Chemical Society.

excitation at 445 nm due to the influence of the PET effect resulting
from the acryloyl group. After the addition of Cys, a significant
increase in fluorescence emission at 520 nm was observed. The
detection limit of 62 for Cys was calculated to be 0.411 uM. Two-
photon fluorescence experiments and co-localization experiments
demonstrated the good biocompatibility and the ability to target
lysosomes of 62 (Fig. 101). In addition, this probe was then success-
fully applied to fluorescence imaging of Cys in HeLa cells and mice
tissues, indicating that 62 has the potential to detect Cys in living
cells and tissues.

6. Small-molecule fluorescent probes
for the detection of reactive nitrogen
species (RNS) inside lysosomes

Reactive nitrogen species (RNS), including nitric oxide (NO),
peroxynitrite (ONOO™), and nitric acid (HNO), play important
roles in physiological and pathological processes.*® Abnormal
level of RNS may lead to severe diseases such as inflammation,
neurodegenerative diseases, cardiovascular diseases and cancer.
Therefore, there is an urgent demand to develop a suitable
method for in vivo detection of RNS to elucidate their roles in
physiological and pathological processes further.

6.1 Small-molecule fluorescent probes for the detection of
nitric oxide inside lysosomes

Nitric oxide (NO), a cellular messenger molecule prevalent in the
cardiovascular, nervous, and immune systems, is involved in a
variety of physiological processes, including inflammation, blood
pressure regulation, neurotransmission, and immune regulation.®'
Abnormal levels of intracellular NO may result in a variety of diseases
such as Gaucher’s disease, Danon and lysosomal storage disorders.
It has been reported that NO could react with several related

This journal is © The Royal Society of Chemistry 2019
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proteins outside lysosomes to drive the autolysosome process.®>
However, on account of the reaction characteristics and high
diffusion of NO, the effects of NO on lysosomes are not yet fully
understood. Therefore, it is essential to develop effective means
for monitoring the level of NO in lysosomes of living cells to
further explore the pathological mechanisms of related diseases.
Xiao and Jin et al. designed and synthesized a naphthalimide-
based lysosomal-targeted two-photon fluorescent probe 63
(Scheme 49).%* Probe 63 showed higher selectivity and sensitivity
for NO over other ROS/RNS and the limit of detection was
determined to be 5 nM. As shown in Fig. 102, the addition of
NO caused a remarkable enhancement of the emission spectrum
of 63 at 530 nm, and a significant increase of the fluorescence
quantum yield from 0.02 to 0.3. However, the addition of various
reactive oxygen and reactive nitrogen species, such as H,O,,
NO, ™, NO;~, '0,, *OH, and ONOO ™, didn’t induce an observable
spectral change. Compared to commercial lysosomal probes, 63
possessed lower cytotoxicity and perfect lysosomal localization.
Co-localization experiments showed that 63 was a lysosome-
specific probe for NO and the byproduct of NO in lysosomes
did not interfere with its photo-properties (Fig. 103). Probe 63
could monitor the releasing process of NO from NOC13 in
lysosomes of MCF-7 cells (Fig. 104). More importantly, due to
the high selectivity and sensitivity of 63, the first capture of NO
within lysosomes of macrophage cells has been achieved using
both two-photon fluorescence microscopy and flow cytometry.

6.2 Small-molecule fluorescent probes for the detection of
peroxynitrite inside lysosomes

Peroxynitrite (ONOO™) is the reaction product of nitric oxide
(NO) and superoxide (0,°") under diffusion control without
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Fig. 103 63 co-localizes to lysosomes in MCF-7 cells. MCF-7 was stained
with (a) 5.0 pM 63 with NO solution (20 pM) for 5 min at 37 °C (Channel 1:
Aex = 840 nmM, Aem = 520-560 nm) and (b) 5.0 uM NR (Channel 2: J¢x =
559 nm, Aem = 565-610 nm). (c) Overlay of (a) and (b). (d) Intensity profile
of regions of interest (ROI) across MCF-7 cells. (e) Intensity correlation plot
of stain 63 and NR. ICA plots of (f) stain 63 and (g) stain NR. PDM images
with (h) positive PDM values in the pixels and (i) negative PDM values in the
pixels. Copyright 2012 American Chemical Society.

enzymatic catalysis. As a strong oxidant and nitrating agent, it plays
a vital role in many physiological and pathological processes.®*
Besides, ONOO™ is associated with many diseases such as neuro-
degenerative diseases, nitrification stress, cardiovascular diseases,
inflammatory disorders and cancer. Lysosomes were attractive
pharmacological targets for selective killing of cancer cells via
the lysosomal cell death pathway that was closely associated
with reactive oxygen species (ROS).2*¢ Therefore, it is necessary
to achieve rapid detection of ONOO™ in living cell lysosomes
due to its remarkably short half-life (<20 ms) under physio-
logical conditions.

Yang and Zhang et al. successfully developed a versatile
fluorescent probe 64 based on naphthalimide-hemicyanine,
which was specifically localized in lysosomes for the detection
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Fig. 102 (a) Selectivity of 63 (11 uM) fluorescence response for NO over other reactive nitrogen and oxygen species (5.0 equiv.) in 20 : 80 CH3zCN-H,O
solution at pH 5.0 (in 10 mM phosphate buffer). (b) Intensity at 530 nm vs. NO concentration under the same conditions. Inset: Changes in fluorescence
spectra of 63 (11 uM) upon addition of different amounts NO solution (0-2.0 equiv.). Copyright 2012 American Chemical Society.
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Fig. 104 (a) Time-dependent exogenous NO released from NOCI13
(20 uM) in MCF-7 cells stained with 63 (5.0 uM). (b) DIC image and two-
photon fluorescent image of RAW 264.7 macrophages stained with 63
(5.0 uM) for 4 h at 37 °C. (c) DIC image and two-photon fluorescent image
of RAW 264.7 macrophages co-stained with 63 (5.0 uM) and stimulants
containing final concentrations of 5000 ug mL™* L-Arg, 150 units per mL
INF-r, and 20 pg mL™2 LPS for 12 h, Jex = 840 nm, Aem = 520-560 nm.
Copyright 2012 American Chemical Society.

®

peroxynitrite

64
Scheme 50 Fluorescent probe 64 for ONOO™.

of peroxynitrite (ONOO ™) (Scheme 50).%* When excited at 440 nm,
the fluorescence of 64 at 510 nm increased by about 3.5-fold with
the increase of ONOO™. Probe 64 was more selective for ONOO™
than other ROS and RNS due to the selective cleavage of the double
bond between the naphthalimide moiety and the indolium ring by
peroxynitrite (Fig. 105). Cell imaging experiments showed that 64
possessed low cytotoxicity and good cell permeability, which was
successfully applied to detect peroxynitrite in lysosomes of living
cells (Fig. 106).

6.3 Small-molecule fluorescent probes for the detection of
nitroxyl inside lysosomes

Nitroxyl (HNO) is one of the least studied RNS. HNO is reported
to display unique potential bio-pharmacological effects.®® On
the one hand, HNO can act as an electrophile to resist super-
oxide infraction in mammalian vascular systems. On the other
hand, it can also function as a nucleophile to coordinate and
reduce metal ions. More importantly, numerous research
studies indicate that HNO is beneficial for heart failure cure.
Although it has been reported that HNO can be formed directly
from NO and H,S by a redox reaction, rapid dimerization
and dehydration to nitrous oxide (N,O) resulting from high
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Fig. 105 (a) The fluorescence spectra of 64 (5 uM) in the presence of
different concentrations of ONOO™ (0-150 pM) in H,O : ethanol (5:5 v/v)
containing 0.5% DMSO (pH = 5.0), and 10 mM CPBS at room temperature.
The insert shows the plot of fluorescence intensity at 510 nm versus
various concentrations of ONOO™. The excitation wavelength = 440 nm,
excitation and emission slit widths were both 5 nm. Each spectrum was
acquired 3 min after ONOO™ addition at room temperature. (b) Fluores-
cence intensity of 64 (5 uM) at 510 nm in the presence of ONOO™ (150 uM)
and various ROSs (200 uM), HSOz~ (200 pM), HS™ (200 pM), NOsz~
(200 pM), NO,~ (200 pM). Excitation wavelength = 440 nm, excitation
and emission slit widths were both 5 nm. Each spectrum was acquired
10 min after the addition of the various ROSs and RNSs at room tempera-
ture. Copyright 2018 Royal Society of Chemistry.

Fig. 106 Confocal fluorescence images of RAW 264.7 cells: (a) RAW
264.7 cells stained with 64 (5 pM) for 15 min. (b) RAW 264.7 cells stimulated
with 1 pg mL™* LPS and 50 ng mL~t IFN-y for 4 h, and then 10 nM PMA for
30 min before incubation with 64 (5 uM) for 15 min. (c) RAW 264.7 cells
stained with 64 (5 uM) for 15 min and then ONOO™ (10 pM) was added for
20 min. (d) Relative fluorescence intensity of cells in panels (a—c). (1) Over-
lay field. (2) Green channel. Green channel: 460-540 nm, excitation at
404 nm. Copyright 2018 Royal Society of Chemistry.
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chemical reactivity of HNO in biological systems always impede
the accurate detection of HNO in cells and in vivo. Therefore,
the development of suitable methods for the detection of HNO
in cells and in vivo remains a challenging task.

Chen et al. presented a NIR fluorescent probe 65 for the
detection of nitroxyl groups (HNO) in cells and in vivo
(Scheme 51).%” In probe 65, the diphenylphosphinobenzoyl
group was used as the HNO recognition unit since it could
react with HNO to form aza-ylide, which will nucleophilically
attack the carbonyl of the ester, thereby releasing Lyso-1. 65
exhibited good sensitivity with a detection limit of 60 nM and
excellent selectivity in the presence of various biologically
relevant species (Fig. 107 and 108). Colocalization experiments
demonstrated that 65 could be lysosome targetable and suitable
for the detection of HNO in living cells. More importantly,
fluorescence/X-ray imaging studies showed that 65 achieved
noninvasive visualization of HNO in living mice (Fig. 109).

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cc03299a

Published on 08 Bél&wi 2019. Downloaded on 9/6/2026 20:18:34.

ChemComm

oﬁe
\ B > HNO \\N.:;N <y
& O N o)

o
o o [ o
&L~ s
P P"ZE; N P.
65

phosphine oxide

thP\\o o
S,
o J
Scheme 51 Fluorescent probe 65 for HNO.
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Fig. 107 (a) Fluorescence responses of 65 (2 uM) to different concentrations
of Angeli's salt (AS) with emission ranging from 670 to 760 nm. Jex = 690 nm.
(b) Relationship between the relative fluorescence intensity at 700 nm and
concentrations of AS (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 uM). Fluorescence spectra
were acquired in HEPES buffer solution (10 mM, 0.5% DMSO, 0.5% TW 80,
pH 5.0). Copyright 2014 Royal Society of Chemistry.
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Fig. 108 (a) Time-dependent fluorescence response of 2 uM 65 to the testing
species in HEPES buffer solution (10 mM, 0.5% DMSO, 0.5% TW 80, pH 5.0): 1,
10 uM AS; 2, 20 uM GSNO; 3, 200 uM ONOO™; 4, 50 uM NOC-5; 5, 500 uM
NO,™; 6, 200 uM H,05; 7, 100 M O, ™; 8, 20 uM MeLOOH; 9, 200 pM CIO™.
(b) 1, 50 pM L-cys; 2, 100 uM GSH; 3, 500 uM NaHS; 4, 200 pM ascorbic acid; 5,
200 pM tocopherols; 6, 100 uM citrate; 7, 200 puM tyrosine (Tyr); 8, 50 uM
hydroxylamine (HA). Bars represent fluorescence intensity during O, 5, 10, 15,
and 20 min after addition of various compounds. Jex = 690 NM, Aem = 700 Nm.
Copyright 2014 Royal Society of Chemistry.

7. Small-molecule fluorescent probes
for the detection of metal ions inside
lysosomes

7.1 Small-molecule fluorescent probes for the detection of
Zn”* inside lysosomes

A zinc ion (Zn>") is not only an essential element that plays a
key role in various basic biological processes, but also a

This journal is © The Royal Society of Chemistry 2019
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Fig. 109 Fluorescence/X-ray imaging in the peritoneal cavity of the BALB/c
mice. (1) Mice injected i.p. with 65 (50 pM, 50 pL in 1:9 DMSO/saline v/v), and
then loaded with AS (1 mM, 50 pL in saline) for 30 min. (2) Mice injected i.p. with
65 (50 pM, 50 pL in 1: 9 DMSO/saline v/v) for 40 min. (a) Fluorescence imaging;
(b) merged fluorescence imaging with X-ray imaging; (c) quantification of total
photon flux from the region of interest for each group. n = 5, error bars are
+SD. Images constructed from the 670 nm fluorescence window, Aex =
660 nm. Copyright 2014 Royal Society of Chemistry.

cofactor for structuring and functioning of different proteins
expressed in the cytoplasm.® Although lysosomes contain Zn?*, the
homeostasis of zinc in lysosomes is still not well established.
Therefore, in order to obtain high-precision information from
complex lysosomes, molecular fluorescence imaging is a promising
method on account of its high sensitivity and high spatial resolu-
tion and real-time monitoring capability.

Jiang et al. designed and synthesized a lysosomal-targeted
ratiometric fluorescent probe 66, composed of a quinoline scaffold
as the ratiometric signaling unit for Zn*" (Scheme 52).* In acidic
aqueous solution (pH = 5.2), 66 displayed a fluorescence emission
maximum at 542 nm. The titration of Zn>* into the solution of
probe 66 resulted in quenching of emission around 543-700 nm
and a new blue-shifted emission peak at 495 nm with a hypso-
chromic shift of 47 nm (Fig. 110a). 66 possessed higher selectivity
toward Zn®>" over other metal ions and good sensitivity with a
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Fig. 110 (a) Fluorescence spectra of 5 uM 66 upon titration of Zn*
(0—10 uM) in aqueous buffer (20 mM MES, 0.1 M NaCl, pH = 5.2), Jex =
405 nm. Inset: The emission ratio (F495/Fs42nm) Changes as a function of
Zn?* concentration. (b) Fluorescence spectra of 66 (5 pM) in the presence
of various metal ions (5 pM Mn?*, Fe2*, Co?*, Ni?*, Cu?*, Zn?*, Cd®*, and
1 mM Mg?*, Ca?*, and K*) in MES buffer (pH = 5.2, /ex = 405 nm). Copyright
2012 American Chemical Society.
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Fig. 111 Probe 66 localizes to lysosomes in live NIH 3T3 cells. The cells
were stained with (a) 10 uM 66, (b) 1 uM LysoTracker Red, (d) 10 uM 66 and
further treated with 30 uM ZnSO4 and 15 uM 2-mercaptopyridine N-oxide
for 5 min, (e) LysoTracker Red, for 30 min at 37 °C in DMEM. (c) Overlay of
(@) and (b), (f) overlay of (d) and (e). Scale bar: 20 um. Copyright 2012
American Chemical Society.

detection limit of 16 nM (Fig. 110b). Probe 66 showed low
cytotoxicity and good cell permeability. Confocal imaging experi-
ments indicated that 66 was able to localize to lysosomes and could
be applied to ratiometric detection of lysosomal Zn>" changes in
the presence of exogenous or endogenous Zn*" (Fig. 111).

Cho and Ahn et al. developed a novel two-photon fluorescent
probe 67 for selective detection of Zn>" in lysosomes over those
in the cytosol (Scheme 53).°° The probe was a naphthalimide-
based dye consisting of an N,N-di-(2-picolyl)ethylenediamine
(DPEN) ligand, which was known to bind Zn(u). The probe
emitted negligible fluorescence at various pH values. Upon
addition of Zn>*, the probe emitted strong fluorescence in the
lysosomal pH range (pH = 4.5-5.5) due to the inhibition of PET
processes from the coordination of Zn>" with DPEN and the
protonated morpholine unit. It should be noted that, being
different from some reported lysosomal Zn(u) probes that show
strong fluorescence after binding with Zn(u) even at the cyto-
solic pH (pH = 7.2-7.4), probe 67 displayed a low fluorescence
intensity at cytosolic pH (7.4) even after binding with Zn(u)
ions. Strong fluorescence could only be observed when probe
67 bound with Zn(un) ions inside lysosomes (pH 4.5-5.5).
The probe exhibited high selectivity to Zn** over other metal
ions and high sensitivity with a detection limit of 0.18 pM
(Fig. 112). Co-localization experiments indicated that probe 67
was capable of detecting intracellular lysosomal Zn(1) ions with
high fidelity (Fig. 113). Moreover, two-photon microscopic
imaging experiments demonstrated that probe 67 had potential
applicability in the imaging of endogenous Zn(u) ions in
tissues.
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Scheme 53 Fluorescent probe 67 for Zn?*
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Fig. 112 (a) Fluorescence titration of probe 67 (10 uM) with Zn(ClOy4), in a
pH 5.0 MES buffer containing 1% EtOH. (b) Fluorescence intensity changes
of probe 67 (10 uM) with various metal ions (10 pM) in 1% EtOH containing
a pH 5.0 MES buffer. All the fluorescence data were obtained under
excitation at 450 nm. Copyright 2016 Royal Society of Chemistry.
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Fig. 113 Pseudo-colored fluorescence images of NIH 3T3 cells: (a) TPM
images of cells co-incubated with probe 67 (30 uM) followed by Zn(ClO4),
and pyrithione (1:1) solution (60 uM), collected in the green channel
window (500-630 nm) under excitation at 900 nm. (b) OPM images of
cells incubated with LysoTracker Deep Red (1 pM) for 10 min at 37 °C,
collected in the red channel window (670-750 nm) under excitation at
633 nm. (c) Merged images. Scale bar: 10 um. (d and e) Intensity profiles
measured across the NIH 3T3 cells: (d) ROI 1 and (e) ROI 2. Copyright 2016
Royal Society of Chemistry.

7.2 Small-molecule fluorescent probes for the detection of
Cu”" inside lysosomes

Copper, as the indispensable trace element, plays an important
role in various physiological processes, such as pigmentation,
cellular respiration, neurotransmitter synthesis and meta-
bolism, iron homeostasis, connective tissue formation, and
peptide biogenesis.”® Most of the copper in the cytoplasm
binds to metallothionein, but excess copper is mainly excreted
into the bile through the lysosome-to-bile pathway. The dis-
order of copper homeostasis in cells is closely associated with
many serious diseases, including Alzheimer’s disease, Menkes
disease, Wilson’s disease and familial amyotrophic lateral
sclerosis. Copper usually accumulates in lysosomes of patients
with later stage Wilson’s disease. In addition, human copper
transporter 2 (hCTR2) localizes in lysosomes and promotes
cellular uptake of Cu®'. Therefore, it is highly desirable to
develop a reliable method for detecting Cu®" in lysosomes.
Lin et al. developed the fluorescence-enhanced and lysosomal-
targeted Cu®* probe 68 with unique dual-channel emission
(Scheme 54).”> With excitation at 360 nm, 68 displayed a weak

This journal is © The Royal Society of Chemistry 2019
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Scheme 54 Fluorescent probe 68 for Cu?*.
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Fig. 114 (a) Fluorescence intensities at 586 nm of 68 (10 um) in the presence
of Cu?* (30 equiv.) for continuous monitoring at time interval periods (0-180 s)
in PBS buffer, pH 4.7, containing 50% CHzCN as a cosolvent. Excitation at
360 nm. (b) Fluorescence intensity of the probe 68 (10 mM) at 580 nm in the
presence of various analytes (30 equiv.) in PBS buffer (pH 4.7, containing 50%
CH=CN as a cosolvent). Copyright 2015 Royal Society of Chemistry.

fluorescence emission band at around 440 nm on account of a
quenching photoinduced electron-transfer (PET) process from the
amino group to the 1,8-naphthalimide fluorophore and rhodamine
B in the ring-closed form. Upon addition of Cu®', not only was
the fluorescence at 440 nm dramatically enhanced due to the
inhibition of the quenched PET channel, but also a significant
fluorescence enhancement was observed at about 580 nm owing to
the triggering of rhodamine B ring-opened form formation. 68
possessed a fast response and high selectivity to Cu®*. For example,
as shown in Fig. 114, the addition of K*, Mg?*, Na*, Ni**, Pd*", Zn*",
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Fig. 115 Bright field and fluorescence images of SiHa cells stained with
probe 68: (a) bright field image; (b) from the green channel (lysosomes
staining); (c) from the blue channel; (d) from the red channel; (e) an overlay
of bright field, green, blue and red channels; (f) an overlay of green and red
channels; (g) intensity profile of the linear region of interest across the SiHa
cell co-stained with LysoTracker Green and the red channel of 68; and (h)
an intensity scatter plot of green and red channels. Copyright 2015 Royal
Society of Chemistry.
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Ag', Ca®*, Cu', Fe*', Co™", H,0,, and NO into the solution of probe
68 caused a negligible fluorescence enhancement of probe 68.
However, a significant fluorescence enhancement was observed
upon the addition of Cu®" to probe 68. Co-localization experiments
indicated that 68 was membrane-permeable and suitable for visua-
lization of Cu®* in lysosomes of living cells by dual-channel imaging
(Fig. 115).

8. Small-molecule fluorescent probes
for the detection of enzymes inside
lysosomes

8.1 Small-molecule fluorescent probes for the detection of
nitroreductase inside lysosomes

Nitroreductase (NTR) is one of the enzymes containing flavin.
Nitroaromatic derivatives can be reduced to the corresponding
amines by NTR with electrons donated from nicotinamide
adenine dinucleotide (NADH).>® At present, the function and
distribution of NTR in lysosomes are poorly understood. There-
fore, it is essential to establish a suitable method to detect the
change and distribution of NTR in lysosomes.

Ma et al. developed a new naphthalimide-based fluorescent
probe 69 for the detection of NTR in lysosomes (Scheme 55).%*
The detection mechanism of 69 for NTR was based on the
nitroreductase-catalyzed reduction of the probe to 4-amino-1,8-
naphthalimide. Before reacting with NTR, 69 was nearly non-
fluorescent due to the strong fluorescence quenching of the nitro
group. However, the introduction of NTR into the solution of
probe 69 gave rise to a large fluorescence enhancement. 69
exhibited superior selectivity to NTR compared to other bio-
logically relevant species (Fig. 116). 69 also possessed high sensitivity
with a detection limit of 2.2 ng mL ™. Co-localization experiments
demonstrated that 69 was capable of specifically targeting the
lysosomes of living cells with good cell-membrane permeability
and could detect lysosomal NTR (Fig. 117).

8.2 Small-molecule fluorescent probes for the detection of
B-galactosidase inside lysosomes

B-Galactosidase (B-gal) is a glycosidehydrolase enzyme which is
encoded by the lacZ gene. B-gal can catalyze the hydrolysis of
B-galactosides into monosaccharides through the breaking of a
glycosidic bond. It is a vital reporter biomarker for primary
ovarian cancers and cell senescence.”® In addition, cells can
generate acid lysosomal -galactosidase localized in lysosomes.

) )
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Scheme 55 Fluorescent probe 69 for NTR.
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Fig. 116 (a) Fluorescence emission spectra of 69 (10 pM) reacting with NTR at
varied concentrations (0, 0.05, 0.1, 0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 g mL™%). The
inset shows the plot of the fluorescence intensity of 69 versus the NTR
concentration; AF is the difference of fluorescence intensity of 69 with and
without NTR. The reaction was carried out in the presence of 100 uM NADH at
37 °C for 1.0 h. Jex/2em = 425/543 nm. (b) Fluorescence responses of 69 (5 pM)
in the presence of NADH (200 uM) to various species: (1) control (69 + NADH);
(2) 20 mM CaCly; (3) 20 mM MgCl,; (4) 150 mM KCL; (5) 100 uM HOCL;
(6) 100 uM H,O; (7) 100 um *OH; (8) 1 mM L-cysteine; (9) 1 mM reduced
glutathione; (10) 100 uM NaHS; (11) 1 mM glycine; (12) 1 mM vitamin C;
(13) 10 mM glucose; (14) 100 uM human serum albumin; (15) 1 U mL™*
carboxylesterase; (16) 5 nm matrix metalloproteinase 2; (17) 5 nm thrombin;
(18) 0.05 ug mL~* DT-diaphorase; (19) 2.0 ug ML~ NTR. Jex//em = 425/543 nm.
Copyright 2016 Wiley-VCH.
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Fig. 117 Colocalization of 69 and DND-99 in A549 cells. Cells were
grown under the hypoxic condition of 1% O, and then co-stained with
69 (2 uM) and DND-99 (100 nM) at 37 °C. (A) Fluorescence image from the
69 channel (lex = 405 NM, Jdem = 455-555 nm). (B) Fluorescence image
from the DND-99 channel (Aex = 559 nm, Aem = 570-670 nm). (C) Merged
image of images (A) and (B). (D) Corresponding differential interference
contrast (DIC) image. (E) Intensity correlation plot of 69 and DND-99.
(F) Intensity profiles of 69 and DND-99 within the linear ROI 1 (red lines
inA and B) across the cell. Scale bar, 20 pm. Copyright 2016 Wiely-VCH.

However, fluorescent probes for monitoring endogenous f-gal
in ovarian tumor cells especially in lysosomes were rarely
reported.

Gu and Wang et al. designed and synthesized a lysosome-
targeted two-photon fluorescent probe 70 for detecting
B-galactosidase in living ovarian cancer cells (Scheme 56).%°
Probe 70 consisted of a 1,8-naphthalimide fluorophore as the
fluorescence reporter, a morpholine ring as the lysosome-
targeted group, and a B-gal cleavable unit as the enzyme-active
trigger, respectively. Probe 70 exhibited remarkable response to
B-gal in vitro with a distinct fluorescence change from blue to
green. As shown in Fig. 118, in the absence of B-gal, probe 70

6668 | Chem. Commun., 2019, 55, 6629-6671

View Article Online

ChemComm

[}
K/Nk
o, N (o] 0, N o O, N o
B-gal physiological
—_—
—_—
OO OO condition OO
o_

Ho N O OH
HO! "0H
700" Enhanced ICT
—
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Fig. 118 (a) The emission of probe 70 with or without B-gal (lex =
460 nm). Inset: Images irradiated with 365 nm ultraviolet light. (b) Fluores-
cence intensity of 70 (10 pM) in response to the test species in a PBS buffer
solution at 560 nm excited at 460 nm. Copyright 2017 Elsevier.

Fig. 119 Fluorescence images of SKOV-3 cells stained with probe 70 and
LysoTracker Red DND-99. (a) Image from the green channel; (b) image
from the red channel (lysosomes staining); (c) overlay of bright-field, green
and red channels; (d) intensity profile of the regions of interest (ROI) across
SKOV-3 cells. Copyright 2017 Elsevier.

exhibited weak fluorescence under the excitation at 460 nm
because of its weak ICT. However, after the addition of B-gal,
drastically increased fluorescence intensity at 560 nm was
observed since the glucosidic bond of the probe could be
hydrolyzed by B-gal and transformed into the phenolate group.
Probe 70 possessed high sensitivity to -gal with the detection
limit of 4 x 10™° U mL™". Furthermore, co-localization experi-
ments indicated that probe 70 could be located in lysosomes
specifically, imaging endogenous B-gal in living cells as well as
monitoring endogenous B-galactosidase in living ovarian cancer
cells using two-photon fluorescence microscopy (Fig. 119).

9. Conclusions

Over the past few years, we have focused our research interest
on the design and preparation of novel fluorescent probes®”
and construction of supramolecular fluorescent functional
materials via self-assembly.’® In this feature article, the recent
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development of small-molecule fluorescent probes for the
selective detection of chemical species inside lysosomes has
been systematically summarized. This feature article focuses on
the design principle, the recognition mechanism, the proper-
ties, and the applications of various kinds of small-molecule
fluorescent probes for the detection of pH, reactive oxygen
species (ROS), reactive sulfur species (RSS), reactive nitrogen
species (RNS), metal ions, and enzymes in lysosomes. Consid-
ering their wide applications in chemistry, biology, and medical
science, there is no doubt that these kinds of fluorescent
probes for detecting chemical species inside lysosomes will
attract more attention in the next few decades.

Although a great number of achievements have been made
in this research field, many problems are still far from being
fully resolved. For example, despite there are general methods,
such as the incorporation of weakly alkaline groups and the
introduction of rhodamine group, to deliver small-molecule
probes to cellular lysosomes, the challenge of developing a
selective lysosomal fluorescent probe is still a hard work since
the lysosome and cellular environment are highly complex.
Moreover, these fluorescent probes still didn’t clearly elucidate
the relationship between the diseases and the chemical species
in lysosomes. In our opinion, three aspects should be consid-
ered in further development of small-molecule fluorescent
probes for the detection of chemical species inside lysosome.
First, in order to develop and expand their biological applica-
tions, biocompatible and water-soluble fluorescent probes need
to be designed and prepared. Second, near-infrared fluorescent
probes for the detection of chemical species inside lysosomes
should be constructed. Third, more attention should be paid to
the preparation of lysosomal-targeted fluorescent probes for
the diagnosis and treatment of related diseases caused by
chemical species in lysosomes.
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