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Based on a novel strategy for modulating the fluorescence of
selenide and selenoxide, we have designed and developed a
reversible fluorescent probe for hypochloric acid. And the synthesis,
characterization, fluorescence properties, as well as the biological
applications in living cells and animals, have all been described.

Hypochloric acid (HOCI) is one of the biologically important
reactive oxygen species (ROS) and can be produced from hydrogen
peroxide and chloride ions catalyzed by the heme enzyme myelo-
peroxidase (MPO) in living organisms." Although HOCI is a major
strong oxidant that functions as a microbicidal agent in living
organisms and has a dominant role in the immune system,” it
may also contribute to extensive oxidative stress and oxidative
damage due to the destruction of nucleic acids, proteins, and
lipids via both oxidation and chlorination reactions."” Increasing
evidence shows that extensive oxidative stress and oxidative
damage are associated with numerous diseases, such as neuro-
degeneration including Parkinson’s disease and Alzheimer’s
disease,” inflammatory diseases,” atherosclerosis® and cancer.”
Cells often have their own set of antioxidant defense systems to
maintain redox equilibrium, where intracellular thiols play
essential roles. For example, glutathione (GSH), which has been
identified as the most abundant non-protein thiol, is considered
to be the main player in combating oxidative stress and regulating
the redox environment of the internal cellular compartments.® In
addition, evidence has demonstrated that hydrogen sulfide (H,S)
functions as an effective HOCI scavenger to protect cells from
oxidative stress.” And the complex redox biology of the cell
governs many essential biological processes and has broad impli-
cations in human health and diseases.'® In this regard, it is worth
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developing an effective technique to monitor the redox changes
between HOCI and antioxidants in living systems.

Fluorescence imaging has the advantages of higher sensitivity,
less invasiveness, and more convenience compared with other
approaches, thereby providing more possibilities for the localization
and dynamic monitoring of cellular metabolites."* Until now, even
though several fluorescent probes for HOCI'> have been reported,
few reversible fluorescent probes for visualizing the redox changes
mediated by HOCI and antioxidants have been developed."® Here
we present such a reversible fluorescent probe for HOCIL.

The reversible recognition moiety for an oxidation-reduction
couple relies on the activity of glutathione peroxidase (GPx), which
catalyzes the reaction between ROS and glutathione (GSH) via the
oxidation-reduction cycles of the selenium center.'* In addition, it
is essential to introduce a fast excited state process to modulate
the fluorescence of selenide and selenoxide. In our previous
studies," we have utilized photoinduced electron transfer (PET)
and developed a reversible probe based on selenide and selen-
oxide successfully. In this study, we selected 1,8-naphthalimide as
a signal transducer and designed a reversible fluorescent probe
(NI-Se, Fig. 1a). The existence of the PET process in NI-Se has
been denied by time-dependent density functional theory
(TDDFT) calculations (ESLT Fig. S1). However, the influences of
viscosity and temperature experiments demonstrated that there
was an excited state configuration twist process in NI-Se, but not
in NI-SeO (Fig. S2, ESIT). And it is known that the excited state
configuration twist always leads to fluorescence quenching.'®
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Fig. 1 (a) The structures of NI-Se and NI-SeO, and the proposed mechanism of
fluorescence response to HOCI reversibly. (b) Changes in the fluorescence spectra
of NI-Se with different concentrations of NaOCI.
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As a result, the fluorescence of NI-Se was enhanced in response to
ROS. Here we also present the synthesis, characterization and
fluorescence properties of this probe. And it turns out that this
probe is highly sensitive, reversible and selective toward HOCL
Moreover, this probe is capable of visualizing HOCI and the
reducing repair of living RAW 264.7 cells and living mice in situ.

The spectroscopic properties of NI-Se were measured under
simulated physiological conditions (20 mM PBS, pH 7.40). Upon
the addition of NaOCI as a HOCI source, an enhancement in
fluorescence intensity was observed and the corresponding
quantum yield of NI-Se increased from 0.04 to 0.45 (Fig. S3,
ESIT). A fluorescence titration experiment demonstrated that
fluorescent intensity increased linearly with the concentrations
of NaOCl up to 15 uM (Fig. 1b, Fig. S4, ESIt). And the corre-
sponding regression equation was Fsy3nm = 59772 X [NaOCl] +
102 703 with a linear coefficient of » = 0.9941. In addition, the
limit of detection for NaOCl was determined to be 5.86 x 107’ M
under the experimental conditions (ESI,T Fig. S5). No significant
changes in the absorption intensity were observed with the
increase in NaOCl concentrations (Fig. S4, ESI}).

The influence of pH on NI-Se both in the absence and presence
of NaOCl was examined. Fig. S6 (ESIT) shows that NI-Se is stable in
aqueous media from pH 4.0 to 12.0. Although a significant
fluorescence decrease is observed over pH 9.0 in the presence of
NaClO, NI-Se displays constant fluorescence intensity in the pH
range of 4.0-9.0, demonstrating that NI-Se would work well under
physiological pH conditions. The emission spectra of NI-Se with
the addition of various ROS were investigated to evaluate the
selectivity of NI-Se toward NaOCl screening compared to other
biologically relevant species. As shown in Fig. 2a, a significant
fluorescence response is observed for NaOCl, whereas a negligible
fluorescence enhancement for other ROS. Additionally, the time
courses of the probe with various ROS were recorded for 30 min to
check whether the fluorescence switch might turn on upon
incubation with other biological species over time (Fig. S7, ESIT).
These results reveal that NI-Se is capable of responding to NaOCl
via a turn-on fluorescence switch selectively over other ROS.

Having demonstrated that the probe can detect NaOCl selec-
tively and stably over pH and time, we wonder whether NI-Se can
respond to NaOClI reversibly in the presence of various reducing
agents. As displayed in Fig. S8a (ESIT), no remarkable fluores-
cence intensity decrease is observed upon addition of reducing
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Fig. 2 (a) Fluorescence responses of NI-Se to various analytes. Bars represent
the fluorescence intensity at 523 nm, responding to various ROS: 1, free; 2, NaOC|
(30.0 puM); 3, peroxynitrite (300.0 uM); 4, NO (150 uM); 5, tert-butylhydro-
peroxide (300.0 pM); 6, cumene hydroperoxide (300.0 uM); 7, O, (300.0 uM);
8, 10, (300.0 uM); 9, H,0, (300.0 uM); 10, *OH (300.0 uM). (b) Time course of
NI-Se measured by a spectrofluorometer. NI-Se was oxidized by 5 equiv. of
NaOCl for 1 h, and then treated with 20 equiv. of NaHS for 1.5 h.
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species and amino acids, except for H,S and thiols. In addition,
the fluorescence titration measurement of NI-SeO showed that
the fluorescent intensity decreased gradually with increasing
NaHS concentrations (Fig. S8b, ESIT). Next, the kinetics experi-
ment of NI-Se response to NaOCl followed by H,S was
performed (Fig. 2b). The fluorescence intensity was stable over
1 h, suggesting that the probe solution was stable to light and air
under the experimental conditions. And the emission intensity
at 523 nm decreased significantly upon the addition of H,S.
When the solution was treated again with NaOCl, the fluores-
cence of the probe was recovered and the reversible oxidation-
reduction cycles can be repeated six times with the fluorescence
intensity decreased by about 50% (Fig. S8c, ESIf). The redox
cycles have been confirmed through HPLC analyses (Fig. S9,
ESIT). These experimental results revealed that NI-Se was
capable of monitoring NaOCI reversibly in the presence of H,S.

Subsequently, we applied NI-Se to imaging HOCI in living
cells. The mouse macrophage cell line RAW264.7, which pro-
duced HOCI when stimulated by lipopolysaccharide (LPS) and
phorbol myristate acetate (PMA), was chosen as the bioassay
model.’¥ Fig. 3a shows that living RAW264.7 cells incubated
with NI-Se exhibit only faint fluorescence. However, the cells
that were pretreated with LPS and then incubated with PMA
and NI-Se display green cellular fluorescence (Fig. 3b). Weaker
cellular fluorescence is observed when the cells were pretreated
with salicylhydroxamic acid (SHA), a MPO inhibitor'” (Fig. 3c).
Notably, co-staining with Hoechst 33342 (labels the nucleus)
revealed that the probe located mainly in the cytoplasm of these
living RAW264.7 cells (Fig. 3d)."® And the relevant brightfield
transmission images confirmed that the cells were still viable
(ESIT). In addition, the MTT assay of the RAW264.7 cells with
probe concentrations of 10.0 uM to 100.0 pM for 24 h demon-
strated that NI-Se has low toxicity to cultured cell lines under
the experimental conditions at a concentration of 10.0 uM
(Fig. S10, ESIt). These results indicated that NI-Se was capable
of monitoring HOCI in living RAW264.7 cells.

Since NI-Se is responsive to HOCI in living cells, we then
investigated whether it could image the reducing repair of anti-
oxidants. The living RAW264.7 cells loaded with NI-Se display
only faint fluorescence (Fig. S13a, ESIf). However, treating the
same NI-Se-incubated cells with PMA results in an increased
cellular fluorescence intensity because of the generation of HCIO

Fig. 3 Confocal fluorescence images of HOCI in living RAW264.7 cells. (a—c)
RAW264.7 cells were pretreated with 1 pg mL™" LPS for 16 h. (a) Incubated with
10 uM NI=Se for 5 min. (b) Incubated with 10 pM NI-Se for 5 min and then
coincubated with 2.5 pg mL~" PMA for 30 min. (c) Incubated with 10 mM SHA for
20 min and co-incubated with 2.5 pg mL~™" PMA for another 30 min, then
incubated with 10 uM NI-Se. (d) RAW264.7 cells loaded with 2 uM Hoechst
33342 and 10 uM NI-Se for 5 min, Overlay of the NI-Se and Hoechst 33342 sets.
NI-Se set (excitation: 488 nm, emission: 490-590 nm). Hoechst 33342 set
(excitation: 405 nm, emission: 410-460 nm). Scale bar represents 20 um.
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Fig. 4 Fluorescent images of HCIO production and H,S reduction in the peritoneal
cavity of the mice with NI-Se. (a) Control, neither LPS nor NI-Se was injected; (b) saline
was injected in the intraperitoneal (i.p.) cavity of mice, followed by i.p. injection of
NI-Se (100 nmol); (c) LPS (1 mg) was injected into the peritoneal cavity of the mice,
followed by i.p. injection of NI-Se (100 nmol). (d) An additional H,S (4 pmol) was
injected in parallel to (). (e) (1)-(4) represent quantification of fluorescence emission
intensity from (a)—~(d), respectively. The total number of photons from the entire body
of the groups (a)-(d) was integrated and plotted as a ratio to the control (a).

(Fig. S13b, ESIT). Decreased intracellular fluorescence is observed
when the stimulated RAW264.7 cells were treated with the ROS
scavenger’® Glutathione S-Transferase (GST, EC: 2.5.1.18,
5 U mL ") (Fig. S13c, ESIT). The subsequent treatment of cells
with PMA resulted in an increased cellular fluorescence (Fig. S13d,
ESIT), demonstrating that the low levels of intracellular fluores-
cence in Fig. S13c (ESIT) were not due to photobleaching or dye
leakage. In summary, these results suggested that NI-Se was
capable of being developed as a fluorescence probe to image
HOCI and the reducing repair in living cells.

Finally, NI-Se was applied to visualize HOCI and the redu-
cing repair in living mice. The HCIO was generated by activated
macrophages and neutrophils in a lipopolysaccharide (LPS)
model of acute inflammation.'¥?° The untreated mouse was
set as the control (Fig. 4a), and the mouse injected with both
LPS and NI-Se (Fig. 4c) exhibited more fluorescence than that
treated with NI-Se only (Fig. 4b). However, further injection of
H,S to the mouse parallel to (c) led to a decrease in fluorescence
intensity (Fig. 4d). In addition, the fluorescent intensity from
the entire body of the mice was quantified, and it can be noted
that the mouse loaded with LPS and NI-Se exhibited higher
fluorescence than the mouse loaded with saline and NI-Se. And
lower fluorescence intensity was observed in the additional H,S
treated mouse (Fig. 4e). Taken together, NI-Se can be developed
as a fluorescent probe for imaging HOCI and the reducing
repair of antioxidants in living mice.

Mimicking the GPx centre and taking advantage of the
mechanism of the twisting process, we have designed a rever-
sible fluorescent probe for HOCI. The PET process has been
excluded by TDDFT calculations, and the twisting process in
NI-Se has been verified by the influences of viscosity and
temperature experiments. (Further studies focusing on the
driving force of the twist are currently underway). Here we also
present the synthesis, characterization and fluorescence prop-
erties of this probe. And the fluorescent probe exhibits several
advantages in terms of selectivity, sensitivity and reversibility.
Importantly, combining the confocal fluorescence microscopy,
this probe has been applied to visualize the HOCI and reducing
repair of living cells and living mice in situ. Therefore, this
study highlights a promising strategy for designing fluorescent
probes, and provides a potential tool for further research in
relevant biological processes of redox biology in living systems.
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