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A colorimetric and fluorescent probe C-Py-1 for ONOO™ was pre-
pared and it could exhibit high sensitivity and excellent selectivity
toward ONOO™ among reactive oxygen species (ROS) and reactive
nitrogen species (RNS) with a rapid response time in 100% water
solution. Meanwhile, C-Py-1 was successfully applied in the imaging
of endogenous ONOO ™ in RAW264.7 cells.

Peroxynitrite (ONOO™) acts as a highly reactive oxidant in vivo,
which is formed through a diffusion-controlled reaction between
nitric oxide (NO) and superoxide (0,° ") in a 1: 1 stoichiometry
(k = 0.4-1.9 x 10" M s7")." Compared with the acid form
(ONOOH), peroxynitrite is relatively stable with a half-life of
~1 s at pH 7.4,” and it can damage a wide array of molecular
components in cells, including DNA and proteins, owing to
its high oxidizing and nitrating potential.® Nevertheless, an
abnormal peroxynitrite level can contribute to pathogenic effects,
such as cardiovascular, neurodegenerative, inflammatory diseases
and diabetes.”

Comprehending the vital role peroxynitrite plays in the bio-
system, the development of sensitive and selective techniques
for detecting peroxynitrite is fairly valuable and meaningful.’
Until now, several approaches have been developed for the
detection of peroxynitrite, including UV/Vis spectroscopy,
electrochemical analysis, electron spin resonance, and immuno-
histochemistry.® However, the precise pathogenic role of peroxy-
nitrite in biological systems is still not very clear due to the short
life-time, high activity, low concentration, and elusive nature of
peroxynitrite in vivo. By contrast, fluorimetry for peroxynitrite
detection has been developed in the past few decades due to its
high measurement efficiency, non-invasive detection and excel-
lent spatial and temporal resolution.”
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To date, a number of fluorescent peroxynitrite sensors have
been reported and applied to the in vitro and in vivo imaging
of peroxynitrite,>® which further promoted the study of the
behavior of peroxynitrite in biological processes. However,
some problems of these probes might be encountered, such
as interference from other highly reactive oxidants (especially
from ClO™ and *OH), low quantum yield and small Stokes shift
(<20 nm). Especially, only a few reported probes could detect
endogenous peroxynitrite.” Thus, developing novel effective
fluorescent probes for detecting endogenous peroxynitrite is
in an urgent demand. Herein, we report two compounds C-Py-1
and C-Py-2 based on a coumarin platform and explore their
optical response toward reactive oxygen species (ROS) and reactive
nitrogen species (RNS). The coumarin scaffold is chosen as the
fluorophore owing to its good photostability, large Stokes shift and
high quantum yield,'® and the pyridinium moiety was introduced
to increase the water solubility. Interestingly, C-Py-1 was found to
selectively detect peroxynitrite in 100% PBS (pH 7.4, 10 mM), while
C-Py-2 remained almost unchanged in the presence of various
reactive species, implying that the substituent on the 7-position
of coumarin displayed a profound influence on the reactivity of
the probe. These two compounds were prepared via a simple
process and characterized by 'H, "*C NMR and HRMS (see ESI¥)
(Scheme 1).

Initially, to evaluate whether C-Py-1 or C-Py-2 can exhibit optical
response toward ROS and RNS, we measured the absorption and
emission spectra of these two compounds in the presence of
various ROS and RNS. To the solution of 5 uM C-Py-1 in PBS
(pH 7.4, 10 mM) was added 50 pM ONOO™ and the absorption
peak at 514 nm (g514nm = 35100 M~ cm™ ') was reduced and
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Scheme 1 The structures of C-Py-1 and C-Py-2.
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Fig. 1 (a) Fluorescence spectra and (b) fluorescence intensity of C-Py-1 at
493 nm before and after reaction with various ROS and RNS in PBS (pH 7.4,
10 mM). [C-Py-1] = 5 pM. ONOO™: ONOO~ (final 50 uM) was added and
the mixture was stirred at 20 °C. CIO™: NaClO (final 100 pM) was added and
the mixture was stirred at 20 °C. *OH: ferrous perchlorate (100 uM) and H,O,
(0.2 mM) were added at room temperature. O,*: KO, was dissolved in the
anhydrous DMSO and then the appropriate aliquot was added (final 100 puM).
H>0,: H,0; (final 100 uM) was added and the mixture was stirred at 20 °C.
‘BUOOH: ‘BUOOH (final 100 uM) was added and the mixture was stirred at
20 °C. Y0, ClIO™ (100 pM) and H,O, (0.2 mM) were added at room
temperature; NO: NOC-5 (a NO donor) was added and the mixture was
stirred at 20 °C (final 100 uM). NO,~: NaNO; (final 100 pM) was added and
the mixture was stirred at 20 °C. NO3: NaNOs (final 100 uM) was added
and the mixture was stirred at 20 °C. Aex = 425 nm, slit: 3 nm/3 nm.

blue-shifted to 484 nm, accompanied by a colour change from
pink to light yellow (Fig. S1, ESIT). When 100 uM other ROS and
RNS (ie. *OH, O,*~, H,0,, ClO~, ‘BuOOH, '0,, NO) were added to
the solution of C-Py-1, only an inconspicuous decrement of the
absorption peak of C-Py-1 was observed. Additionally, the addition
of 100 ptM common nitrogen-containing anions, NO,  and NO; ",
did not influence the absorption profiles of C-Py-1. On the other
hand, with the addition of tested species to the solution of 5 pM
C-Py-2 in PBS (pH 7.4, 10 mM), almost no changes in the absorp-
tion peak at 491 nm were observed except that the addition of
ONOO™ caused a little decrement. Simultaneously, the addition of
ONOO™ to the solution of C-Py-1 also induced a 25-fold fluores-
cence enhancement at 493 nm, as shown in Fig. 1. However, the
addition of other species caused negligible variation of the fluores-
cence intensity. As for C-Py-2, the addition of various species
including ONOO™ could not change its emission spectra, indicat-
ing that the activity of C-Py-2 might be lower than that of C-Py-1
(Fig. S2, ESIt). Indeed, the oxidation potential of C-Py-1 measured
by cyclic voltammetry was lower than that of C-Py-2, 0.178 V for
C-Py-1 and 0.289 V for C-Py-2, respectively (Fig. S3, ESIt). Since a
dye whose oxidation potential was lower displayed higher ROS
reactivity,® the cyclic voltammetry experiment results agreed with
the optical measurements that C-Py-1 was more reactive than C-Py-2.
We ascribed this higher reactivity to the richer electron density of
C-Py-1 with a stronger electron-donating group.

Considering that the carbon-carbon double bond and the
pyridinium salt moiety of C-Py-1 might react with some nucleo-
philes like SO5*~ and Cys, the fluorescence responses of C-Py-1
toward different kinds of nucleophilic agents were tested. When
100 uM SO;>~, 8>, F, CN ™, GSH, Cys or Hey were added to the
solution of 5 M C-Py-1 in PBS, only S*~ and Cys could induce a
2-3 fold fluorescence enhancement at 493 nm, suggesting that
C-Py-1 was fairly stable in the presence of various nucleophiles
(Fig. S4, ESIT). Accordingly, C-Py-1 could act as a highly selective
and sensitive probe for ONOO™ in water.
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Fig. 2 (a) UV-vis and (b) fluorescence titration spectra of C-Py-1 upon the
addition of ONOO™ (0, 2, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100 uM) in PBS
(pH 7.4, 10 mM). [C-Py-1] = 5 uM, Jex = 425 nm, slit: 3 nm/3 nm. Inset: the
colour change of C-Py-1 before and after the addition of ONOO™: (a) under
daylight and (b) under UV lamp (ex = 365 nm).

Then, the titration experiments of C-Py-1 toward ONOO™
were explored. As depicted in Fig. 2, C-Py-1 in PBS displayed a
unique absorption peak at 514 nm, attributed to the strong
intramolecular charge transfer from the amino group to the
pyridinium moiety. Upon the addition of ONOO™ (0-100 pM),
the absorption intensity was reduced and a hypochromatic shift
of 44 nm as well as a colour change from pink to light yellow
was observed. Fluorescence titration experiments also showed
that the fluorescence of C-Py-1 at 493 nm could be enhanced
apparently upon addition of ONOO™, and a linearly proportional
increment of emission intensity to the concentration of ONOO™ in
the range of 0-20 pM was disclosed (Fig. S5, ESIT). In fact, C-Py-1
displayed a quite weak emission at 652 nm in PBS with a Stokes
shift of 138 nm when excited at 514 nm, and the quenching of
fluorescence might be caused via the formation of a hydrogen
bond between C-Py-1 and H,O (Fig. S6, ESIT)."" According to the
titration profiles, the detection limit (S/N = 3) of C-Py-1 toward
ONOO™ was calculated to be 1.5 x 10”7 M. The quantum yield of
C-Py-1 was as low as 0.012 and reached 0.26 in the presence of
ONOO . The effect of pH on the fluorescence response of C-Py-1
toward ONOO™ was also investigated (Fig. S7, ESIt). The results
showed that ONOO™ could induce a significant emission ampli-
fication of C-Py-1 in a pH range from 6 to 9, indicating that C-Py-1
could detect ONOO™ under physiological conditions.

Subsequently, the reaction dynamics between C-Py-1 and
ONOO™ was measured (Fig. S8, ESIT). C-Py-1 was non-emissive

This journal is © The Royal Society of Chemistry 2014
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before the addition of ONOO™ and the fluorescence of C-Py-1
remained extremely steady even for an hour. However, the
emission intensity of C-Py-1 increased profoundly and reached
a plateau in 4 minutes once 5 equiv. ONOO™ was added, and a
slow increment was observed in the further tens of minutes,
indicating that the reaction between C-Py-1 and ONOO™ could
be basically accomplished within a few minutes.

Recently, Nagano’s group has reported that the polymethine
chain of Cy7 could be cleaved to afford 1,3,3-trimethyloxindole in
the presence of ROS (including ONOO™).* Thus, we suspected
that the carbon-carbon double bond of C-Py-1 might be cleaved
upon the oxidation of ONOO™ and a fluorescent product was
simultaneously generated. To confirm our assumption, the reaction
solution of C-Py-1 and ONOO™ underwent the ESI-MS analysis
(Fig. S9, ESIt). The prominent peak at m/z 270.1129 corresponding
to aldehyde 4 (the m/z of [4 + H]' was calculated to be 270.1130) was
found in MS spectra, implying the production of aldehyde 4.
Meanwhile, the UV-vis absorption and fluorescence spectra of 4
in PBS were monitored. The absorption maximum and emission
peaks appeared at 464 nm (464,m = 49000 M~ ' cm ™ ') and 510 nm
(the Stokes shift is 46 nm), respectively (Fig. S10, ESIT), which are
quite close to that of C-Py-1 in the presence of ONOO™. Some small
deviation could be attributed to the complicated reaction environ-
ment. The shoulder peak at around 620 nm for C-Py-1 in the presence
of ONOO™ might be ascribed to the reaction intermediates."
To further confirm the reaction mechanism, we finally conducted
the "H NMR analysis of the mixture of C-Py-1 and ONOO ™. When
ONOO™ was added into the solution of C-Py-1 in DMSO-dg, a typical
signal peak at 9.88 ppm was observed, which apparently indicated the
formation of the aldehyde group (Fig. S11, ESIt). Thus, aldehyde
4 might be the primary product in the reaction of C-Py-1 and ONOO ",
as depicted in Scheme 2.

The desirable fluorescence properties of C-Py-1 for ONOO™
prompted us to use it for the detection of intracellular ONOO™.
A standard MTT assay showed that cell viability was rarely
changed even though 20 uM C-Py-1 was added for 24 h (Fig. S12,
ESIY), signifying the extremely low cytotoxicity of C-Py-1. Then,
confocal microscopy experiments were carried out on RAW264.7
cells. RAW264.7 cells were incubated with 10 pM C-Py-1 for
30 min at 37 °C in DMEM. Upon excitation at 405 nm, there
was no intracellular blue fluorescence between 450-520 nm, as
shown in Fig. 3. When 50 pM 3-morpholinosydnonimine (SIN-1,
a ONOO™ donor) was added and was then incubated for another
60 min, apparent fluorescence emerged in the cytoplasm of C-Py-1-
loaded cells, showing that C-Py-1 permeates cells well and can
detect intracellular ONOO™.

Inspired by the above biological experimental results, we
would like to utilize C-Py-1 to sense endogenous ONOO™ in
RAW264.7 cells, which are known to generate ROS and RNS in
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Scheme 2 The proposed reaction of C-Py-1 with ONOO™.
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Fig. 3 Confocal fluorescence images of RAW 264.7 cells. (a) Bright-field
image; (b) cells were stained with C-Py-1 (10 pM) for 30 min, (c) and then
incubated with SIN-1 (50 pM) for 60 min; (d) merged image of (a) and (c) scale
bars: 10 um.

C-Py-1  LPS&IFN-y&PMA

Bright-field Merged

Fig. 4 Confocal fluorescence images of RAW 264.7 cells. (a) Bright-field
image; (b) cells were stained with C-Py-1 (10 uM) for 30 min; (c) cells were
stained with LPS (1 ug mL™ and IFN-y (50 ng mL™?) for 4 h and were then
incubated with PMA (10 pg mL™Y) for 0.5 h and were incubated with C-Py-1
(10 uM) for 0.5 h; (d) merged image of (a) and (c) scale bars: 10 um.

immunological and inflammatory processes.'® RAW 264.7 cells
were first treated with lipopolysaccharide (LPS, 1 pg mL~") and
interferon-y (IFN-y, 50 ng mL ") for 4 h and were then incubated
with phorbol 12-myristate 13-acetate (PMA, 10 ug mL~") for another
0.5 h. Finally, 10 uM C-Py-1 was added and stained for 30 min. As
shown in Fig. 4(c), obvious fluorescence appeared in RAW264.7
cells stimulated with different reagents and C-Py-1. However, no
fluorescence was observed in C-Py-1-loaded cells (Fig. 4(b)). This
result indicated that C-Py-1 was successfully applied in detecting
endogenous ONOO™~ in RAW264.7 cells, which is of considerable
significance for an effective small molecular fluorescent probe
having biological applications.

In conclusion, two coumarin-pyridinium conjugates C-Py-1
and C-Py-2 were synthesized while only C-Py-1 showed colori-
metric and fluorescent responses toward ONOO ™, which might
be due to the much richer electron density of C-Py-1 with a
stronger electron-donating group. C-Py-1 exhibited high sensi-
tivity and excellent selectivity toward ONOO~ among ROS and
RNS with a rapid response time, while other nucleophilic anions
showed no interference. The reaction mechanism was suspected
to be the oxidative cleavage of the carbon-carbon double bond
of C-Py-1 via ESI-MS analysis and UV spectra study. Ultimately,
C-Py-1 was successfully applied in the imaging of endogenous
ONOO~ in RAW264.7 cells with outstanding cell membrane
penetrability and low cytotoxicity. We anticipate that C-Py-1
can be utilized in a variety of chemical and biological applica-
tions owing to its easy preparation and excellent chemical and
biological properties, and this work is expected to provide some
valuable exploration for the strategical design of peroxynitrite-
targeted fluorescent probes.
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