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ABSTRACT: A mitochondria-specific fluorescent probe
for NO (1) was synthesized by the direct conjugation of a
pyronin dye with one of the amino groups of o-
phenylenediamino (OPD). The probe could selectively
detect NO over dehydroascorbic acid (DHA), ascorbic
acid (AA), and methylglyoxal (MGO) as well as the
reactive oxygen/nitrogen species (ROS/RNS) with the
significant off—on response due to the production of a red-
emission triazole 2. In the presence of cysteine/glutathione
(Cys/GSH), 2 could be further transformed into a green-
emission aminopyronin 4 and a red-emission thiopyronin
S, respectively. Assisted by intracellular Cys and GSH, the
probe demonstrated its potential to monitor mitochondrial
NO in a dual-channel mode.

itric oxide (NO), produced by nitric oxide synthases, has

been recognized as an ubiquitous signaling molecule. It
plays key roles in various physiological systems, such as
cardiovascular, immune, and the central and peripheral nervous
systems." Also, studies have shown that its down-regulation is
closely linked with various pathophysiological conditions
including the endothelial dysfunction, cancer, and neuro-
degenerative diseases.” However, the detailed mechanisms by
which NO exerts its diverse biological functions still remain
elusive. Thus, for better understanding of NO’s origins, activities,
and biological functions, it is very important to search for
methods and tools that can sensitively and selectively probe NO
in biological systems.

To this end, several techniques such as colorimetry, electron
paramagnetic resonance, electrochemistry, and chemilumines-
cence have been developed.® Due to the simplicity and sensitivity
as well as real-time and nondestructive imaging properties,
fluorescence techniques have been considered ideal for sensing
and imaging various cations, anions, and biomolecules in live
cells or tissues. Accordingly, a number of fluorescent probes for
NO have been exploited in the past decade by taking the
advantage of some specific reactions of NO with o-phenyl-
enediamino (OPD) moiety,”® metal—ligand complexes,® and
others.” Among them, the OPD-based fluorescent probes,
pioneered by Nagano’s group, have shown great potentials to
image NO in vitro and in vivo under physiological conditions.*®
Moreover, some of such probes, such as DAF-2 DA and DAR-4
M AM, are commercially available® and have been widely applied
in NO-related biological studies. The corresponding sensing
mechanism is based on an irreversible reaction of OPD with NO*
or N,0; to form benzotriazole derivatives, whereby the
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fluorescence turn-on response can be achieved by inhibiting
the quenching process via the photoinduced electron transfer
(PET) from OPD to the excited fluorophore (Scheme 1A).

Scheme 1. Strategies for the OPD-Based Fluorescent NO
Probes
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However, although in specific biological systems such probes can
provide useful information, some limitations still remain. For
example, dehydroascorbic acid (DHA) and ascorbic acid (AA)
were reported to be able to condense with OPD and turn on the
fluorescence.” Therefore, the undesired interference may occur
due to high physiological concentrations of AA and DHA (at
micromolar to millimolar levels) colocalized with nanomolar to
micromolar levels of NO in many cells.'” Moreover, a OPD-
based Bodipy fluorescent probe was recently reported to detect
methylglyoxal (MGO),"" a dicarbonyl metabolite produced by
all living cells, under physiological conditions.'> In addition,
benzotriazole is pH sensitive, and its deprotonation at
physiological pH can result in the formation of an electron-rich
triazolate, which may induce the fluorescence quenching through
a PET mechanism to lower the NO detection sensitivity.**®
Therefore, just as pointed out by Anslyn and Shear: “the
aforementioned limitations complicate NO detection using o-
diamines”.'> On the other hand, mitochondria is the main
organelle where NO is synthesized by the inducible NO synthase
(iNOS) and plays important roles in regulating cell functions.'*
However, to the best of our knowledge, only one mitochondria-
targetable fluorescent probe for NO has been reported to date.>*

The aforementioned concerns encouraged us to develop a new
strategy to sense this important signaling molecule. As shown in
Scheme 1B, unlike the general design strategy that a fluorophore
is linked with the phenyl ring of the OPD unit, our strategy
features the direct conjugation of a fluorophore with one amino
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group of OPD. We speculated that the resulting probe may lose
its capacity of condensing with DHA, AA, and MGO to form
quinoxaline heterocycles, thereby increasing the specificity for
NO. Also, the strategy allows the fluorescence off—on switching
to be modulated by the widely used PET mechanism. Moreover,
due to the absence of the NH proton in the resulting triazole
product, the benzotriazolate-induced fluorescence quenching via
PET under physiological conditions could be precluded, thereby
improving the detection sensitivity. As a proof of concept, we
constructed a fluorescent probe 1 by incorporating the OPD
moiety to 9-position of pyronin dye (Scheme 2). Notably, like

Scheme 2. Proposed Sensing Mechanism of Probe 1 for NO
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the mitochondria-selective probes rhodamine 123 and tetrame-
thylrosamine,® probe 1 possesses a positive charge delocalized
through resonance and was expected to be cell-permeant and
readily sequestered by mitochondria to sense NO in this essential
organelle.

To test the above-mentioned speculation, we synthesized 1 by
following the procedure reported by Burgess.'> The structure of
1 was confirmed by '"H NMR, *C NMR, and HRMS spectra
(Supporting Information). Subsequently, we examined its
reactivity toward NO through UV—vis and fluorescence spectra
in PB buffers (50 mM, pH 7.4, containing 30% CH;CN) at 25
°C. DEA-NONOate was used as the source of NO, which is
commercially available with a half time of 16 min. As shown in
Figure 1A, probe 1 itself showed a main absorption at 456 nm,
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Figure 1. Time-dependent absorption (A) and fluorescence (B) spectra
of 1 (2 uM) in the presence of 100 equiv DEA-NONOate in PB buffer
(50 mM, pH 7.4, containing 30% CH,;CN) at 25 °C. Insets: the
corresponding intensity changes as a function of time. ., = 570 nm, 4,
= 616 nm. Slits: 5/10 nm, voltage: 600 V.

characteristic for aminopyronin dyes," but no fluorescence when
excited at 456 nm (® = 0.0003 with fluorescein in 0.1 N NaOH
as the reference) due to an efficient PET from the electron-rich
OPD moiety to the excited pyronin core. Upon the addition of
100 equiv of DEA'NONOate, the initial absorption band
decreased along with a simultaneous emergence of the red-
shifted absorption centered at 591 nm. Such a large bathchromic
shift of 135 nm could eliminate any undesired background
fluorescence from the unreacted probe (if any). Indeed, when
excited at 570 nm (near the absorption maximum of the
product), a significant fluorescence enhancement of 2743-fold at
616 nm (® = 0.25 with Cresyl Violet Perchlorate in EtOH as the
reference) was observed from the dark background (Figure 1B).

According to the well-established reaction mechanism, the new
spectra could be assigned to triazole 2, which was also supported
by HRMS experiment (Figure S1). Notably, the fluorescence of 2
fell into the red region (>600 nm), which is especially preferable
for in vivo bioimaging due to the deep penetration ability and low
background autofluorescence. For explaining why the fluores-
cence response obviously lags behind the absorption changes
(Figure 1, insets; details in Figure S2), an intermediate M was
proposed (Scheme 2) and then observed in HRMS assay (Figure
S3), which may have similar absorption wavelength to 2, but is
nonfluorescent due to a PET quenching process (A detailed
discussion was shown in Figure S3, caption).

Next, we performed fluorescence titration studies of 1 for NO
at a time point of 30 min after the addition of DEA-NONOate.
The spectra of the solution of 1 treated with a series of DEA-
NONOate (0 to 200 M) were recorded. As shown in Figure
S4A, upon the treatment with the NO donor, a new emission
emerged at 616 nm and gradually increased with the increasing
concentrations of the NO donor. An excellent linear correlation
(R* = 0.994) between the fluorescence intensities and the DEA-
NONOate concentrations from 0 to 120 uM was observed
(Figure S4B), and the detection limit was estimated to be 12 nM
based on S/N = 3.

Next we evaluated the specificity of probe 1 for NO. We
screened a wide array of the possible competitive species,
including reactive oxygen/nitrogen species (ROS/RNS), DHA,
AA, and MGO (Figure 2). Like most of the OPD-based
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Figure 2. (A) Fluorescence spectra of 1 (2 uM) in the presence of 100
equiv various species after 60 min. (B) Fluorescence intensities of 1 (2
#M) upon addition of 100 equiv of various species after 20, 40, and 60
min, respectively. (1) DEA-NONOate, (2) H,0,, (3) HCIO, (4) O,
(5) #OH, (6) 0,7, (7) NO,7, (8) AA, (9) DHA, (10) MGO, (11) 1
only. Condition: PB buffer (50 mM, pH 7.4, containing 30% CH;CN);
25 °C; Aee = 570 nm, A, = 616 nm. Slits: 5/10 nm, voltage: 600 V.

fluorescent probes, probe 1 was inert to other ROS and RNS,
such as H,0,, C1IO~, OH, O,™, '0,, NO, ™. Moreover, probe 1
did not show any response to DHA, AA, and MGO. By
comparison, only NO elicited a dramatic increase in fluorescence
intensity at 616 nm, suggesting the high selectivity of 1. We
attributed the high selectivity of 1 toward NO over DHA, AA,
and MGO to the amino-protected OPD unit in 1, which failed to
condense with the 1,2-dicarbonyl group of DHA/AA/MGO to
form the quinoxaline heterocycles. In this sense, probe 1
appeared to be superior to those commercial NO probes such as
DAF-2 DA and DAR-4 M AM.®

Also, we studied the emission behavior of 1 treated with DEA-
NONOate in different pH environments. As shown in Figure S5,
probe 1 showed no emission in a pH region of 4—12 but
displayed the best response for NO in the region of 7—8 due to
the absence of the NH proton in triazole 2, which precluded the
benzotriazolate-induced fluorescence quenching via PET in
physiological conditions. Thus, probe 1 is more advantageous for
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practical applications in biological systems than most OPD-based
fluorescent probes.

These in vitro assays confirmed the capability of 1 for the
specific NO detection. Before testing its applications in biological
systems we measured the fluorescence response of 1 toward NO
in the presence of biothiols, such as cysteine (Cys) and
glutathione (GSH), due to their high concentrations in cells."®
Interestingly, the addition of DEA-NONOate to the mixtures of
1/Cys and 1/GSH, respectively, elicited a bright green
fluorescence with A, = 536 nm for the former (Figure 3A)
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Figure 3. Time-dependent fluorescence spectra of 1 (2 uM) upon
addition of DEA-NONOate (200 zM) in the presence of Cys (200 M)
(A) and GSH (200 uM) (B), respectively. For (A), A, = 455 nm. For
(B), Aex = 570 nm. Condition: PB buffer (50 mM, pH 7.4, containing
30% CH,CN); 25 °C; Slits: 5/10 nm; voltage: 600 V.

and a bright red fluorescence with 4, = 618 nm for the latter
(Figure 3B). The same results were also observed when the
solution of 1 was treated with DEA-NONOate for 30 min and
then by adding Cys or GSH (Figure S6). Based on the
observation that probe 1 did not react with Cys or GSH (Figure
S7) as well as our recent studies on Cys (or GSH)-induced SyAr
substitution— —rearrangement (or SNAr substltutlon) reaction
with a thiophenol—pyronin dye, we proposed the following
reaction mechanism. As shown in Scheme 3, the initial reaction

Scheme 3. Proposed Reaction Mechanisms of 1 with NO in
the Presence of Cys and GSH, Respectively
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of 1 with NO should produce triazole 2. Because the
benzotriazole unit was reported to be a leaving group in S-

acylation reactions,'® we speculated that a Cys-induced SyAr
substitution—rearrangement cascade reaction or a GSH-induced
SxAr substitution reaction could occur,'”' leading to the green-
emission aminopyronin 4 via intermediate 3 or the red-emission
thiopyronin §, respectively. In fact, the emission spectra of 4 and
S matched well with those of the corresponding control
compounds aminocouramin 6 and thiocoumarin 7 (Figure S8)
and were also in line with our recent report, wherein the same
products were obtained.'” The HRMS results also confirmed our
hypothesis, wherein 4 and § could be clearly observed (Figure
S9). Overall, it is very possible that the intracellular NO could be
detected from the green and red channels simultaneously assisted

by intracellular Cys and GSH (More detailed information, see
Figures S10 and S11).

Subsequently, we evaluated the capability of 1 to image NO in
B16 cells. As shown in Figure 4Al and A2, when the cells were

Red channel Green channel Overlap Brightfield
- - . . -
1.‘NO- ‘ ' -

Figure 4. (A1—A4) Fluorescence images of B16 cells stained by 1 (2
#M, 30 min) only. (B1—B4) Fluorescence images of B16 cells stained by
1 (2 uM, 30 min) and then DEA-NONOate (200 yM, 30 min).
Emission was collected at 480—550 nm for green channel (excited at 458
nm) and at $80—630 nm for red channel (excited at 543 nm). Scale bar:
20 pm.

incubated with 1 (2 #M), no fluorescence in both red and green
channels was observed. However, when the cells were pretreated
with 1 for 30 min, and then incubated with DEA-NONOate for
30 min, strong fluorescence in both red (Figure 4B1) and green
channels (Figure 4B2) was observed, confirming that 1 could
sense intracellular NO in multicolor imaging assisted by
intracellular GSH and Cys. Moreover, the overlap image of
Figure 4B1 and 4B2 indicated that 4 and 5 located in the same
place in the cells (Figure 4B3). To confirm that 1 was a
mitochondria-targetable probe for NO, B16 cells were treated in
a sequence with 1 and MitoTracker Red FM (a known
fluorescence marker for mitochondria). After washing with
PBS, the cells were treated with DEA-NONOate in the culture
media for 30 min. As shown in Figure SA3, the fine merged image

Figure 5. (A1—A4) Fluorescence images of B16 cells costained by 1 (2
uM, 30 min), MitoTracker Red FM (0.5 #M, 30 min) and then DEA-
NONOate (200 #M, 30 min): (A1) image from band path of 580—630
nm upon excitation of S at 543 nm; (A2) image (reproduced in
pseudocolor) from band path of 640—730 nm upon excitation of
MitoTracker Red FM at 633 nm; (A3) the overlay imaging of Al and
A2; (A4) the bright-field image. (B1—B4) Fluorescence images of B16
cells costained by 1 (2 #M, 30 min), DIPA (1 g/mL, 30 min), and then
DEA-NONOate (200 #M, 30 min): (B1) image from band path of
580—630 nm upon excitation of § at 543 nm; (B2) image from band

path of 410—490 nm upon excitation of DIPA at 405 nm; (B3) overlay
of BI and B2; (B4) the bright-field image. Scale bar: 10 ym.

clearly confirmed that the dye could specifically image
mitochondrial NO. The bright-field measurements and nuclear
staining with DIPA confirmed the viability of the cells over the
course of the experiments (Figure SB1—B4). The low
cytotoxicity of 1 was also supported by MTT assay (Figure S12).

Finally, we performed fluorescence microscopic 1ma§1ng of the
endogenous NO in RAW264.7 murine macrophages As shown
in Figure S13, macrophages RAW264.7 incubated with 1 (2 M)
showed a weak fluorescence in both red and green channels,
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indicating that 1 could detect the low level of endogenous NO in
the cells. Stimulated with interferon-y (IFN-y), lipopolysacchar-
ide (LPS), and L-arginine (L-Arg) for 12 h at 37 °C, the obvious
fluorescence enhancements in both red and green channels were
observed. These results were consistent with previous reports
that IFN-y/LPS/L-Arg could induce the production of NO in the
cells,sc’cl demonstrating the potential of 1 to image endogenously
produced NO.

In summary, we constructed a novel fluorescence probe 1 by
the direct conjugation of a pyronin dye with one amino group of
OPD. The probe was proved to selectively sense NO over ROS/
RNS as well as DHA, AA, and MGO. In the presence of Cys and
GSH, triazole 2 produced by the reaction of 1 with NO could be
further converted into green-emission aminopyronin 4 and red-
emission thiopyronin 5. Assisted by intracellular Cys and GSH, 1
could detect the exogenous and endogenous NO in mitochon-
dria in cells from two distinct emission channels.
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