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A bioorthogonal ‘turn-on’ fluorescent probe
for tracking mitochondrial nitroxyl formation†
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A bioreductant-resistant ‘turn-on’ chemodosimetric fluorescent probe

Mito-1 has been developed for the detection of mitochondrial HNO in

live cells. Mito-1 enables the detection of HNO as low as B18 nM. It has

the capability to detect both exogenous and endogenous mitochondrial

HNO formations in cellular milieus by providing fluorescence

images. Its two-photon imaging ability fosters its use as a non-

invasive imaging tool for the detection of mitochondrial nitroxyl.

Nitroxyl (NO�/HNO) is the one-electron reduced (and protonated)
form of nitric oxide. This interconvertible pair plays a pivotal role
in the nervous system.1 HNO exhibits unique, distinct and often
opposite pharmacological properties with its oxidized analogue
NO.2 For instance, NO donors reduce the b-adrenergic-stimulated
contractility to minimize the use of b-agonists, whereas HNO is
additive to the b-agonist dobutamine.3 HNO inhibits the activity
of various enzymes such as those containing thiols, including
polymerase, the copper thiolate yeast transcription factor Ace1,
aldehyde dehydrogenase and the zinc finger protein poly(ADP-
ribose).4–6 Additionally, its association with thiols alters the
activity of the N-methyl-D-aspartate channel.7 Moreover, HNO is
capable of reacting with the thiol residue of various crucial
enzymes in biological milieus. As an example, HNO reacts with
glutathione (GSH) at a rate of 2 � 106 M�1 s�1 and depletes the
function of GSH as a modulator in the cellular redox system.8,9

While the conversion processes from nitrogen-based oxides and

superoxides have been reported as examples of HNO formation
pathways, an endogenous formation of nitroxyl remains unclear
because of its high reactivity with surrounding biomolecules
(Fig. S1, ESI†).

Thus, it is crucial to sense HNO, as HNO is more cytotoxic
than NO and can be potentially generated in vivo, and causes
biological responses with some of the characteristics of NO and
peroxynitrite. A class of fluorescent probes has been developed
for sensing HNO, utilizing the reduction of Cu2+ to Cu+ or
nitroxide to hydroxylamine.10,11 Unfortunately, these probes
suffer from interference by several highly abundant biological
reductants, e.g., GSH and ascorbate in the living system. Moreover,
the detection limit for nitroxyl was not estimated.

To overcome the selectivity issue, recently Staudinger reaction
chemistry-based bioorthogonal probes have been developed for
sensing cellular HNO.12 This chemodosimetric strategy13 is free
from interferences by biological reductants and has become a
biologically viable strategy. By utilizing this chemistry, a couple
of probes have been developed to detect HNO in lysosomes.14

Indeed, the detection of HNO in mitochondria is quite important
because the reaction of NO, associated with cancer metastasis,15

with mitochondrial cytochrome c allows for the formation of
nitroxyl (HNO). Moreover, HNO leads to inhibit mitochondrial
respiration through the inhibition of complexes I and II, most
probably via a modification of specific cysteine residues in the
proteins.16 Thus, our interest is to develop a metal free fluorogenic
probe for HNO in mitochondria.17 As presented in Scheme 1,
the probe Mito-1 was synthesized in two successive steps via
an amide formation followed by esterification. The reaction
procedures and spectroscopic analysis reports are available in
the ESI† (Fig. S10–S17). We chose coumarin as a fluorophore
because its high quantum yield and two-photon property may
allow us to overcome optical interference from ubiquitous
biological entities.18

To rationalize the sensitivity of Mito-1 toward the bioanalyte
HNO, we recorded UV-absorption and fluorescence changes of
Mito-1 in the presence of Angeli’s salt (AS), a well-known HNO
producing agent under physiological conditions. As shown in
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Fig. S2 (ESI†), the UV-absorption of Mito-1 increased B30-fold
at 398 nm in the presence of AS (3 eq.). The fluorescence intensity at
lem 452 nm of Mito-1 gradually enhanced with increasing concen-
trations of AS (0–100.0 mM) and then reached saturation (Fig. 1A). It
is demonstrated in Fig. 1A that the fluorescence intensity of Mito-1
has a B45-fold increase in the presence of HNO (AS) (100.0 mM).
Further applying a regression equation, the detection limit toward
HNO was found to be 18.0 nM (Fig. S3, ESI†), which is considerably
lower than reported probes (Fig. S4, ESI†).13,17

The temporal sensing of short-lived bio-analytes in biological
milieus is a challenging task. Thus, we recorded time-dependent
fluorescence intensity changes of Mito-1 in the presence of HNO
with the treatment of AS. The result in Fig. 1B indicates that
in the presence of HNO (30.0 mM) the fluorescence intensity
of Mito-1 reaches a maximum within 20 min. The rate constant
of the reaction between Mito-1 and nitroxyl was found to be

1.0 � 10�3 M�1 s�1 (Fig. S5, ESI†). This suggests that Mito-1 may
enable the detection of HNO in a cellular microenvironment
within a short period of time.

Next, we checked whether Mito-1 can react with HNO without
any interference from other biologically relevant reactive species
such as Cys, GSH, Hcy, Na2S, H2O2, NO, NO3

�, NO2
�, O2

�, ROO�,
and ClO�. Thus, we have monitored the changes of fluorescence
intensity of Mito-1 upon incubation with the aforementioned
analytes at 25 1C for 20 min. As shown in Fig. 1C, the fluores-
cence intensity of Mito-1 remains almost unaltered in the
presence of other biologically relevant analytes, whereas Mito-1
showed its fluorescence enhancement only in the presence of
HNO (AS).

To validate the feasibility of the probe in a biological system
where HNO is much less expressed compared to GSH, we tested
the substrates under significantly different concentrations.
Fig. S6 (ESI†) shows the result when 400 eq. of GSH and 6 eq.
of HNO are treated. Although GSH shows a certain extent of
reactivity with Mito-1, HNO reveals the outstanding fluorescence
intensity even with its noticeably lower concentration. The exquisite
sensitivity of Mito-1 suggests that the probe is an excellent tool for
sensing HNO in a cellular micro-compartment even in the presence
of other short-lived chemical entities.

To clarify that the result is due to HNO instead of other
byproducts of Angel’s salt, we performed the reaction of AS and
Mito-1 in the presence of GSH, a scavenger of HNO. As the GSH
concentration increased from 0 to 20 mM, the fluorescence intensity
decreased as expected, confirming that HNO is responsible for the
increase in fluorescence intensity (Fig. S7, ESI†).12a

In addition, we analyzed the stability of Mito-1 and its reactivity
toward HNO in a variable pH range. The results in Fig. 1D indicate
that Mito-1 is quite stable within the physiological pH range
(pH 4–8) and its reactivity toward HNO is optimized at pH 8, as the
fluorescence intensity reached its maximum. As the mitochondrial
matrix is slightly alkaline (pH B 8),19 we expect that Mito-1 enables
the detection of endogenous HNO in mitochondria.

Before proceeding to apply Mito-1 for the sensing of exogenous/
endogenous HNO in cellular milieus, we have evaluated its reaction
mechanism with HNO as proposed in Scheme 2. Angeli’s salt
(AS) treated Mito-1 in acetonitrile was subjected to liquid
chromatography-mass spectrometry (LC-MS) and HR-MS analyses.
The LC-MS data in Fig. S8 (ESI†) indicated that two major
components have presented in the chromatogram. The peaks
at 322.1 and 494.2 match with the byproduct (M + 1) and free
fluorophore 1, respectively. Also in the HR-MS data (Fig. S9,
ESI†), a major peak appeared at 494.05, which corresponds to
the fluorophore (1). This finding strongly approves our proposed
intramolecular Staudinger reaction mechanism (Scheme 2).

The chemoselective ‘turn-on’ fluorescence changes of Mito-1
toward HNO encourage us to utilize it for the detection of
exogenous/endogenous HNO formation in mitochondria via its
optical modulation. The cytotoxicity of Mito-1 was assessed in
HeLa cells using a SensoLytes Cell Cytotoxicity Assay Kit,
revealing no significant cytotoxicity at 10 mM, thus confirming
the excellent biocompatibility of the probe (Fig. S19, ESI†).
Angeli’s salt-pretreated HeLa cells were incubated with variable

Scheme 1 Synthesis of Mito-1.

Fig. 1 Fluorescence response of probe Mito-1. (A) Fluorescence spectra
of the probe (5.0 mM) in pH 7.4 PBS buffer (0.5% DMSO) in the absence or
presence of AS. The spectra were recorded after incubation of the probe
with AS for 30 min. (B) Reaction–time profiles of the probe (5.0 mM) in the
presence of various concentrations of AS. The fluorescence intensities at
452 nm were continuously monitored at time intervals in pH 7.4 PBS buffer
(0.5% DMSO). (C) The fluorescence responses of the probe (5.0 mM) to
various relevant species (30 mM) in pH 7.4 PBS buffer. Emission at 452 nm.
(D) The fluorescence intensity dependency of the probe (5.0 mM) in the
absence and presence of AS (30 mM) on diverse pH values.
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concentrations of Mito-1. As shown in Fig. 2, the extent of cell-
labeling increased in a dose-dependent manner.

As shown in Fig. 3, the exogenous nitroxyl in mitochondria
was assessed by monitoring the fluorescence signal from Mito-1. We
found that Mito-1 was predominantly localized in mitochondria20

compared with other organelles such as endoplasmic reticulum (ER)
and lysosome (Lyso). Furthermore, the confocal Z-section
images and co-localization scatterplots indicate that Mito-1 was
well co-localized with the Mito-tracker. These results suggest that
Mito-1 has the ability to track exogenous nitroxyl in mitochondria
in living cells.

Next, we tracked the endogenous HNO formation in mito-
chondria by monitoring the fluorescence changes of Mito-1.
HeLa cells were pretreated with DEA NONOate (NO donor) in
the presence of sodium ascorbate, known to be a reducing
agent, capable of converting NO to HNO.18 The 3-dimensional
co-localization image implied that Mito-1 was predominantly
localized in mitochondria over other organelles such as lysosome
(Lyso) and endoplasmic reticulum (ER) (Fig. 4 and Fig. S18, ESI†).
Altogether, these findings support our expectations on the ability of
Mito-1 to sense both exogenous HNO and endogenous HNO
formation in mitochondria.

Finally, we evaluated the two-photon fluorescence properties
of Mito-1, which allows us overcoming fluorescence interference
from ubiquitous biological entities in cellular milieus.21 As can
be observed in Fig. 5, HNO (AS) pretreated HeLa cells were
fluorescently labeled in the 420–520 nm range while excited at
lex 740 nm in the presence of Mito-1. This result demonstrated
that Mito-1 has the ability to ensure mitochondrial endogenous

and exogenous HNO formation without any fluorogenic inter-
ference from inherent biological entities.

In conclusion, we demonstrated herein the synthesis and
optical properties of a metal-free chemodosimetric turn-on
fluorogenic probe Mito-1, for the sensing of nitroxyl (HNO) in
mitochondria. The UV absorption at labs 398 nm and the
fluorescence intensity at lem 452 nm of Mito-1 were B25 and
B45-fold enhanced in the presence of HNO (100 mM). The
sensitivity of Mito-1 toward nitroxyl was as low as 18 nM. The
probe is also highly stable in a physiological pH range. It
enables the visualization of mitochondrially localized endogen-
ous and exogenous nitroxyl by providing a ‘turn-on’ fluores-
cence signal. The two-photon ‘turn-on’ fluorescence response
in the presence of HNO in living cells allows overcoming
interference from the omnipresent entities in living systems,
making it a promising tool to detect mitochondrial nitroxyl.

Scheme 2 Reaction mechanism between Mito-1 and HNO.

Fig. 2 Fluorescence images of exogenous HNO. Confocal microscopy images
of the dose dependency of Mito-1 fluorescence (magnification, �20).
lex 405 nm; lem 470–500 nm.

Fig. 3 Fluorescence and co-localization images under exogenous HNO
sensing conditions. (A) Confocal microscopy co-localization images of
Mito-1 (5.0 mM) with organelle specific trackers (mitochondria, endoplasmic
reticulum and lysosome). (B) Localization of the probe in mitochondria was
confirmed by using Z-section images. (a) Z-section image of the cell,
(b) co-localization with a mitochondria tracker and the probe, and (c) co-
localization scatterplot (magnification, �63). lex 405 nm; lem 470–500 nm.
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Fig. 4 Confocal microscopy co-localization images of endogenous HNO
with probe and mitochondria organelle tracker. Co-localization of Mito-1
(5.0 mM) for mitochondria was confirmed by using Z-section images of a
confocal laser scanning microscope. (A) 3D image of the cell (B) co-localization
with a mitochondria tracker and the probe (C) co-localization scatterplot.
lex 405 nm; lem 470–500 nm.

Fig. 5 Two photon fluorescence microscopy of Mito-1 (10 mM) (A) in the
absence of HNO and (B) in the presence of exogenous HNO. lex 740 nm;
lem 420–520 nm.
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