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A reversible fluorescent probe (NP) for sensing SO, and FA was
rationally constructed. With the outstanding attributes of NP, the
fluctuation of endogenous SO, and FA was successfully traced, not
only at the cellular level, but also in living mice for the first time.
Significantly, it was first found that the interaction of SO, and FA
can attenuate the cytotoxicity.

A living organism is a complex collection of diverse elements, ions
and molecules which drive a web of interacting chemical reactions.
Understanding the dynamic chemical interaction of these species
offers both a challenge and an opportunity for further exploring the
complex physiological processes. Sulfur dioxide (SO,), as an environ-
mental pollutant and antioxidant, is often inhaled by human beings
through the environment, food or pharmaceuticals."” In living
systems, it dissociates to its derivatives bisulfite and sulfite and
has an important role in as a vasorelaxant in the cardiovascular
system.>* It can also be metabolically generated from r-cysteine via
the 3-mercaptopyruvate pathway or by the oxidation of thiosulfate in
the presence of glutathione (GSH) and thiosulfate reductase.*®
However, excessive SO, production is associated with many neuro-
logical diseases” and could cause vasodilation by upregulating the
NO/cGMP signaling pathway.®® According to recent reports, formal-
dehyde (FA), which can be endogenously produced by methylation
of DNA or histone demethylation, can trigger S-nitrosoglutathione
(GSNO) reduction and deregulate the NO signaling pathway by
mediating the S-protein nitrosylation."® Furthermore, FA assimila-
tion and enhancement in the protein S-nitrosation process could
result in very low local GSH concentrations which is closely inter-
related with the production of SO, in living systems."" Notably, SO,
and FA have a delicate relationship in the complex signal transduc-
tion pathways. However, up to now, the interrelated biological roles
of SO, and FA are still unclear. To explore the relationship between
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SO, and FA in depth, visualization of these transient bio-species in a
complex living organism is critical.

Fluorescence imaging has been widely used as a powerful
approach to monitor physiologically active species in intact
living samples because of its several advantages, such as high
spatiotemporal resolution, high chemoselectivity and in situ
real-time detection.'*'® Fluorescent probes can be divided into
two categories: fluorescence intensity-based probes and ratio-
metric fluorescent probes. Compared to intensity-based probes,
ratiometric fluorescent probes have attracted more attention
due to their multichannel fluorescence signal output and the
independence of the environmental effects, probe concentration
and equipment efficiency.'” ' Recently, several excellent ratiometric
fluorescent probes have been developed for SO, detection.”>°
However, these irreversible probes are not capable of tracking the
dynamic fluctuation of SO, in real time. Although a few reversible
fluorescent probes for monitoring of chalcogenides have been
developed,® ™ a reversible fluorescence probe for tracking the
dynamic fluctuation of endogenous SO, and FA in vitro and
in vivo has not been reported so far. To achieve this goal, the probes
must have the merits of reversibility, fast response, deep penetration
and high sensitivity, as well as a large signal variation. Therefore, the
construction of the probes based on the previously mentioned
attributes for the dynamic and reversible imaging of endogenous
SO, and FA in living cells and i vivo are highly desirable.

To address the previous issue, a reversible fluorescent probe
NP was developed for monitoring the dynamic fluctuation
between SO, and FA. The overall design principle was inspired
by two critical chemical reactions: (1) the Michael addition
reaction, which is reversible; (2) FA is the main scavenger of
bisulfite (Scheme S1, ESIt). In the preliminary work, a probe CP
was constructed, which can promptly respond to SO,. However,
an initial attempt to use CP for reversible visualizing of SO, was
unsuccessful.** It was speculated that the electron withdrawing
group (EWG) of the nearby carbonyl group may decrease the
intrinsic reversibility of CP. Therefore, it was decided to achieve
the reversibility by adjusting the EWG in the probe structure. In
this work, the benzopyrylium unit was chose as both the energy
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Scheme 1 Rational design strategy and sensing mechanism of the probe NP.

acceptor and SO, reaction site which has no EWG. Naphthalimide
was selected as the energy donor due to its excellent photostability,
high molar absorbance and high fluorescence quantum yield.*
Importantly, the fluorescence emission spectrum of the naphthal-
imide substantially overlaps with the absorption band of the
flavylium derivative (Fig. S1, ESIT). Then piperazine was used to
connect the donor and the acceptor together as the linker to develop
a novel fluorescence resonance energy transfer (FRET)-based ratio-
metric fluorescence probe for sensing SO, reversibility (Scheme 1). It
was speculated that the FRET process may occur from the donor to
the acceptor in the NP dyad, and the NP finally exhibited the red
emission of the flavylium derivative. Upon addition of SO,, the
conjugated system of benzopyrylium would be attacked, causing the
prohibition of the FRET process and releasing the naphthalimide
fluorescence. With the further addition of FA, the bisulfite group
would be captured by FA to drive the dissociation of NP-HSO; (the
adduct NP and SO,) to form the probe NP. Simultaneously, the FRET
process would be recovered in the NP dyad. Thus, the probe is
reversible towards SO, and FA. The synthesis steps and character-
ization data for the probe NP are presented in the ESL¥

With the robust probe NP in hand, it was initially evaluated
using titrimetric spectra analysis in PBS buffer. As shown in
Fig. 1A, upon excitation at 446 nm, the free NP exhibited the
emission band of the acceptor at 645 nm but no featured
emission peak of naphthalimide donor, indicating that the
FRET process from donor to acceptor existed. Whereas, with
addition of an increasing concentration of NaHSO; (a standard
source for SO,), the fluorescence intensity at 645 nm of the
acceptor gradually disappeared and a significant fluorescence
emission of the donor at 540 nm increased. These results showed
that the conjugation system of the acceptor was interrupted and
that the FRET process had disappeared. Importantly, the ratio of
fluorescence intensity (I540/1645) displayed a drastic variation from
0.015 to 4.8, a 320-fold increase which was highly desired.
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Fig.1 (A) The fluorescence responses of 10 uM NP upon addition of
NaHSOs3 (0-50 uM). Aoy = 446 nm. (B) The relationship between fluores-
cence ratio (Is40/lg45) and [HSO=7].
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Fig. 2 (A) The fluorescence spectra of NP-HSOs3 (the product of 10 uM
NP with 50 uM NaHSOs) in the presence of various concentrations of FA
(0—-200 uM). (B) Reversible cycle of NP upon alternate additions of NaHSO3
and FA. Error bars represent mean values + SD (n = 3).

The sensing mechanism was confirmed by HRMS (Fig. S2, ESI¥).
In addition, the intensity ratio of Is40/Is4s exhibited an excellent
linear relationship towards NaHSO; concentrations ranging from
2 uM to 20 uM (Fig. 1B) with a detection limit of 0.86 pM,
suggesting that the NP is potentially useful for detection of SO,.

After verifying the suitability of NP for monitoring SO,, the
reversibility of NP-HSO; (the product of NP and SO,) was
further investigated using FA. As shown in Fig. 2A, with an
addition of various concentrations of FA to the solution (10 uM
NP and 50 pM NaHSOj; in PBS buffer), an obvious fluorescence
enhancement at 645 nm was obtained and the fluorescence
emission at 540 nm was reduced simultaneously. The fluores-
cence intensity reached saturation after adding 200 uM FA,
which is almost consistent with the fluorescence spectrum of NP.
The variations of the absorption spectra of NP are consistent with
the changes of fluorescence spectra (Fig. S3, ESIt). The ratio of
Is45/I540 Tecovered immediately in less than 150 s (Fig. S4, ESIt)
and the reversible cycle could be repeated five times (Fig. 2B). The
sensing mechanism was confirmed by HRMS (Fig. S5, ESIT). All
the results demonstrated that NP-HSO; can be effectively restored
to NP by the addition of FA.

The selectivity of NP towards SO, was then explored. As
shown in Fig. S6 (ESIT), NP exhibited obvious fluorescence ratio
enhancement for SO,, whereas other bioactive small molecules
did not cause obvious fluorescence alterations. In addition, the
reversibility of NP-SO;H (10 pM NP treated with 50 pM NaHSO3)
with other potential competing analytes was extensively inves-
tigated. As shown in Fig. S7 (ESIt), FA is the most effective
species to restore the fluorescence of NP, up to an almost 95%
recovery efficiency. By contrast, other analytes tested exhibited
a minimum recovery efficiency. These data are indicative of the
superior selectivity of the adduct NP-SO;H for FA over other
species. Moreover, the NP displayed pH insensitivity (Fig. S8,
ESIt). As shown in Fig. S9 (ESIt), the survival rate of HeLa cells
after incubation with NP (0-50 uM) for 24 h was still over 85%,
indicating that NP has a low cytotoxicity to living cells. The
highly desirable attributes of the robust probe NP, including
instantaneous response, reversibility and selectivity, make it
possible to reversibly monitor the dynamic fluctuation of
endogenous SO, and FA in complex biological systems.

Initially, the imaging of exogenous SO, and FA in living cells
was investigated. As shown in Fig. S10 (ESI}), HeLa cells treated
with NP (10 uM) mainly displayed a remarkable red fluorescence
and a weak green fluorescence. Whereas upon addition of
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NaHSO; (100 uM) to NP-loaded HeLa cells, an obvious fluores-
cence ratio (red/green) decrease was observed, indicating that
SO, interrupted the benzopyrylium n-conjugated system to form
the NP-SO;H adduct. In addition, the fluorescence ratio was
restored markedly after incubation with 200 uM FA, suggesting
that the free bisulfite group is effectively captured by FA to drive
the dissociation of the adduct NP-SO;H to the formation of the
probe NP. Similar fluorescence changes could also be observed
after alternate addition of NaHSO; and FA and the reversible
cycles could be repeated at least twice under the same condi-
tions. These results indicate that the probe NP can track the
dynamic interaction of exogenous SO, and FA in living cells.

Recently, numerous reports have demonstrated that accumula-
tion of FA is closely associated with several diseases.*® In the
previous experiments, it was confirmed that exogenous SO, and
FA can interact with each other in the living cells, and then the
biological influence of their interaction in the living cells was studied
with fluorescence imaging, flow cytometry and Western blot
analysis. As shown in Fig. S11 (ESIt), when the cells were treated
with 1 mM FA for 24 h, a significant fluorescence enhancement in
the blue channel was observed, suggesting that there was death of a
great number of cells because of the adverse influence of FA. In
sharp contrast, for the cells co-treated with 1 mM FA and various
concentrations of NaHSOj; (0.5 and 1 mM) for 24 h, the fluorescence
intensity in the blue channel was diminished with the increasing
concentration of SO,, suggesting that SO, can suppress FA-induced
cytotoxicity. In addition, the MTT results were consistent with the
results of the above fluorescence imaging (Fig. S12, ESIt).

To further confirm these findings, apoptosis experiments were
carried out with flow cytometry and western blotting (Fig. 3). As
shown in Fig. 3A, without the addition of SO,, FA would lead
to more remarkable late apoptosis. For the cells incubated with
0.5 mM or 1 mM SO, in the presence of 1 mM FA, the apoptosis
was significantly reduced. Moreover, as seen from Fig. 3B, the
changes in biochemical landmarks of apoptosis are consistent with
the previously mentioned results. All the results confirmed that the
interaction of SO, and FA in the cells is able to block FA-induced
cytotoxicity and there may be a certain of balance between SO,
and FA to maintain homeostasis. Therefore, providing a powerful
chemical tool to explore the relationship between SO, and FA in
living systems in-depth is of great significance.
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Fig. 3 Biological influence of the interaction between SO, and FA in U251
cells. (A) The apoptosis of U251 cells was assessed by flow cytometry.
(B) The Western blot analysis of active caspase-3 in U251 cells. Tublin was
used as a loading control.
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Fig. 4 Reversible imaging of endogenous SO, and FA by NP. (al)-(el) Bright-
field images of Hela cells continuously treated with 10 uM NP (al)-(a4),
200 pM Cys (b1)-(b4), 400 pM Tet (cl)-(c4), 200 pM Cys (d1)-(d4) and
400 uM Tet (el)-(e4) for 1 h. (@2)—(e2) Red channel: Zex = 405 NM, Aem =
663-738 nm. (@3)—(e3) Green channel: lex = 405 nm, Aem = 500-550 nm.
(a4)—(e4) Fluorescence ratio images of red channel and green channel.
Scale bar: 20 pm.

The robust applicability of NP for detecting endogenous SO, and
FA reversibly in living cells was then assessed. To achieve this goal,
two stimulants were used: Cys, a key contributor to intracellular SO,
production,” and tetrahydrofolate (Tet), which can be degraded to
produce endogenous FA.*” As a control experiment, HeLa cells
incubated with 200 pM Cys or 400 pM Tet exhibited no emission
in red or green channels (Fig. S13, ESIT). However, HeLa cells
incubated with 10 uM NP exhibited bright red fluorescence
(Fig. 4). Upon addition of 200 pM Cys, a distinct decrease in
fluorescence ratio (Fiea/Fgreen) could be observed, indicating that
SO,, the product of Cys metabolism, interrupted the conjugated
system of the probe. Notably, upon further treatment with 400 uM
Tet, the fluorescence ratio of HelLa cells was subsequently enhanced,
suggesting that endogenous FA is produced and it can interact with
endogenous SO, to restore the fluorescence of the probe. Another
reversible cycle can also be observed by successive addition of Cys
and Tet. These data reveal, for the first time, that dynamic variation
of endogenous SO, and FA can be achieved in living cells by using
the single reversible fluorescence probe NP.

Based on the above desirable attributes, the applicability of
NP in living mice was further evaluated using the favourable
long-emission wavelength (645 nm) of NP. Reversible imaging
of exogenous SO, in living animals was carried out first. As
shown in Fig. S14 (ESI{), the mice exhibited a weak fluores-
cence after treatment with only NP, whereas the mice displayed
almost no fluorescence after intraperitoneal (i.p.) injection of
NaHSO;. By contrast, after further injection of FA, the fluores-
cence intensity was progressively enhanced with increasing time
and it reached saturation in 5 min. All of the data show that NP
can detect exogenous SO, and FA in living mice. It is noteworthy
that the fluorescence intensity of living mice injected with FA
was stronger than in the mice injected with only the probe,
which implied that the probe may have potential for monitoring
endogenous SO, in living mice.
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Fig. 5 Fluorescence images of endogenous SO, and FA in living mice.
(A) Time-dependent fluorescence images of endogenous SO, and FA in the
living mice. (B) Quantification of fluorescence intensity in the living mice.

The ability of NP to reversibly image endogenous SO, in the
living mice was then examined. When injected (i.p.) with 50 uM
NP, the mice showed weak fluorescence (Fig. S15, ESIT). Whereas,
after injection of 2 mM FA into the previously NP-loaded mice, the
red fluorescence was obviously enhanced with increasing time,
validating for the first time that NP can be used to rapidly monitor
endogenous SO, in living mice.

Finally, the ability of NP for tracking the dynamic changes of
endogenous SO, and FA in the living mice was investigated (Fig. 5).
The living mice exhibited weak fluorescence when injected with
only NP. Upon injection of Tet, the fluorescence increased gradu-
ally, demonstrating that the endogenous FA was released by Tet
and interacted with the endogenous SO,. Moreover, the fluores-
cence intensity was time-dependent and it attained saturation
within 30 min. To further confirm that endogenous FA was
produced by the Tet metabolism, NaHSO;, a scavenger of FA was
injected into the above mice, and a significant fluorescence
decrease was observed instantaneously. These data demonstrate
for the first time that the unique probe can track the dynamic
changes of endogenous SO, and FA in living mice.

In summary, a reversible fluorescent probe NP for tracking the
dynamic changes of SO, in vitro and in vivo has been rationally
designed and synthesized for the first time. The novel probe NP
displayed highly desirable attributes, such as high selectivity, large
fluorescence ratio change, and ultrafast response to SO,, and was
effectively recovered by FA. For the first time, it was found that the
interaction of SO, and FA can protect U251 cells against apoptosis
induced by FA. In addition, the new probe was successful used to
reversibly monitor the dynamic changes of endogenous SO, and FA
in living cells and living mice for the first time, showing its
powerful application. It is believed that the robust reversible probe
NP can act as an effective chemical tool to further explore, in depth,
the internal relationship between SO, and FA and promote the
initial research for SO, and FA related diseases in biology and
pathology.
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