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cells and in vivo†
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Jing-Juan Xu * and Hong-Yuan Chen

Hydrogen sulfide (H2S) has been recognized as an important endogenous gasotransmitter associated with

biological signaling transduction. However, recent biological studies implied that the H2S-related cellular

signaling might actually be mediated by hydrogen polysulfides (H2Sn, n > 1), not H2S itself. Unraveling

such a mystery strongly demanded the quantification of endogenous H2Sn in living systems. However,

endogenous H2Sn has been undetectable thus far, due to its extremely low concentration within cells.

Herein, we demonstrated a strategy to detect ultra-trace endogenous H2Sn via a fluorescent s-probe,

through changes of fluorescence lifetime instead of fluorescence intensity. This s-probe exhibited an

ultrasensitive response to H2Sn, bringing about the lowest value of the detection limit (2 nM) and a lower

limit of quantification (10 nM) to date. With such merits, we quantified and mapped endogenous H2Sn
within cells and zebrafish. The quantitative information about endogenous H2Sn in cells and in vivo may

have a significant implication for future research on the role of H2Sn in biology. The methodology of the

s-probe established here might provide a general insight into the design and application of any

fluorescent probes, beyond the limit of utilizing fluorescence intensity.
Introduction

Reactive sulfur species (RSS) are a family of endogenous sulfur-
containing molecules in biological systems related to a series of
signaling transduction processes.1–3 Among RSS, hydrogen
sulde (H2S) has been studied for many years as the third most
important endogenous gasotransmitter aer CO and NO and
has been supposed to be involved in regulating neuro-
modulation,4 cytoprotection,5 vascular tone regulation,6 oxygen
sensing,7 inammatory regulation,8 and cell growth.9 However,
recent studies have implied that hydrogen polysuldes (H2Sn, n
> 1) might act as the real signaling mediator instead of H2S.10–12

For example, the conversion of cysteine residues (–SH) to per-
suldes (–S–SH) through S-sulydration was originally ascribed
to H2S, but H2S itself can hardly induce S-sulydration.13–16

Also, studies have shown that H2Sn can compensate for physi-
ological functions that H2S cannot achieve.17–19 There are still
many unaddressed arguments associated with the biological
role of H2Sn.
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A good start to clarify such a conundrum might begin with
the quantication of endogenous H2Sn in living systems. Such
a task seems straightforward, but actually remains a great
challenge. The H2S level in biological systems has been reported
from 17 nM to 3 mM.20 As a downstream product of H2S,
endogenous H2Sn was conjectured to be <100 nM or even less.
Unfortunately, it is still difficult to detect H2Sn at such low
concentration. UV-vis spectroscopy andmass spectrometry (MS)
have been applied to investigate H2Sn,21,22 but they were limited
by poor sensitivity and insufficient operability in organisms.
Fluorescent probes were feasible for H2Sn detection in living
systems, owing to their high sensitivity and compatibility with
bioimaging facilities.23,24 In 2014, the Xian group reported the
rst H2Sn-specic probes (DSP) exploiting a 2-uoro-5-
nitrobenzoic ester template,25 and several subsequent H2Sn
uorescent probes were designed aerwards.26–33 The DSP-type
probes showed satisfactory sensitivity and selectivity for
H2Sn;32 however, they would also react with biothiols, resulting
in a slow response and low yield. To settle this issue, several
other recognition groups were developed, including nucleo-
philic ring-opening reaction,34 a-substituted acrylate ester,35

and phenyl 2-(benzoylthio)benzoate formation.36–38 Studies have
also been performed to improve the signal-to-noise ratio
through the red shi of the wavelength,30,32,38,39 two-photon
excitation31,40 or ratio detection,29,41,42 and also to achieve
simultaneous detection of H2Sn together with H2S,37 gluta-
thione,43 or superoxide anions.44 Although many efforts have
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Concept and design of the s-probe. (a) Reaction with H2Sn
switched the s-probe from “dark” to “bright” states with distinct fluo-
rescence characteristics. (b–e) Fluorescence intensity and lifetime of
the “dark” state s-probe (b, d) and “bright” state s-probe (c, e),
respectively.
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been done, all these probes can still detect H2Sn only through
external stimulation28,32,35 or H2Sn addition,36,45 but not endog-
enous H2Sn in native cells. In 2015, the Xian group reported
a new H2Sn-probe (PSP), showing the lowest detection limit
extrapolated from theory (3 nM), and an actual working range
from 0.25 mM to 20 mM.36 Although the lower limit of quanti-
cation was as low as 0.25 mM, endogenous H2Sn in native cells
still cannot be detected. It was expected that the lower limit of
quantication must reach tens of nM, and the detection limit
must reach a few nM, so as to detect native endogenous H2Sn.
Such a goal seemed hard to achieve by using intensity-based
uorescent probes, either from theoretical deduction or from
the best result reported so far. In addition to uorescence
intensity, uorescence lifetime is another fundamental photo-
physical parameter associated with any uorescence emission.
Different from uorescence intensity that depends on emitter
numbers, uorescence lifetime mainly depends on the instinct
photophysical characteristic of each emitter.46 Fluorescence
lifetime imaging has been commonly applied as a powerful tool
of biology studies.47 Current time-resolved techniques are able
to distinguish lifetime changes as low as ps–fs levels.48

In spite of the important progress made in studying H2Sn,
the quantication of endogenous H2Sn in native biological
systems still remain unsolved. The most sensitive uorescence
intensity probes are currently unable to achieve such a low
detection limit. In this work, we developed an alternative
strategy of using a uorescent s-probe to detect H2Sn through
changes of uorescent lifetime rather than uorescence inten-
sity. The detection limit of the s-probe was as low as 2 nM, and
the actual working range was from 10 nM to 5 mM, which allows
us to detect ultra-trace endogenous H2Sn in cells and in zebra-
sh. The concentration of endogenous H2Sn in a HeLa cell was
distributed between �0 and 120 nM, with an averaged value
about �60–70 nM. The concentration distribution in zebrash
slightly broadened to �0–160 nM, but still has a comparable
averaged concentration of�70–80 nM with the value of cells. To
the best of our knowledge, this is the rst time to detect
endogenous H2Sn in a native biological system. These results
provided fundamental quantitative information about endoge-
nous H2Sn in cells and in vivo and have a signicant implication
for deeply understanding the role of H2Sn in biology. Mean-
while, the methodology of the s-probe established here might
provide a general insight into the design and application of any
analytical strategy exploiting uorescent probes, to remedy the
disadvantage of uorescence intensity probes that are insensi-
tive at extremely low concentration.

Results and discussion
Concept and design of the uorescent s-probe

The design of the s-probe was inspired by Xian group's PSP-3
probe,36 but its structure was modied to maximize the sensi-
tivity. Detailed synthesis protocols and structural characteriza-
tion are provided in the ESI (Scheme S1, Fig. S1–S3†). Products
from the reaction between the s-probe and H2Sn are shown in
Fig. S4.† Compared to the PSP-3 probe with two recognition
groups that would consume two H2Sn per probe, our s-probe has
This journal is © The Royal Society of Chemistry 2018
only one recognition group, which consumes one H2Sn per
probe. As shown in Fig. 1a, this probe initially showed a “dark”
state with a weak uorescence emission (Fig. 1b) and a short
lifetime sdark ¼ 0.75 ns (Fig. 1d). When reacted with H2Sn
(Scheme S2†), uorescein was released to a “bright” state with
a strong uorescence emission (Fig. 1c) and a long lifetime
sbright ¼ 3.47 ns (Fig. 1e). This probe is a typical “turn-on”-type
uorescent probe. Here we presented that, in addition to uo-
rescence intensity, the uorescence lifetime could also be
utilized for quantitative analysis.

To prove the concept of the s-probe, we studied the response
of uorescence intensity and lifetime to the concentration of
H2Sn. Theoretically, for an emitter with unchanged uorescence
emission characteristics, the uorescence intensity depends on
the numbers of emitters, and the uorescence lifetime depends
on the instinct photophysical properties of each emitter.
However, for systems mixed with two emitters with distinct
uorescence emission characteristics, the total value of
Chem. Sci., 2018, 9, 5556–5563 | 5557
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Fig. 2 Response characteristics: intensity versus lifetime. (a and b)
Theoretical and experimental response curves of the fluorescence
intensity (a) and lifetime (b) of the s-probe to Na2S4 (as a H2Sn donor).
(c) Response of fluorescence intensity and lifetime at extremely low
concentration. (d) Comparison of the detection limit and working
range between the current s-probe and some intensity-based H2Sn
probes reported previously: 1-current work, 2-(ref. 36), 3-(ref. 39), 4-
(ref. 37), 5-(ref. 43), 6-(ref. 25), 7-(ref. 35), and 8-(ref. 42). All experi-
ments were repeated at least three times. Error bars represent stan-
dard deviation.
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uorescence intensity and lifetime in such mixed systems was
a result contributed by the two emitters. Particularly, for our s-
probe that has “dark” and “bright” states, the total weighted
value of steady-state uorescence intensity (Itotal) consisted of
“bright” state uorescence intensity (Ibright) and “dark” state
uorescence intensity (Idark), and then Itotal could be calculated
by:

Itotal ¼ Ibright + Idark (1)

Since uorescence intensity is proportional to the number of
uorescent molecules (N) and their emission cross section (s),
the uorescence intensity (I) can also be expressed as:

I ¼ fcVNas (2)

where f is a proportional constant related to the incident photon
ux. cbright and cdark are the concentrations of “bright” and
“dark” state s-probes, V is the volume of the solution, and Na is
the Avogadro constant. Combined with eqn (2), Itotal could be
expressed as:

Itotal ¼ fcbrightVNasbright + fcdarkVNasdark (3)

Because the parameters f, V and Na are constants for a given
system, they could be totally represented by another constant g.
Then eqn (3) could be described as:

Itotal ¼ gcbrightsbright + gcdarksdark (4)

When the emitters were excited by a pulsed light source, for
instance in uorescence lifetime measurement, the transient
uorescence intensity at time t (Itotal(t)) could be calculated by:

ItotalðtÞ ¼ IbrightðtÞ þ IdarkðtÞ ¼ Ae
� t
sbright þ Be

� t
sdark (5)

where A and B are the compensation coefficients of uorescence
intensity at the bright state and dark state, respectively. sbright
and sdark are the uorescence lifetime of “bright” and “dark”
state s-probes. Therefore, the total weighted mean of uores-
cence lifetime (stotal) could be calculated by:

stotal ¼ A

Aþ B
sbright þ B

Aþ B
sdark (6)

A and B could be described as:

A f cbrightsbright (7)

B f cdarksdark (8)

Then the total uorescence lifetime (stotal) could be
described as:

stotal ¼
�
cbright

�
sbright�

cbright
�
sbright þ ðcdarkÞsdark

sbright

þ ðcdarkÞsdark�
cbright

�
sbright þ ðcdarkÞsdark

sdark (9)
5558 | Chem. Sci., 2018, 9, 5556–5563
According to eqn (4) and (9), we nd that I(total) and s(total) are
only related to the concentration of uorescent molecules cbright
and cdark, owing to the fact that sbright and sdark are xed values
in a given system (sbright [ sdark). Consequently, if we use cB0
and cD0 which represent the original concentration of “bright”
and “dark” state s-probes, the concentration (c) of H2Sn reacted
with the s-probe could be calculated from the total uorescence
intensity (Itotal(c)) or uorescence lifetime (stotal(c)):

Itotal(c) ¼ g(cB0 + c)sbright + g(cD0 � c)sdark (10)

stotalðcÞ ¼ ðcB0 þ cÞsbright

ðcB0 þ cÞsbright þ ðcD0 � cÞsdark

sbright

þ ðcD0 � cÞsdark

ðcB0 þ cÞsbright þ ðcD0 � cÞsdark

sdark (11)
Fluorescence response to H2Sn: intensity versus lifetime

Theoretical response curves of Itotal(c) and stotal(c) to H2Sn
concentration (c) could be obtained by substituting experi-
mental data into eqn (10) and (11): cB0 ¼ 0 mM, cD0 ¼ 10 mM,
sbright ¼ 20sdark, sbright ¼ 3.47 ns, and sdark ¼ 0.75 ns. Giving
consideration to both accuracy and sensitivity, the concentra-
tion of the s-probe was chosen as 10 mM in the following
experiments (Fig. S5†). Experimental response curves were ob-
tained by measuring changes of uorescence intensity and
lifetime by the addition of 0–25 mM Na2S4 (commercial H2Sn
donor), as adopted previously.31,35,41 Theoretical curves matched
experimental data well for either uorescence intensity (Fig. 2a)
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Selectivity and specificity of the s-probe to H2Sn. (a) Fluores-
cence lifetime changes caused by various reactive sulfur species, with
or without Na2S4 (as a H2Sn donor). (b) Fluorescence lifetime changes
caused by various reactive oxygen species, with or without Na2S (as
a H2S donor). See experimental details in the Experimental section. All
experiments were repeated at least three times. Error bars represent
standard deviation.

Fig. 4 Quantifying endogenous H2Sn in a HeLa cell suspension. (a)
Fluorescence lifetime change of the s-probe in negative control cells
(H2Sn(�)) incubated with N-ethylmaleimide (NEM) to eliminate H2Sn
(left column), native cells (H2Sn-cell) without any treatment (middle
column) and positive control cells (H2Sn(+)) incubated with Na2S4
(right column). (b) Fluorescence lifetime change of the s-probe in
native HeLa cells (H2Sn ¼ 65 nM) and cells incubated with 0.065 mM
(1�) or 0.13 mM (2�) additional Na2S4. All experiments were repeated at
least three times. Error bars represent standard deviation.
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or lifetime (Fig. 2b). The response features of Itotal(c) and stotal(c)
were totally different. Itotal(c) exhibited a nearly linear response
in a wide range of concentration (c). However, stotal(c) showed
a non-linear response, which is much more sensitive at low
concentration. For instance, when the concentration of Na2S4
adds to 0.2 mM, stotal(c) increased 0.93 ns, and the rate of change
was about 34.19% compared with the value of the “bright” state.
At the same condition, Itotal(c) is almost unchanged and the
variation is as low as 0.09% (Fig. 2c). According to the temporal
resolution and noise level of the instrument (�10 ps), the
detection limit of the s-probe was about �2 nM, and the
experimental working range was from �10 nM to 5 mM.
Compared to H2Sn probes reported previously (Fig. 2d), our s-
probe reached the lowest value of the detection limit and
a lower limit of quantication to date. Note that even though
stotal(c) is sensitive at low concentration, it does not have as
broad a response range as Itotal(c) does. Therefore, these two
methods with high sensitivity or wide response range would
complement each other, rather than replace each other.

Time-dependent response and photostability of the s-probe
to Na2S4 are shown in Fig. S6 and S7.† Fluorescence intensity
reached almost maximum within 5 min, and thus a reaction
time of 20 min was employed subsequently to ensure complete
reactions. The effects of pH were investigated; the s-probe
worked effectively in the pH range of 7–8 (Fig. S8†). To obtain
a working curve, varying concentrations of Na2S4 (0.01–25 mM)
were added to the s-probe (10 mM). Fluorescence intensity
almost linearly correlated with Na2S4 in a broad range of 0.5–10
mM (Fig. S9†), but changes at 0.5 mM and below were hard to
distinguish. However, uorescence lifetime still has a sensitive
response in the range of 10 nM to 0.2 mM (Fig. S10†). The
correlation of uorescence lifetime (s) with the concentration of
H2Sn (c) in the range of 0–0.2 mM could be well tted to a linear
equation (R2 ¼ 0.99267):

s ¼ 0.77 + 4.60c (0 < c < 0.2 mM) (12)

Test of selectivity and specicity

To test the selectivity of the s-probe to H2Sn, the s-probe was
treated with a series of reactive sulfur species (RSS) including
glutathione (GSH), cysteine (Cys), homocysteine (Hcy), gluta-
thione disulde (GSSG), H2S, S2O3

2�, SO3
2�, SO4

2�, and CH3-
SSSCH3. A negligible change of uorescence lifetime was
observed for any of these compounds (Fig. 3a). Only Na2S4
generated a signicant change (column blank). The interfer-
ence of these RSS with the s-probe upon addition of Na2S4 was
tested and minute interference was found (column red). We
also validated whether the s-probe could sense H2Sn formation
from H2S and reactive oxygen species (ROS) in situ. The s-probe
did not show a response (Fig. 3b) to H2S (in the form of Na2S) in
the presence of common ROS including hydrogen peroxide
(H2O2), superoxide (O2

�), hydroxyl radical (OH), and singlet
oxygen (1O2). Only the ClO�/H2S system showed an obvious
response. This result was consistent with previous reports that
H2Sn can be derived fromH2S and ClO�, but not other ROS.36 All
This journal is © The Royal Society of Chemistry 2018
these results indicated the high sensitivity and high selectivity
of the s-probe to H2Sn, suggesting that the s-probe could be used
to detect endogenous H2Sn in native biological systems.
Chem. Sci., 2018, 9, 5556–5563 | 5559
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Fig. 6 Quantitative mapping of H2Sn in zebrafish. (a and b) Dark field
imaging of untreated zebrafish (a) and zebrafish treated with Na2S4 (b).
(c and d) Fluorescence lifetime imaging of untreated zebrafish (c) and
zebrafish treated with Na2S4 (d). (e) Map of H2Sn concentration in
untreated zebrafish. (f) Histogram of H2Sn concentration in the
untreated zebrafish showing in (e). Scale bars: 150 mm.
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Quantifying endogenous H2Sn within cells and zebrash

We then demonstrated that our s-probe could quantify H2Sn in
cells by using a suspension ofHeLa cells. For positive control cells
incubated with 20 mM Na2S4 (as a H2Sn donor), the uorescence
lifetime increased dramatically (Ds ¼ 2.70 ns). For negative
control cells incubated with 100 mM N-ethylmaleimide (NEM) to
eliminate the endogenous H2Sn, the uorescence lifetime
remained almost unchanged (Ds ¼ 0.05 ns) compared to the
“dark” state s-probe (Fig. 4a). With the positive and negative
controls, endogenous H2Sn in native HeLa cells was obtained by
substituting uorescence lifetime into the working curve (eqn
(3)). The averaged H2Sn concentration in native HeLa cells is
about �0.065 mM (65 nM). We then further conrmed this by
adding 0.065 mM (1�) and 0.130 mM (2�) additional Na2S4 to cell
samples, and the uorescence lifetime changed linearly accord-
ing to the working curve. Cell viability assay demonstrated that
the s-probe has nearly no cytotoxicity to cells (Fig. S11†).

With results in the cell suspension, we then quantied
endogenous H2Sn within single HeLa cells, utilizing both
Fig. 5 Quantitativemapping of H2Sn in single HeLa cells. (a and b) Dark
field imaging of a native HeLa cell (a) and HeLa cells treated with Na2S4
(b). (c and d) Fluorescence lifetime imaging of a native HeLa cell (c) and
HeLa cells treated with Na2S4 (d). (e) Map of H2Sn concentration in
a native HeLa cell. (f) Histogram of H2Sn concentration in the native
HeLa cell showing in (e). (g) Averaged H2Sn concentration within three
different native HeLa cells. Scale bars: 10 mm.

5560 | Chem. Sci., 2018, 9, 5556–5563
uorescence intensity and lifetime. Fluorescence imaging was
performed on a confocal microscope. As reported previously,35,36

uorescence was observed only in positive control cells (+20 mM
Na2S4), but not in native HeLa cells (Fig. S12†). Fluorescence
lifetime imaging was carried out on a time-gated transient
microscope (see details in the Method and Scheme S3 in the
ESI†). Dark eld imaging was utilized to locate cells (Fig. 5a and
b). As expected, uorescence lifetime changes were observed in
native HeLa cells (Fig. 5c and d). Then the map and histogram
of H2Sn within a HeLa cell were obtained by applying the
working curve to uorescence lifetime imaging (Fig. 5e and f).
The H2Sn level in three different HeLa cells was determined to
be about 60–70 nM (Fig. 5g), which is comparable with the value
of the cell suspension (�65 nM). It is interesting to note that
even the intracellular concentration of H2Sn covers a wide range
of 0–120 nM (Fig. 5f), and the averaged values of different
individual cells were quite close to each other (Fig. 5g). This
result is sort of out of expectation since studies have shown
heterogeneity between individual cells in the concentration of
biomolecules.49 Further in-depth studies are denitely needed
to get a better understanding about the role of H2Sn in cells.
Aerwards, we mapped H2Sn distribution in zebrash (Fig. 6).
The endogenous H2Sn within zebrash was mainly localized in
its abdominal region, and the distribution covers a wide range
of 0–160 nM, with an average value of about �70–80 nM. It was
also found that endogenous H2Sn within zebrash was hard to
observe in the uorescence intensity imaging (Fig. S13†). These
results demonstrated that the s-probe could be an ultrasensitive
tool for studying H2Sn in living systems.
Conclusions

In summary, we developed an alternative strategy to detect H2Sn
through a uorescence lifetime probe (termed: s-probe) rather
than uorescence intensity. The detection limit of the s-probe
This journal is © The Royal Society of Chemistry 2018
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was as low as 2 nM, and the actual working range was from
10 nM to 5 mM, which allows us to detect ultra-trace endogenous
H2Sn in cells and in zebrash. The endogenous H2Sn in native
HeLa cells was distributed between �0 and 120 nM, with an
average value of about �60–70 nM. The value in zebrash
slightly broadened to �0–160 nM, but still has a comparable
average level �70–80 nM. To the best of our knowledge, this is
the rst time to detect endogenous H2Sn in a native biological
system. This information has a signicant implication for
deeply understanding the role of H2Sn in biology. The concept of
the s-probe provided a general insight into the application of
uorescent probes, beyond the limit of uorescence intensity.

Experimental section
Reagents

Fluorescein, methyl iodide (MeI), potassium carbonate (K2CO3),
dimethyl formamide (DMF), sodium hydroxide (NaOH), methyl
alcohol (MeOH), hydrochloric acid (HCl), dichloromethane
(CH2Cl2), thiosalicylic acid, benzoic acid, 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC), 4-dimethylamino-
pyridine (DMAP), dimethyl sulfoxide (DMSO), glutathione
(GSH), cysteine (Cys), homocysteine (Hcy), glutathione disulde
(GSSG), Na2S, Na2S2O3, Na2SO3, Na2SO4, CH3SSSCH3, hydrogen
peroxide (H2O2), sodium hypochlorite (NaClO), KO2, FeSO4, and
ethyl 3-aminobenzoate methanesulfonate were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). High glucose Dulbecco's
Modied Eagle Medium (DMEM), fetal bovine serum (FBS), and
trypsin were purchased from Invitrogen (Carlsbad, U.S.A.). The
cell cytotoxicity assay kit, human cervical cancer (HeLa) cells,
and phosphate buffer solution (PBS, 10 mM, pH ¼ 7.4) were
purchased from KeyGEN Biotech. Co (Nanjing, China). Zebra-
sh were purchased from the Model Animal Research Center of
Nanjing University. Ultra-pure water from a Millipore Milli-Q
(18 MU cm�1) was used in the experiments. All other reagents
were of analytical reagent grade.

Apparatus

UV-vis absorption spectra were recorded using a UV-vis spec-
trophotometer (Nanodrop-2000C, Nanodrop, USA). The uo-
rescence emission spectra were obtained on a Shimadzu
uorescence S-3 spectrophotometer (RF-5301PC, Shimadzu Co.,
Japan). The uorescence lifetime spectra were obtained on
a FLS 980 spectrophotometer (Edinburgh instruments, U.K.).
Confocal uorescence images of cells were acquired with TCS
SP8 confocal microscopy (Leica, Germany). The cell viability
assay was performed using a Thermo Scientic Varioskan Flash
(Thermo Fisher Scientic, American). The s-Probe was puried
by Ultimate 3000 high performance liquid chromatography
(Thermo Fisher Scientic, American). Fluorescence lifetime
imaging was achieved by using instruments built in our
laboratory.

Synthesis of the s-probe

The synthesis procedure of the s-probe is shown in Scheme S1.†
CH2Cl2 (20 mL) was added to a mixture of 3-O-
This journal is © The Royal Society of Chemistry 2018
methyluorescein50 (69.2 mg, 0.2 mmol), 2-(benzoylthio)ben-
zoic acid37,51 (78 mg, 0.3 mmol), EDC (58 mg, 0.3 mmol) and
DMAP (12.2 mg, 0.1 mmol) at room temperature and the
mixture was stirred for 5 h. Then the solvent was evaporated
under reduced pressure and the resulting residue was subjected
to high performance liquid chromatography for purication.
The s-probe was obtained as a yellow solid. 1H-NMR and 13C-
NMR spectra of s-probe are shown in Fig. S1 and S2,† respec-
tively. 1H NMR (400 MHz, CD3Cl) d 8.23 (dd, J¼ 1.6, 8.0 Hz, 1H),
8.03–8.01 (m, 3H), 7.72–7.57 (m, 6H), 7.49–7.47 (m, 2H), 7.18 (d,
J ¼ 2.4 Hz, 1H), 7.16 (d, J¼ 7.6 Hz, 1H), 6.88 (dd, J ¼ 2.4, 8.8 Hz,
1H), 6.80 (d, J ¼ 8.8 Hz, 1H), 6.77 (d, J ¼ 2.4 Hz, 1H), 6.69 (d, J ¼
8.8 Hz, 1H), 6.62 (dd, J ¼ 2.4, 8.8 Hz, 1H), 3.82 (s, 3H). 13C NMR
(100 MHz, CD3Cl) d 189.44, 169.80, 164.27, 161.51, 153.05,
152.28, 151.98, 151.92, 137.33, 136.36, 135.26, 133.90, 133.47,
132.81, 131.66, 129.92, 129.72, 129.11, 129.00, 128.93, 128.83,
127.59, 126.41, 125.16, 124.05, 117.53, 116.74, 111.99, 110.72,
110.49, 100.90, 82.97, 55.62. LC-MS (ESI+): m/z C35H23O7S

+,
calcd 587.1168, found [M+] 587.1169.

Fluorescence lifetime measurement

The uorescence lifetime measurements were performed on
a FLS 980 spectrophotometer (Edinburgh instruments, U.K.).
The instrument is based on time-correlated single photon
counting (TCSPC). Photons are counted in a time window which
sweeps across the full time range following each excitation
pulse, creating a histogram of counts versus time. The data
quality of the resulting histogram is improved by adding the
data of repeated sweeps. A 488 nm picosecond laser (�3 ps, 5.5
MHz) was used to pump the uorescence, and the collection
time window is 0–50 ns in the wavelength range of 500–650 nm,
with a minimum time per channel ¼ 305 fs. The time jitter in
the delay generation system is about �10 ps.

General procedure for spectral measurements

A stock solution of the s-probe was prepared at 1 mM in DMSO. A
PBS (10 mM, pH 7.4) solution with DMSO as the cosolvent
(DMSO/PBS¼ 1 : 9, v/v) was used for performing all spectroscopic
measurements. The uorescence signal was recorded with the
excitation wavelength at 488 nm and the emission wavelength
range from 500 to 650 nm. The maximum uorescence emission
was obtained at 515 nm. Glutathione (GSH, 5 mM), cysteine (Cys,
1 mM), homocysteine (Hcy, 100 mM), glutathione disulde (GSSG,
100 mM), Na2S (200 mM), Na2S2O3 (100 mM), Na2SO3 (100 mM),
Na2SO4 (100 mM), CH3SSSCH3 (100 mM), hydrogen peroxide
(H2O2, 200 mM), hypochlorite (ClO�, 50 mM), superoxide (O2

�, 50
mM), hydroxyl radical (cOH, 50 mM), singlet oxygen (1O2, 50 mM),
H2O2 (200 mM) + Na2S (50 mM), H2O2 (200 mM) + Na2S (100 mM),
ClO� (50 mM) + Na2S (100 mM), O2

� (50 mM) + Na2S (100 mM), cOH
(50 mM) + Na2S (100 mM), and 1O2 (50 mM) + Na2S (100 mM)were all
dissolved in prepared solutions for various testing species. The
preparation of reactive oxygen species was according to the liter-
ature.36 Na2S4 (commercial H2Sn donor) was dissolved in PBS
solution, to prepare a sample solution (1 mM). A volume of 10 mL
of s-probe stock solution was added to 1 mL volumes of various
analyte buffer/DMSO solutions (H2O/DMSO ¼ 9 : 1, v/v), and 20
Chem. Sci., 2018, 9, 5556–5563 | 5561
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mL of Na2S4 stock solution was employed in some of the experi-
ments. Aer vigorous shaking, the resulting solutions were kept at
room temperature for 30 min, and their uorescence signals were
collected.

Cell culture

HeLa cells were cultured in high glucose DMEM containing
10% fetal bovine serum (FBS), 100 IU mL�1 penicillin and 100
IU mL�1 streptomycin at 37 �C in a 5% CO2–95% air incubator
MCO-15AC (Sanyo, Tokyo, Japan).

Cell viability assay

Firstly, HeLa cells were seeded in 96-well plates (3000 cells per
well) and maintained at 37 �C in a humidied atmosphere (95%
air and 5% CO2) for 24 h. Aer 24 h incubation, the cells were
washed with PBS and then cultured in a DMSO/PBS solution
(pH 7.4, 1 : 9 v/v) containing the s-probe with various concen-
trations. Aer 30 min, the cells were washed with PBS and
incubated in a fresh medium for an additional 24 h. Then,
according to the manufacturer's instructions, 50 mL MTT solu-
tion was added to each well and incubated for 4 h at 37 �C. Aer
removing the medium, 150 mL DMSO was added to solubilize
the blue-colored tetrazolium, the plates were gently shaken for
5 min, and the optical density values at 550 nm were monitored
using a Thermo Scientic Varioskan Flash. The cell viability was
set as 100% in control cells.

Intracellular H2Sn detection by using a uorescence
spectrometer

Cells were subjected to different treatments: the rst group was
incubated with 100 mM N-ethylmaleimide (NEM) for 15 min, the
second group was untreated, the third group was incubated with
20 mM Na2S4 for 30 min, and the forth group was incubated with
0.065 mM Na2S4 for 30 min, while the h group was incubated
with 0.13 mM Na2S4 for 30 min. Aer washing with PBS, the cells
were cultured in a DMSO/PBS solution (pH 7.4, 1 : 9 v/v) con-
taining a 10 mM s-probe for 30 min. Then uorescence lifetime
was acquired aer washing with PBS (pH ¼ 7.4). The cells were
excited at 488 nm and the emission was collected at 515 nm.

Confocal uorescence images of HeLa cells upon incubation

HeLa cells were digested and seeded on confocal dishes for 24 h
at 37 �C. The cells were subjected to different treatments. The
rst group was incubated with 100 mM N-ethylmaleimide (NEM)
for 15 min, and the second group was untreated, while the third
group was incubated with 20 mM Na2S4 for 30 min. Aer
washing with PBS, the cells were cultured in a DMSO/PBS
solution (pH 7.4, 1 : 9 v/v) containing a 10 mM s-probe for
30 min. Then confocal images were acquired aer washing with
PBS (pH ¼ 7.4). The cells were excited at 488 nm and the
emission was collected from 505 to 550 nm.

Optical conguration of uorescence lifetime microscopy

The homemade uorescence lifetime microscopy system was
made up of a 488 nm nanosecond pulse laser, an inverted
5562 | Chem. Sci., 2018, 9, 5556–5563
microscope and a delay generator. The pulse laser (20 Hz, �5 ns,
Quanta-Ray INDI, spectra-physics, USA) acted as the excitation
light source and was focused on the sample through a beam
expander. The uorescence intensity of the sample was collected
by using a 20� objective and recorded with an ICCD camera (iStar
CCD 334, Andor Technology Ltd., UK), with an optical gate width
of �2 ns. To avoid the inuence from the excitation light source,
a 500 nm long-pass lter was added before the ICCD camera. In
addition, the recorded delay was provided by a delay generator
(DG645, Stanford Research Systems, USA).
Fluorescence lifetime images of HeLa cells

HeLa cells were digested and seeded on confocal dishes for 24 h
at 37 �C. The cells were washed with PBS and then cultured in
a DMSO/PBS solution (pH 7.4, 1 : 9 v/v) containing a 10 mM
s-probe for 30 min, and then washed with PBS and subjected to
different treatments. The rst group was untreated, while the
second group was incubated with 20 mMNa2S4 for 30 min. Then
uorescence lifetime images were acquired aer washing with
PBS (pH ¼ 7.4). The cells were excited by using a pulse laser
(�5 ns) with a wavelength of 488 nm and the uorescence
emission was collected by using an ICCD camera through
a 500 nm long-pass lter. Every group of uorescence decaying
images were captured aer a delay time of 0, 2, ., 26 ns. The
map of uorescence lifetime was obtained through tting the
emission intensities of each pixel at different delay times. The
time baseline was corrected using a FLS 980 spectrophotometer
by measuring the same sample, and the response curves of the
laser pulse and instrument were deconvoluted from the decay
curve of uorescence emission to obtain the nal lifetime.
Finally, the intracellular concentration distribution of H2Sn was
obtained by substituting the uorescence lifetime into the
working equation.
Fluorescence lifetime images of zebrash

Zebrash were anesthetized in a PBS (pH ¼ 7.4) solution con-
taining 0.125% ethyl 3-aminobenzoate methanesulfonate.
Firstly, the experimental group was incubated with 20 mMNa2S4
for 30 min, and then washed with PBS (pH ¼ 7.4). Aerwards,
the experimental group and the control group were both incu-
bated with the s-probe (10 mM) for 30 min in DMSO/PBS (pH 7.4,
1 : 9 v/v) solution. Then uorescence lifetime images were
acquired aer washing with PBS (pH ¼ 7.4). The uorescence
lifetime of the s-probe and intracellular concentration distri-
bution of H2Sn in zebrash were obtained by the same proce-
dure as that of the cells. The sh was too big to t in the view
eld of the microscope, so the image was made up of three
pieces. The experimental conditions for these three images were
exactly the same. All animal work was approved by the Animal
Care Committee of Nanjing University in accordance with
Institutional Animal Care and Use Committee guidelines.
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