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HIGHLIGHTS

« A novel fluorescent probe NT-SH was

constructed for sensing of H,S.

« The probe NT-SH exhibited high
sensitivity to detect H,S in aqueous
solution.

« The probe NT-SH could be used for
imaging of H,S in living A549 cells
and zebrafish model.
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GRAPHICAL ABSTRACT

ABSTRACT

A fluorescence turn-on probe, 2-butyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl 2,4-
dinitrobenzenesulfonate (NT-SH), has been constructed for sensing of hydrogen sulfide (H,S). NT-SH
exhibited excellent detection performance including favorable water solubility, low fluorescence back-
ground, high enhancement (45-fold), large linear response range (0-50 uM) and low detection limit
(80.01 nM) for H,S in aqueous. In addition, the response mechanism of NT-SH for H,S was confirmed
by the theoretical calculation and mass spectral analysis. More importantly, the imaging experiments
of H,S in vitro and in vivo confirmed that NT-SH had low cytotoxicity, and favorable biocompatibility.
In addition, it illustrated that NT-SH was able to detected exogenous H,S in living cells and zebrafish.
These results suggested that NT-SH can be act as a potential molecular tool for detecting of H,S in aque-
ous solution, in vitro and in vivo.

© 2021 Published by Elsevier B.V.
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1. Introduction

Hydrogen sulfide (H,S) is a toxic gas with the smell of rotten
eggs. It is a vital endogenous gas molecule, similar to CO and NO
[1-5]. The H,S is able to be produced by three different enzyme
catalyzed processes including cystathionine vy-lyase (CSE),
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cystathionine B-synthase (CBS) and 3-mercaptopyruvate sulfur-
transferase (3-MST)/cysteine aminotransferase (CAT) in various
tissues and organs [6-9]. In addition, H,S is closely related to var-
ious physiological pathways, such as inflammation, apoptosis,
vasodilation, angiogenesis, neuromodulation, insulin signaling,
oxygen sensing and ischemia reperfusion injury [10-14]. Further-
more, accumulating evidence confirms that the imbalance level
of H,S will lead to a series of diseased such as liver cirrhosis, Down
syndrome, Alzheimer’s disease, diabetes, cirrhosis and heart dis-
ease [15-18]. Nevertheless, these possible molecular events of
H,S and its specific mechanisms are still unclear. Therefore, in
order to investigate H,S biology and H,S-related diseases, efficient
technology and method for visualization of H,S in cells and animal
model is an imperative solving problem.

Fluorescence probe detection technology are the most powerful
method for the detection of H,S in complicated biological systems
owing to its simple, rapid response, good sensitivity, high sensitiv-
ity and non-invasive [19-21]. To date, a great quantity of fluores-
cent probes have been constructed and applied to the detection
of intracellular H,S [22,23]. These fluorescent probes for H,S are
designed based on three mechanisms including reduction of azides
and nitro/azanol to amines, nucleophilic reaction of Michael addi-
tion and formation of copper sulfide precipitation [24-30].
Although many great successes of fluorescent probes for H,S have
been reported, only few of them are used for real-time imaging and
sensing of H,S in vivo (Table S1).

Herein, we rationally constructed a fluorescent turn-on probe
NT-SH for sensitive and selective sensing of H,S in vitro and
in vivo. The construction of NT-SH contained two parts: the naph-
thalimide part was acted as the fluorophore and the 2,4-
dinitrobenzenesulfonyl (DNBS) part was acted as the quenching
group via photoinduced electron transfer (PET) effect and recogni-
tion group for reaction with H,S, as illustrated in Scheme 1. NT-SH
exhibited excellent water solubility, low fluorescence background
and good biocompatibility due to the obvious advantages of naph-
thalimide fluorophore. More importantly, NT-SH was applied for
sensing and visualizing of H,S in A549 cells and zebrafish with
low fluorescence background and high sensitivity, which revealed
NT-SH had the potential ability for imaging and detection of H,S
in vitro and in vivo.

2. Materials and methods
2.1. Materials and instruments

All the reagents used in the experiments were analytical grade
reagents obtained from Sigma-Aldrich. These reagents could be
directly used without further purification. The A549 living cells
and zebrafish larvae were purchased from China Zebrafish
Resource Center (Wuhan city of China). The PBS buffers with differ-
ent pH were prepared by STARTER 3100C pH meter. The 'H and '3C
NMR spectrums were tested using a Varian Inova 500 NMR Spec-
trometer. The UV-vis and fluorescence spectra were recorded by
multifunctional enzyme labeling instrument (SpectraMax M5,
USA). The fluorescence images of A549 cells and zebrafishes were
performed by inverted fluorescence microscopy (Olympus IX71,
Japan).

General Optical Measurements. 10 mM NT-SH was dissolved in
DMOS as the stock solution. The PBS buffers with different pH (4.0,
5.0, 6.0, 7.0, 7.4, 8.0 and 9.0) were prepared for testing the pH
effect. Various analytes (100 pM) including inorganic metal salt
(FeSQ4, HgCly, CuCl, BaCl,, MnSO4, NaNOs;, NaF, Nal, NaCl, CHs-
COONa), and amino acids (Leu, Cys, Asp, Arg) were prepared to
evaluate selectivity. All the test concentrations of NT-SH used in
the spectra experiment and bioimaging were 10 uM, which were
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diluted from the stock solution. The excitation wavelength of all
fluorescence spectra was 450 nm.

Limit of detection. The limit of detection (LOD) was calculated
depending on the following formula (1), which was reported in
the previous literatures [31-33]. The fluorescence spectrums of
probe NT-SH were measured for 10 times to obtain the standard
deviation . The linear relationship between the fluorescence
intensity (550 nm) and the dose of NaHS was measured to get
the slop k.

LOD = 3a/k (1)

Quantum yield. The fluorescence quantum yields of NT-SH and
NT were detected according to following Eq. (2) based on the
reported literatures [34-36]. The subscripts ¢ and s represented
fluorescein (® =0.98) and sample respectively. ® was the quan-
tum yield of the reference compound and samples. The subscripts
A represented the absorbance and the subscripts F mean the fluo-
rescence integral area.

F A
T A

Cell Imaging. A549 cells were cultured in RPMI-1640 complete
medium including penicillin and streptomycin on a cell culture
flask in the cell incubator. A549 cells were initial digested by tryp-
sin, and then cultured overnight on a 12-well plate. After incuba-
tion with NT-SH (10 M) for 30 min, the A549 cells were washed
three times to remove the remaining NT-SH. Then, various doses
of NaHS (0, 25, 50 and 100 uM) were adding into the A549 cells
for next 30 min. Finally, the A549 cells was imaged at green chan-
nel (510-550 nm) by the Olympus IX71 microscope.

Zebrafish Imaging. zebrafish was cultured in 100 mL medium
containing 1-phenyl-2-thiourea (PTU) at 28 °C for 48 h. For the
imaging experiments, 10 uM NT-SH was adding into the cultured
medium of zebrafishes at 28 °C for 1 h. Then, the medium contain-
ing NT-SH was carefully removed to reduce the fluorescence back-
ground. And the zebrafish was imaged directly as the control
group. In the experimental groups, these zebrafishes were further
co-cultured with various doses of NaSH (0, 25, 50, 100 uM) for
2 h. Finally, all the zebrafishes were imaged at green channel
(510-550 nm) by Olympus SZX16 microscope.

U2

@, (2)

3. Results and discussion
3.1. Design and synthesis of probe NT-SH

As we know, naphthalimide was a widely used fluorophore due
to its practical advantages, such as large Stokes’ shift, high quan-
tum yield, favorable water solubility and biocompatibility
[37,38]. Base on this, a water-soluble fluorescence probe NT-SH
for sensing of H,S was constructed by connecting the recognition
group DNBS and the fluorophore NT via a simple nucleophilic reac-
tion, as shown in Scheme 1. NT-SH probe showed a low fluores-
cence background due to the PET effect of DNBS group. while the
breaking sulfonate bond by H,S produced fluorescence turn-on
phenomenon through the released of fluorophore. To evaluate
the response performance of NT-SH for H,S, NT-SH and NT were
synthesized according to the synthetic route, as displayed in
Scheme S1. These synthesized compounds were identified by 'H
NMR, 3C NMR and HR-MS in the Support Information, as shown
in Figs. S1-S9.

Spectra response of NT-SH toward H,S. As shown in Fig. S10, the
pKs1 and pK;;, of hydrogen sulfide are calculated to be 6.88 and
14.15, respectively. Therefore, under the test condition (pH = 7.4),
the main forms of H,S are HS™ and $%" in vitro and in vivo. Hence,
NaHS can be used as a source of H,S. To verify the response capa-
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Scheme 1. Sensing Mechanism of Fluorescent Probe NT-SH for H,S.

bility of NT-SH, the UV-vis absorption spectra and fluorescence
spectra were measured for sensing of H,S in PBS buffer (10 mM,
pH 7.4). As depicted in Fig. 1a, the free probe NT-SH exhibited obvi-
ous absorption peak at 355 nm. After adding NaSH to the solution,
the peak was red shift to 450 nm. In the fluorescence spectra, as
shown in Fig. 1b, the probe NT-SH showed almost no fluorescence
(® =0.003), which illustrated that NT-SH had extremely low back-
ground. After treatment with NaSH, the peak at 560 nm sharp
increased (® = 0.046) compared to free probe NT-SH. These results
confirmed that probe NT-SH had a good response to H,S. In order
to detail analyze the sensitivity of NT-SH to H,S, the time-
dependent and dose-dependent experiments were investigated.

As illustrated in Fig. 1c, the emission spectra of NT-SH with NaHS
gave a significant fluorescence turn-on response. Moreover, this
time-course fluorescence intensity at 560 nm was gradually
enhanced in 30 min. After reaction with NaHS, the fluorescence
enhancement was calculated to be 45 folds. These optical data
indicated that probe NT-SH was able to specifically sense H,S by
the fluorescence turn-on signal. To further inspect the detection
limit of NT-SH towards H,S, the fluorescence spectra of NT-SH with
different doses of H,S (0-500 ptM) was studied, as shown in Fig. 1d.
Obviously, the fluorescence intensity at 560 nm was remarkable
enhanced with the increased doses of NaHS (0-300 uM) and
reached maximum value in the range of 300-500 1M, as depicted
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Fig. 1. UV-vis absorption spectrum (a) and fluorescence spectrum (b) of NT-SH (10 uM) with or without NaSH. (c) Fluorescence spectrum of NT-SH (10 uM) incubated with
NaHS for different time (0-30 min). (d) Fluorescence spectra of NT-SH (10 uM) co-incubated with various doses of NaHS (0-500 puM) for 30 min. The test condition was PBS

buffer, Aex =450 nm.
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in Fig. S11. In particular, the fluorescence intensity at 560 nm was
linear with the dose of H,S (0-50 pM) (R?=0.995) (Fig. S12).
Therefore, the LOD of NT-SH for H,S was calculated to
be ~ 80.01 nM. These results explained that probe NT-SH could
determine H,S with high efficiency and sensitivity.

Sensing Mechanism. To investigate the sensing mechanism of
NT-SH for sensing of H,S, we analyzed the reaction solution of NT-
SH and H,S using HRMS assay. As shown in Fig. S13, after the reaction
solution was incubated at room temperature for 30 min, a com-
pound with m/z = 269.1030 was detected, corresponding to the flu-
orophore NT [M + H]" (calculated for 269.1052). Therefore, based on
the results of HRMS analysis, we proposed that the mechanism of the
synthesized probe NT-SH in sensing of H,S was that H,S acted as a
nucleophilic attack reagent to attack the NT-SH, and cleavaged the
bond between naphthalimide ring and 2,4-dinitrobenzene group,
which in turn releasing the fluorophore NT (Scheme1).

Theoretical Calculations. To confirm the quench mechanism of
probe NT-SH, we performed the density functional theory (DFT)
calculation studies of NT-SH and NT with Gaussian 09 software
at B3LYP/6-31G(d) level [39,40]. As illustrated in Fig. 2, the 2,4-
dinitrobenzene group and the naphthalimide ring of the probe
NT-SH almost lie in two different planes, and the two different
planes was nearly in parallel, which led to fluorescence quenching.
Additionally, both HOMO and LOMO rt-electrons of fluorophore NT
were all located around the naphthalimide ring. While, the HOMO
n-electrons of NT-SH were all locate around its naphthalimide ring,
and the LUMO m-electrons of NT-SH were all locate on. The distri-
bution of the HOMO and LUMO m-electrons of NT-SH indicated
that, NT-SH was possibly quenched by the PET process. In the
NT-SH, the electrons transferred from naphthalimide ring (PET
donor) to the 2,4-dinitrobenzene group (PET acceptor), which in
turn significantly reduced the fluorescence of naphthalimide moi-
ety. This process is corresponding to the fluorescence “turn-off” we
have observed in the experiments. Upon reacting with H,S, the PET
effect of NT-SH was destroyed and released the fluorophore NT,
which made the fluorescence “turn-on”.
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Selectivity of NT-SH. The selectivity was investigated to evalu-
ated the sensing ability of NT-SH. Several analytes included thiols
(Cys and H,S), cations (Fe?*, Hg*, Cu*, Ba%*, Mn?*), anions (NO3, Br",
S0%, F, I, CI,, CH;CO0™) and amino acids (Leu, Asp, Arg) were incu-
bated with NT-SH for 30 min and the fluorescent signals at 560 nm
were tested accordingly. As shown in Fig. 3, compared with Cys,
the response of NT-SH to H,S was two times higher than that of
Cys, which was reported as a common interfering agent of thiol
probe [41,42]. Furthermore, the fluorescence enhancement data
revealed that NT-SH showed no response to the other species,
including cations, anions and non-thiol amino acids. It confirmed
that NT-SH exhibited relative high selectivity for H,S compared
with anions, cations and thiol-free amino acids.

pH effect. The effect of pH of NT-SH toward H,S was determined
for studied its potential biological applications. As shown in Fig. S14,
the fluorescence signal of NT-SH with and without H,S was mea-
sured in the pH range of 4.0-10.0. In absence of H,S, negligible fluo-
rescence changes of free NT-SH were observed, suggesting NT-SH
had an excellent stability in an extensive pH range. Moreover, when
reaction with H,S, the fluorescence signal of NT-SH increased shar-
ply over the pH range (4.0-7.4) and reduce gradually at the pH value
of 7.4-10.0. Notably, it verified that the optimal pH value of NT-SH
for detection of H,S was 7.4. These results indicated that NT-SH
was able to detect H,S under physiological conditions.

Living Cell Imaging. To evaluate the imaging performance of
NT-SH for H,S in vitro, the human lung cancer cell line (A549)
was selected as the imaging model. First, the cytotoxicity of NT-
SH at various doses (0, 1, 5, 10, 20 and 30 uM) against A549 was
studied. As shown in Fig. S15, the results indicated that NT-SH
was suitable for the cell imaging due to extremely low cytotoxicity.
Based on this, the cell imaging of NT-SH for 100 pM NaHS at differ-
ent incubation times (0, 30, 60 and 90 min) was tested, as depicted
in Fig. S16. The experiment results illustrate that the green fluores-
cence signal exhibited gradually enhance and reached the maxi-
mum value at 60 min. Meanwhile, the imaging performance of
NT-SH for various doses of NaHS was further studied. As depicted
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Fig. 2. Theoretical studies of NT and NT-SH. The HOMO and LUMO values of NT-SH and NT were calculated by Gaussian 09 at B3LYP/6-31G(d) level.
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Fig. 3. (a) Fluorescence response of NT-SH (10 uM) aganist different interfering
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concentration of analytes was 100 pM.
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in Fig. 4, no fluorescence was noticed when A549 cells were only
pretreated with NT-SH for 30 min, (Fig. 4a, e, i). Conversely, after
incubation with NaHS (10, 50 and 100 uM) for 30 min, the fluores-
cence signal was enhanced with the increase doses of NaHS (Fig. 4-
f-h). These results could be confirmed via the optical data which
was calculated from the corresponding green fluorescence pho-
tograph (Fig. 4m). These results suggested that NT-SH could be uti-
lized as a sensitive probe for monitoring and imaging exogenous
H,S in living cells.

Zebrafish Imaging. Zebrafish, a kind of classical model organism,
was widely used for fluorescence imaging [43-45]. Thus, the imag-
ing performance of NT-SH for H,S against zebrafish was further
studied due to its perfect imaging effect in living cells, as depicted
in Fig. 5. Zebrafishes were initial preincubated with NT-SH (10 uM)
for 1 h to make sure that NT-SH could be penetrated into zebrafish.
These zebrafishes were washed with incubation medium to
remove the remaining NT-SH and then treated with various doses
of NaHS (10, 50 and 100 uM) for 2 h. All the zebrafishes were imag-
ing at the green channel. As expected, the zebrafish was still alive
without NaHS, and apparently without fluorescence, indicating
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Fig. 4. Cell imaging of NT-SH with different concentrations of NaHS (0, 10, 50 and 100 pM) for 30 min. (m) Relative fluorescence intensity of A549 cells at the green channel

(e, f, g and h). Data represent mean standard error (n = 3), scale bar = 40 um.



Q. Sun, H. Liu, Y. Qiu et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 254 (2021) 119620

100 M

1

80000

60000 -

40000 -+

Relativity FL Intensity

20000

50 100

NaHS(uM)

Fig. 5. Zebrafishes imaging of NT-SH (10 uM) with various doses of NaHS (0, 10, 50 and 100 uM). (m) Relative fluorescence intensity of zebrafish in the green channel (e, f, g

and h). Data represent mean standard error (n = 3), scale bar =200 pm.

that NT-SH had low toxicity and fluorescence background for
imaging in zebrafish (Fig. 5a, e, i). In addition, in the presence of
NaHS, the fluorescence signal of the zebrafishes was clearly noticed
and obviously enhanced with the increase doses of NaHS (Fig. 5f-
h). The relative fluorescence intensity of the fluorescence pho-
tograph illustrated that NT-SH could detect and image exogenous
H,S (Fig. 5m). All the results revealed that NT-SH could be applied
for imaging of H,S in zebrafish with high sensitivity.

4. Conclusion

In summary, we have constructed a new turn-on fluorescent
probe NT-SH for the sensing of H,S in water solution, living cells
and zebrafish. NT-SH was a water soluble, low fluorescence back-
ground and cytotoxicity probe which exhibited high selectivity,
fluorescence enhancement (45-fold), large linear response range
(0-50 uM) and low limit of detection (80.01 nM). In addition, the

possible sensing mechanism of NT-SH for H,S was proven via the-
ory calculation and mass spectral analyses, which confirmed a PET
process based on cleavage DNS group. Furthermore, the fluores-
cence imaging of NT-SH treated with NaHS revealed that NT-SH
was able to apply for the detection of exogenous H,S in living cells
and zebrafish model due to its excellent biocompatibility. There-
fore, this new probe NT-SH had a potential to be serve as an effi-
cient tool for sensing of H,S in vitro and in vivo.
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