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In this work, a novel phenoxazine-based fluorescent probe BPO-N3 was developed to detect H2S. The results
showed that the probe had high selectivity and sensitivity toward H2S, and its detection mechanism was based
the ratio between green and redfluorescence signals; its detection limitwas as low as 30 nM. The fluorescent im-
aging experiments further showed that the probe BPO-N3 could successfully detect endogenous and exogenous
H2S in living cells. This probe can be used as a powerful tool for in-depth study of H2S function in various phys-
iological processes.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

H2S is a colorless, highly toxic, acidic gas with a smell of rotten egg.
Recent studies have found that H2S is the third gaseous signal molecule
after NO and CO [1]. It is widely found in the human body and other or-
ganisms, and plays an important role in various physiological processes,
such as regulating cell growth, protecting the cardiovascular system,
taking part in anti-oxidation [2–5]. Therefore, the development of a sim-
ple and sensitive method for H2S detection in living organisms is of
great significance for further understanding of the physiological func-
tion of H2S.

In recent years, the development of fluorescent probes that have
high selectivity and sensitivity and can be used in living organisms has
become a hot research topic [6–8]. Fluorescent probes are known to
have high spatial and temporal resolution, thus can be used in real-
time imaging by a fluorescent confocal microscope [9,10]. Although
some excellent H2S fluorescent probes with “off-on” or “turn-on” re-
sponse have been reported [11–22], these probes have some limitations
when they are employed in quantitative analysis as they are
concentration-dependent and can be affected by test environments, ex-
citation intensity and other factors. These factors can, however, be effec-
tively eliminated by using the ratiofluorescent probe, bywhich the ratio
of fluorescence intensity of twowavelengths is adopted in the quantita-
tive analysis [23]. In addition, water solubility, light stability, emission
wavelength, etc. can also restrict its application in vivo to a certain extent
[24–26]. Therefore, it is still necessary to develop a ratio-type
fluorescent probe that has good stability, high quantum yield, and
long analytical wavelength. In this work, we designed a novel probe
BPO-N3 using phenoxazine as the fluorescent matrix. We introduced
an azide group, which is an electron-withdrawing group, into the
phenoxazine matrix. Since the azide group can be effectively reduced
to an amino group by H2S [27–31], this electron-withdrawing group
can be converted into an electron donor group on the phenoxazinefluo-
rescent framework, which can then lead to the change of fluorescence
spectrum. This mechanism can provide us with a ratio-type tool that
can be used for detecting H2S in vivo.
2. Experimental section

2.1. Instrumentation and reagents

UV–Vis and Fluorescence spectra were recorded on an F-2700 fluo-
rescence spectrometer (Hitachi Co., Ltd. Japan) and Cary 50 UV–vis
spectrometer (Varian Inc., USA) with a 1-cm quartz cuvette. 1H NMR
spectra were recorded on Mercury 300 BB NMR spectrometer (Varian
Inc., USA). Mass spectra (MS) were performed on a Bruker microTOF
Q II (Bruker Daltonics Inc., Germany). pH was measured on an INESA
Scientific PHS-3C pH meter (Sartorius AG, Germany). Cell imaging ex-
periments were carried out on an LSM 710 laser scanning confocal mi-
croscope (Carl Zeiss AG, Germany). All reagents were of analytical
reagent grade and used without further purification or treatment.
HepG2 (Human hepatocellular carcinomas) cells were obtained from
the Anshan Central Hospital (Anshan, China).
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Fig. 1. Synthesis of BPO-N3 probe.
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2.2. Synthesis of BPO-N3

The synthesis route is shown in Fig. 1.
BPO-NH2 was synthesized according to the method described in the

literature [32]. MS (m/z) calcd for [C16H11N2O2]+: 263.0815, found:
263.0819 (Fig. S1). 1H NMR (300 MHz, DMSO-d6) δ 9.05 (d, 1H), 8.05
(dd, 2H), 7.70 (dd, 1H), 7.56 (d, 1H), 6.97 (d, 1H), 6.68 (s, 1H), 6.42 (s,
1H), 5.79 (s, 2H) (Fig. S2).

At 0 °C, NaNO2 (69 mg, 1.0 mmol) was dissolved in 2 mL of water,
and the solution was then mixed with 20 mL of diluted hydrochloric
acid containing BPO-NH2 (262 mg, 1.0 mmol). After stirring for
20 min, 3 mL of NaN3 (75 mg, 1.5 mmol) aqueous solution was added,
and the reaction solutionwas then stirred for 24 h at room temperature.
The resultant crude product was filtered and recrystallized with aceto-
nitrile, fromwhich the probe BPO-N3 (220mg, 76% yield)was obtained.
MS (m/z) calcd for [C16H9N4O2]+: 289.0720, found: 289.0720 (Fig. S3).
1H NMR (300 MHz, DMSO-d6) δ 8.82 (d, 1H), 8.32 (d, 1H), 8.02 (dd,
1H), 7.84 (dd, 1H), 7.67 (d, 1H), 7.36 (s, 1H), 6.94 (d, 1H), 6.39 (s, 1H)
(Fig. S4). 13C NMR (75 MHz, DMSO-d6) δ 189.78, 154.26, 151.45,
151.34, 147.02, 139.96, 138.64, 135.09, 134.07, 131.54, 131.38, 127.84,
127.80, 125.78, 107.52, 104.75 (Fig. S5).
2.3. H2S detection procedure

The stock solution of BPO-N3 (1mM)was prepared by dissolving an
appropriate amount of probe in DMSO. The sodium hydrosulfide solid
was added to aqueous solution to prepare a H2S solution. 4 mL of PBS
buffer (50 mM, pH 7.4) was mixed with 50 μL of BPO-N3 (1 mM) and
a certain amount of H2S solution. The final volume of the solution was
adjusted to 5 mL by ultra-pure water. The mixture was incubated at
room temperature for 30 min. The absorption and emission spectra of
the mixture were measured in a 1-cm quartz cuvette at an excitation
wavelength of 540 nm.
Fig. 2. (A) Absorption spectra of BPO-N3 (20 μM) before and after reacting with H2S (200 μM
(10 μM) in the presence of 0–20 μM H2S. (C) Linear relationship between fluorescence intensi
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2.4. Theoretical calculation

The optimal geometrical structures and electron transition of the
probe were calculated by DFT/TDDFT using B3LYP/def2SVP-GD3(BJ)
basis sets on Gaussian 16 software [33]. The obtained data were further
analyzed by Multiwfn 3.7 software [34]. The effect of the solvent was
calculated by SMD model, and water was used as the solvent in the
calculation.

2.5. Cell experiment

Cell cytotoxicity: HepG2 cells were grown in DMEM liquid medium
at 37 °C under 5% CO2 atmosphere. HepG2 cells were passed and plated
to ~70% confluence in 96-well plates 24 h before treatment. Then, 1mM
BPO-N3 stock solutions were added to obtain final concentrations of 1,
5, 10, 25, and 50 μM respectively. The treated cells were incubated for
24 h at 37 °C under 5% CO2. Subsequently, cells were treated with
5 mg mL−1 MTT (40 μL well−1) and incubated for an additional 4 h.
Then the cells were dissolved in DMSO (150 μL well−1). At last, the
cell viability was measured and counted using a microplate reader.

Cell culture and imaging: HepG2 cells were grown in DMEM liquid
medium at 37 °C under 5% CO2 atmosphere. The adhered cells were in-
cubated with 10 μM probe in an incubator for 30 min. After washing
three times with PBS, the cells were further incubated with H2S for
30 min and were then subjected to imaging. The images were captured
at two emission wavelength ranges of 550–580 nm and 600–640 nm.

3. Results and discussion

3.1. Absorption spectral changes of probe in response to H2S

The color and absorption spectrum of the probe BPO-N3 before and
after reacting with H2S were significantly different, as shown in Fig. 2
(A). Before adding H2S, the color of the probe BPO-N3 was green, and
the maximum absorption wavelength was 530 nm. Upon the addition
), and of BPO-NH2 (10 μM). Inset is the color change. (B) Fluorescence spectra of BPO-N3

ty ratio (F625/F560) and concentration of H2S (0.1–20 μM).



Table 1
Comparison of the present method with other reported H2S selective fluorescence probe.

Probe name Reaction medium λex/λem (nm) LOD (nM) Ref.

BPO-N3 DMSO:PBS (1:99, v/v, 50 mM, pH 7.4) 540/(625/560) 30 This work
Probe DMF:PBS (1:9, v/v, 10 mM, pH 7.4) 510/639 36 [35]
Mito-NIR-SH DMSO:PBS (1:99, v/v, 10 mM, pH 7.4) 670/720 89.3 [36]
1 DMSO:PBS (1:99, v/v, 20 mM, pH 7.4) 530/565 120 [37]
Probe 1 DMSO:PBS (1:3, v/v, 10 mM, pH 7.4) 395/537 220 [38]
L DMF/HEPES (4/6, v/v, 10 mM, pH 7.4) 496/607 3390 [39]
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of H2S, the solution color was changed from green to purple, and the
maximum absorption peak was shifted to 600 nm, which is consistent
with the characteristic peak of BPO-NH2.

3.2. Fluorescence spectral change of probe in response to H2S, and linear
relationship

To investigate the fluorescence spectral properties of BPO-N3 in re-
sponse to H2S, we first determined the change of fluorescence spectra
of BPO-N3 after reacting with H2S at different concentrations. Fig. 2
(B) shows the fluorescence spectra recorded at an excitation wave-
length of 540 nm and an emission wavelength of 560 nm. After H2S
was added, the emission peak was red shifted to 625 nm, and with the
increase of H2S concentration, the intensity of the emission peak at
560 nm gradually decreased, while that at 625 nm gradually increased.
Moreover, the absolute quantum yield after the addition of H2S (0.22) is
Fig. 3. Effects of reaction conditions on fluorescence intensity ratio (F625/F560) of BPO-N3 (10 μM
in PBS buffer with different pH values at room temperature for 30min. (B) Effect of reaction tem
30 min. (C) Effects of time; the reaction was conducted for different lengths of time at room t
(10 μM) in the presence of various species: (1) only BPO-N3; (2) 20 μM H2S; (3) 100 μM Na
(8) 100 μM MgCl2; (9) 100 μM ZnCl2; (10) 50 μM H2O2; (11) 50 μM HClO; (12) 50 μM •O2

−; (
(18) 1 mM BSA.
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higher than that of BPO-N3 (0.19). The ratio of the emission intensity
before and after the reaction (F625/F560) was calculated and was found
to increase by about 30 times from 0.013 to 4.3. The relationship dia-
gram (Fig. 2(C)) further showed that the intensity ratio F625/F560 had a
good linear relationship with H2S concentrations between 0.1 and
20 μM, the equation of which was F625/F560 = 0.199 × [H2S]-0.057,
and the limit of detection (LOD) was 30 nM using the formula DL =
3σ/k. According to Table 1, the LOD of BPO-N3 was lower than most of
the previously reported fluorescent probes.

3.3. Optimization of reaction conditions between probe and H2S

The effects of pH, temperature and reaction time on the systemwere
investigated in detail. As can be seen in Fig. 3(A), the probe BPO-N3 and
its reaction product BPO-NH2were nearly unaffected by pH at a range of
7.0–8.0; and since the physiological pH usually is 7.4, this indicates that
) in the absence and presence of H2S (20 μM). (A) Effect of pH; the reactionwas performed
perature; the reaction was performed at different temperatures in PBS buffer (pH 7.4) for

emperature in PBS buffer (pH 7.4). (D) Fluorescence intensity ratio (F625/F560) of BPO-N3

2SO3; (4) 100 μM NaHSO3; (5) 100 μM Na2SO4; (6) 100 μM Na2S2O3; (7) 100 μM CaCl2;
13) 50 μM •OH; (14) 100 μM NaNO2; (15) 1 mM Cys; (16) 1 mM Hcy; (17) 1 mM GSH;



Fig. 4. Frontier molecular orbital profiles of BPO-N3 and BPO-NH2 based on TDDFT (B3LYP/def2SVP-GD3(BJ)) calculations.
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the probe can suitably be used in physiological environment. The exper-
iment on the effect of temperature (Fig. 3(B)) showed that the response
of the probe to H2S increased with the increase of temperature, and the
probe could effectively react with H2S at room temperature (25 °C).
Therefore, for convenience, we chose room temperature as the reaction
temperature in subsequent experiments. Fig. 3(C) shows the relation-
ship between the reaction time and the fluorescence intensity ratio,
which illustrates that the reaction reached the plateau after 30 min. Fi-
nally, we concluded that the optimal reaction conditions were pH 7.4,
room temperature and 30 min.

3.4. Selectivity of probe

We investigated the effects of various interference species (includ-
ing inorganic salts, oxidizing species, proteins, and some sulfur-
containing compounds) on the probe BPO-N3. As illustrated in Fig. 3
(D), the fluorescence intensity ratio F625/F560 of the sample in the pres-
ence of H2Swas significantly higher comparedwith that in the presence
of other species. This indicates that probe BPO-N3 is more selective to-
ward H2S than other species. Therefore, the probe BPO-N3 can suitably
be applied for the detection of H2S in biological systems.

3.5. Mechanism of reaction between probe and H2S

To study the reaction mechanism of BPO-N3 and H2S, the reaction
products were analyzed by ESI-MS. The mass spectrum data exhibited
a molecular ion peak at m/z = 263.0820, which is consistent with the
theoretical peak (m/z = 263.0815) of BPO-NH2 (the product of a reac-
tion between BPO-N3 and H2S) in CH3OH (Fig. S6).

In addition, we carried out TDDFT theoretical calculation to analyze
the optical properties of the probe BPO-N3 before and after the reaction
with H2S. Fig. 4 shows the structure of the corresponding ground and
excited states, and the electron cloud distribution in the corresponding
molecular orbital. The calculated maximum adsorption peak of BPO-N3

was 525 nm (f = 0.9466), and that of BPO-NH2 was 598 nm (f =
0.5013). The main electron transition occurred between the HOMO
and the LUMO energy levels, which is similar to the experimental re-
sults, in which the spectral red shift was observed. The structure of
the first excited state S0 was optimized, and the fluorescence emission
Fig. 5. Confocal fluorescence imaging the H2S in HepG-2 cells of BPO-N3. (A) Only HepG-2 cell
BPO-N3 (10 μM) for 30 min, and then incubated with 50, 100, 200 μMH2S for 30min. (F) Incub
incubated with 100 μM H2S for 30 min. (G) Incubated with the SNP (10 μM) for 1 h, and the
550–580 nm, the red channel was set at 600–640 nm. Scale bar = 50 μm.
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was obtained. The theoretical emission peaks of the two fluorescence
emissions were 555 and 624 nm, which were the results of the transi-
tion between the LUMO→HOMO energy levels. The electron cloud
caused by the transition from the azide group in the probe to amino
group was observed, and the push-pull electron effect in the molecule
was changed, which caused the red shift observed in the emission
spectrum.

3.6. Cell imaging

HepG2 cells were selected as the model cells. Prior to cell imaging,
MTT experiment was carried out to analyze the cytotoxicity of the
probe. The survival rate of the cells incubated with 50 μM BPO-N3 was
greater than 85%, indicating that the probe BPO-N3 has low cytotoxicity
(Fig. S7). We then carried out cell imaging experiment, and the results
are shown in Fig. 5. According to the results, HepG2 cells did not exhibit
fluorescence signal, but upon treating with the probe BPO-N3, obvious
green fluorescence signal was observed. After H2S was added to the
cells, the green fluorescence signal was significantly reduced, while
the red fluorescence signal was significantly enhanced. The ratio be-
tween the red and green fluorescence signals also showed that there
was a significant change of color, which indicates that H2S could instan-
taneously enter into the cell to react with the probe BPO-N3 and to gen-
erate the change of fluorescence signal. To further confirm that the
fluorescence change was caused by H2S, we pretreated HepG2 cells
with ZnCl2, which is an inhibitor of H2S [13], and the results showed
that therewas no significantfluorescence change. Sodiumnitroprusside
(SNP) was further used to stimulate the production of endogenous H2S
inside the cells [31].We first incubated the cells with SNP for 30min be-
fore adding BPO-N3. The imaging of the cells showed obvious red fluo-
rescence, indicating that the probe could also detect endogenous H2S.
Taken together, the probe BPO-N3 can sensitively monitor the concen-
tration of H2S in living cells.

4. Conclusion

In this paper, we developed a novel probe BPO-N3, using
phenoxazine as the fluorescence matrix, that has high sensitivity and
selectivity. The detection limit of the probe in the detection of H2S was
s (control).(B) Only incubated with BPO-N3 (10 μM) for 30 min. (C–E) Incubated with the
ated with the ZnCl2 (1mM) for 1 h, and then incubated with BPO-N3 for 30 min, and then
n incubated with BPO-N3 for 30 min. Excitation at 525 nm, the green channel was set at
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30 nM. The spectral properties of the probe were examined, the effects
of pH, temperature and time on its performance were investigated, and
its theoretical luminescence mechanism was calculated. Finally, the
probe was successfully employed to detect exogenous and endogenous
H2S in HepG2 cells.
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