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Based on 4-bromo-1,8-naphthalic anhydride, one novel ratiometric fluorescence H2S-probe (IDNA) was
designed and synthesized. Further studies indicate that IDNA can sensitively recognize H2S (detection
limit of 7mmol/L) with good selectivity and anti-interference ability. In addition, IDNA has satisfactory
photostability in HeLa cells, ability of mitochondrial co-localization, and can be utilized in fluorescence
imaging of H2S.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Hydrogen sulfide (H2S) has been recognized as the third gas
transmitter after nitric oxide (NO) and carbonmonoxide (CO) [1],
which has an unpleasant smell of rotten eggs. Normal levels of H2S
are important for physiological processes such as angiogenesis [2],
vasodilation [3], antioxidant [4], apoptosis [5] and inflammation
[6], however, abnormal levels of H2S are associated with diseases
such as Alzheimer's disease [7], cirrhosis [8] and down syndrome
[9]. Therefore, it is necessary to develop a simple and effective
method for detecting H2S.

At present, methods for detecting H2S include electrochemical
methods [10], gas chromatography [11], sulfide precipitation [12]
and colorimetry [13], which suffer from some limitations in terms
of complicated processes and cannot be used for biological
analysis. Fluorescence method has received extensive attention
in recent years due to its high sensitivity and noninvasiveness
characteristics [14–16]. Many fluorescent probes have been
developed for the detection of H2S, including the following
strategies: (1) Reduction of azide/nitro by H2S [17–22], (2) H2S
addition reaction to unsaturated bond [23,24], (3) complex
formation of H2S with Cu2+ [25–27], aromatic nucleophilic
substitution [28].
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As a typical fluorophore, 4-bromo-1,8-naphthalic anhydride has
good optical characteristics and a large Stokes shift [29–31]. In this
manuscript based on 4-bromo-1,8-naphthalic anhydride, we have
developed a novel fluorescent probe (IDNA) for monitoring H2S
according to the modified reported synthesis method [32–35].
Compound IDNAwas prepared via six steps starting from4-bromo-
1,8-naphthalic anhydride (Scheme S1 in Supporting information)
and the detailed synthesis procedures and characterization data
can be seen in Supporting information. This article has performed a
series of investigations on IDNA. The results show that IDNA has
excellent sensing performance: Ratio-based spectral change
effectively reduces background autofluorescence interference
and has been demonstrated to be useful in imaging exogenous
H2S in HeLa cells.

We investigated the UV–vis absorption and fluorescence
emission spectra of IDNA in the presence and absence of H2S. As
shown in Fig. 1a, In the mixed solution of IDNA (10mmol/L) in
DMSO and H2O (v/v, 4:6), 0–1mmol/L Na2S (the H2S donor) was
gradually added, after 30min of response, the absorption band at
550 nm was significantly decreased, accompanied by the absorp-
tion band at 475 nm was highlighted. Correspondingly, as the
concentration of H2S increased, the color of IDNA was noticed to
change from purple to light yellow under naked eyes (Fig. 1e).
When the concentration of H2Swas in the range of 0.3–0.5mmol/L,
the absorption spectrum showed a good linear relationship,
R2 = 0.9978 (Fig. 1b). Fig. 1c indicated the fluorescence emission
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) UV–vis absorption spectra of IDNA upon addition of different
concentrations of H2S (0–1mmol/L) in DMSO/H2O solution (4/6, v/v, 10mmol/L).
Response time: 30min. (b) Linear relationship between the absorbance of IDNA
(DMSO/H2O, 4/6, v/v, 10mmol/L) at 550 nm and the concentration of H2S (0.3–
0.5mmol/L). (c) Fluorescence emission spectra of IDNA upon addition of different
concentrations of H2S (0–1mmol/L) in DMSO/H2O solution (4/6, v/v, 10mmol/L).
lex = [8_TD$DIFF]450 nm. Response time: 30min. (d) Linear relationship between fluorescence
intensity of IDNA at I510/I620 and the concentration of H2S (0.3–0.47mmol/L).
Detection limit: 7mmol/L. Add different concentrations of H2S (from left to right the
final concentration of H2S is 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1mmol/L) in the
IDNA solution (DMSO/H2O, 4/6, v/v,10mmol/L). Photographs under natural light (e)
and portable 365 nm UV lamp (f), respectively. Response time: 30min.
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Fig. 2. (a) Fluorescence emission spectra of IDNA (DMSO/H2O, 4/6, v/v, 10 [9_TD$DIFF]mmol/L)
in the presence of H2S (1mmol/L) and other biological molecule (1mmol/L, Ala, His,
Val, Trp, Leu, Met, Pro, Gln, Phe, Gly, Ile, Ser, Thr, Lys, Arg, H2O2, N2H4). (b)
Fluorescence intensity changes at I510/I620 of IDNA in DMSO/H2O solution (4/6, v/v,
10mmol/L). Dark columns: in the presence of 1mmol/L different biological
molecule; red columns: continue to addition 1mmol/L H2S. The species from1 to 22
are blank, Ala, His, Val, Trp, Leu, Met, Pro, Gln, Phe, Gly, Ile, Ser, Thr, Lys, Arg, H2O2,
N2H4, GSH, Hcy, Cys, and CN�.lex = [8_TD$DIFF]450 nm. Response time: 30min. (c) pH values on
the fluorescence intensity at I510/I620 of IDNA (DMSO/H2O, 4/6, v/v,10mmol/L) in the
presence (red) and absence (black) of H2S. lex = [8_TD$DIFF]450 nm. Response time: 30min. (d)
Time-dependent fluorescence intensity ratio (I510/I620) of IDNA with addition of
different concentrations of H2S (0, 0.2, 0.4, 0.6, 1mmol/L) in DMSO/H2O solution (4/
6, v/v, 10mmol/L).

Table 1
Maximum absorption-peak positions (lex) in IDNA and IDNAS that calculated and
measured.

Compounds lex(max) (nm) (calculated) lex(max) (nm) (measured)

IDNA 578.84, 575.48 547
IDNAS 473.09 474
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Scheme 1. Possible detection mechanism of IDNA toward H2S.
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spectrum of IDNA (10mmol/L). The addition of H2S resulted a
decrease in the peak at 620 nm and an increase in the peak at
510 nm, and when the concentration of H2S reached 1mmol/L, the
peak at 510 nm increased to saturation. Therefore, the fluorescence
intensity ratio (I510/I620) was used as a monitor for H2S. The signal
of the IDNA exhibited a good linear relationship when the
concentration of H2S was 0.3–0.47mmol/L, while exhibiting a
high sensitivity to H2S at a low detection limit of 7mmol/L (Fig. 1d)
[36]. The change in fluorescence color under the 365 nm portable
UV lamp, from pink to green, could be obtained from Fig. 1f. As
indicated in Fig. S1 (Supporting information), IDNA had good
photostability within 15min, if the irradiation time lasted longer,
the photosability was not satisfactory. Meanwhile using fluores-
cein (quantumyieldFs = 79%) as a standard reference (dissolved in
0.1mol/L NaOH), the fluorescence quantumyield of IDNA (Fx) was
measured to be about 8% [37]. All these spectral results provided a
theoretical basis for IDNA as a ratiometric fluorescent probe for
highly sensitive monitoring of H2S.

Selectivity is an important parameter for evaluating the sensing
characteristics of IDNA. 1mmol/L of metal cations (K+, Ca2+, Na+,
Mg2+) (Fig. S2a in Supporting information), anions (F�, Cl�, Br�, I�,
NO2

�, NO3
�, C2O4

2�, BrO3
�, SCN�, SO4

2�, ClO�) (Fig. S2b in
Supporting information), small biomolecules (Ala, His, Val, Trp,
Leu, Met, Pro, Gln, Phe, Gly, Ile, Ser, Thr, Lys, Arg, H2O2, N2H4, GSH,
Hcy, Cys, and CN�) (Figs. 2a and b) and H2Swere added to the IDNA
solution (10mmol/L), respectively. It was noticed that therewas no
significant optical change in the fluorescence intensity of IDNA at
1800
510 nm and 620 nm after the addition of other analytes. Only the
addition of H2S caused a decrease in the fluorescence intensity at
620 nmand an increase in the peak at 510 nm,which indicated that
IDNA had high selectivity for H2S. Further,1mmol/L H2Swas added
to the IDNA solution containing the interfering substance, and the
ratio of the fluorescence intensity at 510 nm and 620 nm was
recorded (Fig. 2b and Fig. S3 in Supporting information). Optical
changes could only be caused by the addition of H2S, although the
presence of biomolecules slightly affects the increase in the
fluorescence intensity ratio, but they cannot provide false
information for the presence of H2S, except GSH and Cys. These
competitive experiments indicated that IDNA monitors H2S to be
virtually unaffected by interfering substances.

Then the sensing characteristics of IDNA (10mmol/L) for
monitoring H2S were investigated in different pH solutions. As
shown in Fig. 2c. IDNA was able to detect H2S in a wide pH range
(4–11), which provided a basis for its application in biology.



Table 2
Cell viability of HeLa cells after 24 h and 48 h incubation with 0, 2, 5, 10, 15, 20, 25, 30, 35 and 40mmol/L IDNA.

IDNA (mmol/L) 0 2 5 10 15 20 25 30 35 40

24 h 1 0.985 0.981 0.968 0.898 0.856 0.832 0.798 0.778 0.754
48 h 1 0.980 0.946 0.92 0.817 0.754 0.743 0.619 0.537 0.516
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Fig. 3. Photostability of IDNA (20mmol/L) at 510 nm and 620 nm as a function of time. lex = [10_TD$DIFF]488 nm.

[(Fig._4)TD$FIG]

Fig. 4. Mitochondrial co-localization imaging of IDNA in HeLa cells. HeLa cells were
incubated with 20mmol/L IDNA for 6 h, and 100 nmol/L mitochondrial probes for
30min. (a) Bright field image. (b) IDNA fluorescence image. (c) Mitochondrial probe
fluorescence image. (d) b and c overlay image. The pearson’s coefficient was 0.753.

[(Fig._5)TD$FIG]

Fig. 5. Confocal fluorescence imaging of IDNA in HeLa cells. (a–c) HeLa cells were
incubated with 20mmol/L IDNA for 6 h. (d–f) then incubated with 4mmol/L H2S for
30min. (a, d) Bright field image. (b, c) Fluorescence images (green channel, lem [11_TD$DIFF]

=500–550 nm). (c, f) Fluorescence image (red channel, lem [12_TD$DIFF]=600–650 nm).
lex = 488 nm.

D. Bu, Y. Wang, N. Wu et al. Chinese Chemical Letters 32 (2021) 1799–1802
Fluorescence kinetics experiments were carried out tomeasure
the response time of probe INDA toward H2S (Fig. 2d). As shown in
Fig. 2d, the fluorescence ratio I510/I620 of INDA only displayed no
significant change in about 150min, suggesting its good stability
under experimental condition. Upon addition of different concen-
trations of H2S, the ratio I510/I620 of INDA was dramatically
increased over 30min and kept stable within 150min. Thus, probe
IDNA could quickly detect H2S via ratiometric fluorescence
method.

Compound IDNAS was supposed to be the product of reaction
between probe IDNA and H2S. The binding pattern between probe
and H2S was examined by the 1H NMR titration experiment. The
pretty stack plot powerfully proved the mechanism (Fig. S4 in
Supporting information). H1, H2 greatly shifted to up field and came
at 6.45 and 6.30 ppm after addition of HS�, indicating that
conjugated double bond took place reaction. Time dependent DFT
1801
(TD-DFT) was carried out to calculate the maximum excitation
wavelengths, energies, excited states and expansion coefficients of
the 80–120 lowest-energy electronic transitions [38]. As shown in
Fig. S5 and Table S1 (Supporting information), the lowest-energy
transition of IDNA comes from the HOMO-2→LUMO and HOMO-
1→LUMO orbital transitions. As shown in Fig. S6 and Table S2
(Supporting information), the lowest-energy transition of IDNAS
comes from the HOMO→LUMO orbital transition. The calculated
maximum absorption-peak positions of IDNA and IDNAS are in
good agreement with the experimental results (Table 1), which
prove that hydrogen sulfide addition reaction occur in IDNA and
H2S (Scheme 1). We investigated the cytotoxicity of IDNA in HeLa
cells using standard MTT assay. As shown in Table 2, after
incubating HeLa cells with 40mmol/L IDNA for 24 h, the cell
viability could still reach 75.4%, which indicated that IDNA had
great potential in biological imaging. In addition, 20mmol/L IDNA
and HeLa cells were incubated for 6 h. After irradiation with
488 nm laser for 100min, the morphology of the cells showed no



Table 3
Comparison of various fluorescent probes for H2S detection.

Detection mode Linear range (mmol/L) Response time Detection
limit

Intracellular
photostability

Ref.

L-Cu2+ off-on Not mentioned 30 s 14.7 [13_TD$DIFF]nmol/L Not mentioned [39]
Organic molecule [14_TD$DIFF]I450/I640 0–400 120 min 26 nmol/L Not mentioned [40]
NIRDCM-H2S off-on [15_TD$DIFF]5–60 45 min 2.5 mmol/L Not mentioned [41]
Coumarin derivate off-on [16_TD$DIFF]0–50 50 min 28.56 mmol/L Not mentioned [42]
Mito-N3 off-on [17_TD$DIFF]0–40 20 min 20 nmol/L Not mentioned [43]
IDNA [18_TD$DIFF]I510/I620 300–470 30min 7 mmol/L good This work
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significant change, and the fluorescence quenching was very weak
(Fig. 3). These results signified that the photostability of IDNA
remains stable during theworking hours with negligible impact on
HeLa cells. We explored co-localization fluorescence imaging
experiments of IDNA in HeLa cells (Fig. 4). Figs. 4b and c showed
the results of staining HeLa cells with IDNA and commercial
mitochondrial-localizing dye, respectively. Confocal imaging
results suggested that IDNA overlaps well with commercial
mitochondrial-localizing dye (Fig. 4d), which may be attributed
to the fact that the positively charged structure was relatively easy
to enter the mitochondria.

After incubating IDNA in HeLa cells for 6 h, significant
fluorescence was clearly observed in the red channel (600–
650 nm), while the fluorescence in the green channel (500–
550 nm) was barely visible (Fig. 5). As shown in Fig. 5, the addition
of H2S induced sharp fluorescence decrease in the red channel,
accompanied by an increase in the green channel. All these results
indicated that IDNA as a ratiometric fluorescent probe of
intracellular H2S was satisfactory. Compared with the recent
reported H2S-fluorescent probes (Table 3) [39–43], probe IDNA
could quantitatively detect H2S inwide concentration range of H2S
via ratiometric fluorescent method, has good photostability in
solution and cells. In summary, 4-bromo-1,8-naphthalic anhydride
was used as raw material to design and synthesize a proportional
fluorescent probe IDNA for detecting H2S. IDNA has good
selectivity and anti-interference ability, corresponding to a low
detection limit of 7mmol/L. When detecting H2S, significant color
changes can be observed by the naked eye and under fluorescence
lamp. The satisfactory photostability of IDNA in HeLa cells
increases its potential for application in vivo. Furthermore, the
detection of exogenous H2S and mitochondrial co-localization in
HeLa cells were successfully achieved.
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