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rescent sensor for
lipopolysaccharide-induced H2S detection and
imaging in inflammatory cells, zebrafish, and
mouse blood samples†

Xinrong Zou,‡abcd Meiling Pang,‡e Jun He,e Zhuxi Kang,f Gulixiayida Wumaier,d

Shenglai Xued and Lingli Yuan *abc

In this work, a new fluorescent sensor (NAHCP) for the recognition of lipopolysaccharide-induced H2S

detection and imaging in inflammatory Raw264.7 cells, zebrafish, and mouse blood samples was

constructed. Based on the o-aldehyde group (o-CHO) auxiliary 2,4-dinitrophenyl ether (DNP) group

sulfide cleavage, this sensor shows high sensitivity and selectivity towards H2S, which can realize

fluorescence “turn-on” detection. This sensor also features a very high response speed (∼2 min) and

a large Stokes shift (113 nm) toward H2S. Additionally, the excellent detection limit (LOD) for H2S is as

low as 25.6 nM. Impressively, this o-CHO auxiliary DNP group sulfide cleavage ensemble is further

successfully applied for H2S detection in inflammatory Raw264.7 cells, zebrafish, andmouse blood samples.
1 Introduction

Inammation is a basic physiological and pathological process
of the body. When the body's living tissues are stimulated by
certain exciting or damaging factors (such as trauma, infection,
etc.), the body's defense response is the main manifestation of
inammation. Local manifestations of inammation are
redness, swelling, heat, pain, and functional disorders,
accompanied by responses such as changes in the number of
white blood cells, fever, and an immune response. Usually,
inammation is benecial and is an automatic defense reaction
of the organism. However, sometimes inammation is also
harmful (for example, attacking the organism's tissues, etc.).
Modern biological medicine shows that inammation in vivo is
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inseparably associated with the occurrence and development of
some diseases. Inammation usually produces related
biomarkers, and the detection of inammation-related
biomarkers is of great signicance for the diagnosis of some
diseases. While hydrogen sulde (H2S) is a highly relevant gas
signal molecule,1–5 it has attracted great interest from scientic
researchers. Recent studies have shown that endogenous H2S
participates in a series of physiological processes.6–11 In addi-
tion, the abnormal expression of endogenous H2S levels in
biological systems was considered to be closely associated with
the occurrence and development of various diseases,12–16 thus,
H2S is usually considered to be related to the occurrence and
development of inammation and can be used as a biomarker
is commonly used as a biomarker for these diseases diagnosis.
In general, H2S is produced from L-cysteine (Cys) catalyzed by
a variety of important enzymes and converted into a variety of
sulphur-containing compounds.17 Although current studies
have shown that H2S is related to the occurrence and develop-
ment of many physiological and pathological processes, the
specic molecular mechanisms of H2S are still unclear. There-
fore, it is important and urgently needed to develop molecular
tools with high selectivity, high sensitivity, and high biocom-
patibility to monitor the occurrence and development of H2S
and inammation in complex biosystems.

With the continuous update of detection methods and tools,
many tools and methods for H2S have been developed in recent
years. To our dismay, these methods cannot achieve H2S non-
invasive, in situ, and real-time monitoring in biosystems.18 In
contrast, uorescence sensor methods based on small molecule
uorescent dyes have been extensively investigated by scientic
RSC Adv., 2025, 15, 25863–25871 | 25863
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Fig. 1 Schematic diagram of the synthesis route and sensing mechanism of NAHCP: (a) glycine ethyl ester hydrochloride, triethylamine, EtOH,
40 °C, 4 h; (b) N-hydroxyphthalimide, K2CO3, and DMF, 110 °C, 2 h; (c) hexamethylenetetramine and F3CCOOH, 80 °C, 4 h; (d) 2,4-dinitro-
fluorobenzene and triethylamine, RT, 3 h.
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researchers for their potential advantages, for example,
simplicity, high sensitivity, high selectivity, fast reaction time,
real-time monitoring, and in situ non-invasive visualization,19–22

meanwhile, the performance of some latest H2S sensors was
summarized and a simple comparison with this work (Table
S1†). Therefore, in recent years, by designing and screening
excellent sulde-responsive moieties through the unique
chemical properties of H2S,23–26 which respond to H2S. Despite
the remarkable achievements in recent years, such as the
current uorescent probe for H2S based on azide reduction,
nitro reduction, DNP and NBD cleavage, and disulde cleavage
(Table S1†), there are still some defects that need to be over-
come to meet the needs of application requirements (such as
poor selectivity, poor stability, long response time, small Stokes
shi, etc.). To overcome these limitations, there is an urgent
need for small-molecule H2S sensors with high sensitivity and
high selectivity, fast response, excellent optical performance,
and high biocompatibility.
25864 | RSC Adv., 2025, 15, 25863–25871
Based on the above requirements, according to the literature
report,27,28 the o-CHO as the auxiliary group has better selectivity
and fast response toward H2S. Thus, this work adopts the dual-
parental nucleophilicity of H2S, construction of a new uores-
cent sensor NAHCP (Fig. 1) for H2S detection and visualization
in living cells, zebrash, and blood samples. NAHCP was
introduced into a selected naphthylimide with good optical
performance and biocompatibility as the uorophore, and an o-
aldehyde group auxiliary 2,4-dinitrophenyl ether group as the
response site and as the uorescence quencher group to achieve
highly specic detection of H2S in biosystems. Aer the nucle-
ophilic substitution reaction between H2S and the double
recognition, the cascade reaction is triggered to release the
naphthylimide uorophore, which has a good intramolecular
electron transfer (ICT) effect, the naphthylimide itself emits
a strong uorescence signal, and then the uorescence “Off–
On” recognition of H2S is realized. In addition, NAHCP could be
applied for uorescence visualization of H2S in living LPS-
induced Raw264.7 cells, zebrash, and blood samples of mice.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental part
2.1 Apparatus and reagents

2.1.1 Apparatus. LCQ Fleet mass spectrometer (MS,
Thermo Fisher Scientic, USA), DPX-400 nuclear magnetic
resonance (DMSO-d6 as solvent, TMS as an internal standard,
Bruker, Germany), G9800A uorescence spectrophotometer
(Agil, USA), UV-2700 ultraviolet-visible spectrophotometer (UV-
Vis, Shimadzu, Japan), WIGGENSWCI-1802 constant tempera-
ture incubator (Beijing Sandeyi Experimental Instrument
Research Institute, China), FV1200 laser confocal microscope
(Olympus, Japan).

2.1.2 Reagents. Dichloromethane, ethanol, anhydrous
sodium sulfate (Na2SO4), sodium chloride (NaCl), petroleum
ether, and ethyl acet were all purchased from the National
Pharmaceutical Group Chemical Reagent Co., Ltd (China), 4-
bromo-1,8-naphthalic anhydride (CAS: 81-86-7), glycine ethyl
ester hydrochloride (CAS: 623-33-6), N-hydroxyphthalimide
(CAS: 524-38-9), 2,4-dinitrouorobene (CAS: 70-34-8), hexa-
methylenetetramine (CAS: 100-97-0), triuoroacetic acid, and
anhydrous potassium carbonate were all purchased from J&K
Scientic. Experimental water was deionized water. Raw264.7
cells (Chongqing Medical University). The all reagents used do
not need to be puried and can be used directly.
2.2 Synthesis of NAHCP

2.2.1 Synthesis of compound 1. Compound 1 was synthe-
sized according to the method reported in the literature with
slight modication.29 In N2 protection, 4-bromo-1,8-
naphthalic anhydride (10 mmol, 2.77 g), glycine ethyl ester
hydrochloride (10 mmol, 1.04 g), and triethylamine (5 mL)
were in a reactor with anhydrous ethanol (30 mL), heated at
40 °C for 4 h, and then the reaction system has cooled to room
temperature (RT), the solid was ltered and dried, obtaining
a white solid 1 (2.90 g, 80.1%), and the resulting solid does not
need to be puried, and can be used directly for the next step
of synthesis.

2.2.2 Synthesis of compound 2. 2 was carried out based on
of the method reported in the literature.30 Compound 1
(5 mmol, 1.81 g), N-hydroxyphthalimide (10 mmol, 1.63 g), and
K2CO3 (15 mmol, 2.07 g) were dissolved in a reactor with N,N-
dimetylformamide (30 mL, DMF) under N2 protection. The
reaction system was heated at 110 °C for 120 min, and then
added into ice-water aer the reaction system had cooled to
RT. At this time, a large amount of solid was generated. Aer
standing for 60 min, a yellow solid 2 was obtained by ltering
and dried (1.10 g, 74.8% yield). 1H NMR (400 MHz, DMSO-d6),d
(ppm): 10.04 (s, 1H), 8.58 (d, J = 8.00 Hz, 1H), 8.50 (d, J =
8.00 Hz, 1H), 8.38 (d, J = 8.00 Hz, 1H), 7.79 (t, J = 8.00 Hz, 1H),
7.19 (d, J= 8.00 Hz, 1H), 4.78 (s, 2H), 4.16 (dd, J= 8.00 Hz, 2H),
1.21 (t, J = 8.00 Hz, 3H); 13C NMR (100 MHz, DMSO-d6),d
(ppm): 168.67, 163.87, 163.08, 161.28, 134.55, 123.06, 129.99,
129.78, 126.26, 122.96, 121.66, 112.36, 110.64, 61.49, 55.44,
14.51.

2.2.3 Synthesis of compound 3. Compound 3 was synthe-
sized according to the method reported in the literature with
© 2025 The Author(s). Published by the Royal Society of Chemistry
slight modication.31 Compound 2 (2.5 mmol, 0.75 g) and
hexamethylenetetramine (2.5 mmol, 0.35 g) were dissolved in
a reactor with triuoroacetic acid (30 mL) under N2 protection,
heated at 80 °C for 4 h, and then the triuoroacetic acid was
evaporated by rotary evaporation. Finally, a yielding yellow solid
3 (0.62 mg, 75.2% yield) was puried by ash column chro-
matography with dichlorometh: methanol= 20 : 1 as the eluent.
1H NMR (DMSO-d6, 400 MHz),d (ppm): 12.18 (s, 1H), 10.30 (s,
1H), 8.80 (s, 1H), 8.30 (d, J = 24.00 Hz, 2H), 7.35 (s, 1H), 4.81 (s,
2H), 3.50 (dd, J= 8.00 Hz, 2H), 1.11 (t, J= 4.00 Hz, 3H); 13C NMR
(DMSO-d6, 100 MHz) d (ppm): 174.66, 169.11, 164.35, 162.81,
136.65, 132.13, 131.97, 131.40, 127.10, 122.80, 121.07, 115.36,
101.93, 61.25, 54.93, 14.54.

2.2.4 Synthesis of NAHCP. NAHCP was synthesized
according to the method reported in the literature with slight
modication.32 0.50 g compound 3 (1.53 mmol), 0.285 g 2,4-
dinitrouorobenzene (1.53 mmol), and 2 mL triethylamine
were dissolved in a reactor (50 mL) with dichloromethane
(DCM) under N2 protection. The mixture was allowed to
proceed at room temperature for 3 h, and aer removal of DCM,
the crude product was puried by quick column chromatog-
raphy with DCM as the eluent to obtain a yellow solid (0.642mg,
85.2% yield). 1H NMR (400 MHz, DMSO-d6), d (ppm): 9.49
(s, 1H), 8.85 (d, J = 4.00 Hz, 1H), 8.78 (d, J = 8.00 Hz, 1H),
8.47 (d, J = 8.00 Hz, 2H), 8.21 (dd, J = 4.00 Hz, 1H), 7.83
(t, J = 8.00 Hz, 1H), 7.16 (d, J = 8.00 Hz, 1H), 4.75 (s, 2H), 4.13
(dd, J = 8.00 Hz, 2H), 1.19 (t, J = 8.00 Hz, 3H); 13C NMR
(100 MHz, DMSO-d6), d (ppm): 168.58, 163.69, 162.97, 158.54,
148.34, 135.69, 133.40, 131.81, 130.61, 130.05, 129.08, 126.57,
124.08, 123.57, 121.76, 120.83, 115.69, 112.85, 61.51, 55.37,
14.48. HRMS characterization of NAHCP ([C23H15N3O10]),
calculated: 493.0757; found: 493.0758.
2.3 Spectral test

2.3.1 Optical physical property test. Take an appropriate
amount of NAHCP to dissolve in DMSO to obtain a pure NAHCP
DMSO stock solution of 10 mM. The above solution was diluted
to 10 mM with 10 mM PBS, and scanned under UV-Vis and
uorescence spectrophotometry to determine the absorption
spectrum, uorescence emission spectrum, and to determine
the maximum absorption wavelength, uorescence emission
wavelength, and other optical physical property parameters.
H2S was generated by the hydrolysis of Na2S dissolved in water,
and was prepared on the spot. Weigh the correspondingmass of
each potential competitive substance, and dissolve dilute it with
PBS solution (Blank, Na2S, K

+, Ca2+, Mg2+, Hg2+, Zn2+, Cu2+, Fe3+,
Cr3+, SCN−, NO3

−, SO4
2−, SO3

2−,CO3
2−, ClO−, Ac−, H2PO4

−,
H2O2, Cys, and GSH). The concentration of NAHCP used was 10
mmol L−1. The kinetic measurement of NAHCP reaction: 100 mM
Na2S was taken and added to NAHCP of DMSO solution (10 mM),
respectively, and stirred, and its uorescence intensity was
measured at 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170, 180, 190, and 200 s, respectively.
Titration experiment of NAHCP: H2S (0–100 mM) solution was
gradually added to 10 mM NAHCP (pH = 7.4), and the uores-
cence intensity at 533 nm was measured. The lex was set at
RSC Adv., 2025, 15, 25863–25871 | 25865
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420 nm, and the lem was xed on 533 nm, and the lex and lem slits
were 5 nm, respectively. All testing was repeated 3 times (n = 3).
2.4 Cell uorescence imaging experiment

Raw264.7 cells were placed in a culture medium containing fetal
bovine serumand incubated at 37 °C and 5%CO2. For cell imaging,
log-phase Raw264.7 cells were seeded into confocal-specic culture
dishes and cultured overnight in a constant temperature incubator
to allow them to adhere to the wall. In the cytotoxicity experiment,
aer cell adherence, NAHCP stock solutionwas diluted with culture
medium, and cells were cultured with different concentrations of
NAHCP (0–30 mM) for 2 days, and the Raw264.7 cell survival was
monitored by the MTT colorimetry. In the Raw 264.7 cell imaging
experiment, the nal concentration of NAHCP in the confocal
culture dish was 10 mM, and the Raw264.7 cells were cultured for
30 min, washed with PBS three times, and images were taken
without the addition of H2S, images with the addition H2S were
taken to monitor the changes in uorescence intensity in the living
cells. In addition, for endogenous H2S, the living Raw264.7 cells
were stimulated by LPS (1 mgmL−1) for 2 h, NAHCPwas added, and
then imaged and analyzed. lex= 420 nm, lem=(500–550) nm, scale
bar 10 mm. All testing was repeated 3 times (n = 3).
Fig. 2 Spectral response properties of NAHCP for H2S. (a) UV-visible abso
mM H2S; (b) the fluorescence response spectrum of the 10 mM NAHCP to
intensity of I533 change vs. different concentrations of H2S (0–100) mM; (d
10 mMH2S; (e and f) the bright-field imaging of 10 mMNAHCP in the absen
in picture (a); (g and h) the 365 nm UV-lamp radiated fluorescent imagi
respectively, the embedding graph in picture (b). All detection systems i

25866 | RSC Adv., 2025, 15, 25863–25871
2.5 Zebrash uorescent imaging experiment

Healthy zebrash (48 h-old) were transferred to PBS and sepa-
rated into three groups. Group 1 was the control group, which was
exposed directly to a solution of PBS containing 10 mM NAHCP,
and uorescence imaging was performed aer 30 min. Group 2
was cultured with H2S solution (100 mM) for 0.5 h, next, the
NAHCP was added and cultured for another 0.5 h, nally, the
uorescence images were performed aer PBS washes 3×. Group
3 was induced with LPS (1 mg mL−1) for 2 h, next, the NAHCP was
added and cultured for another 0.5 h, nally, the uorescence
images were performed. lex = 420 nm, lem=(500–550) nm, scale
bar 10 mm. All testing was repeated 3 times (n = 3).
2.6 Detection of H2S in blood samples

Take LPS-induced Kunming mice (6–9 weeks), and obtain blood
samples through the mouse eye. Aer simple centrifugation of
the blood the serum was diluted with PBS, and then added with
H2S solution (100 mM) or without H2S solution (0 mM), and the
samples were diluted to 5 mL with PBS to obtain the test
samples, and measure the uorescence intensity of the solution
with a uorometer. The lex = 420 nm, lem = 533 nm, and the
rption spectra of 10 mMNAHCP, 10 mM dye 3, and 10 mMNAHCP + 100
ward different concentrations of H2S (0–100) mM; (c) the fluorescence
) the I533 of the 10 mMNAHCP responded linearly to the range from 0 to
ce and the presence of 100 mMH2S, respectively, the embedding graph
ng of 10 mM NAHCP in the absence and the presence of 100 mM H2S,
n 10 mM PBS buffer (5% DMSO, v/v, pH 7.4) at 37 °C, n = 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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excitation and emission slits were xed on 5 nm, respectively.
All testing was repeated 3 times (n = 3).
3 Results and discussion
3.1 Design and synthesis of the NAHCP

Because the uorophore naphthylimine has some excellent
optical properties, and some H2S uorescent probes have been
constructed based it.33,34 In this work, NAHCP was designed to
use the uorophore naphthylimine 3, which comprises an
ortho-aldehyde group (o-CHO) and a hydroxyl group (–OH), so
that we can use the reported method in the literature with the
Duff reaction to synthesize the o-CHO group.31 By using the
common response group precursor compound 1-uoro-2,4-
dinitrobenzene, the –OH can be simply protected to prepare
NAHCP as shown in Fig. 1, which was prepared from the most
initial raw 4-bromo-1,8-naphthalic anhydride through four-step
reactions. The synthesis details can be found in Fig. 1, and the
Fig. 3 The response performance studies of NAHCP toward H2S. (a) The
response performance of various potential interferences on the silica gel p
respectively. (e and f) The fluorescence ratio changes (I533/I0) of NAHCP
(100 mM), lex = 420 nm, lem = 533 nm, and the excitation and emission

© 2025 The Author(s). Published by the Royal Society of Chemistry
NAHCP synthesized was characterized by NMR spectrometry
(see ESI†), and the response mechanism was veried by mass
spectra analysis (Fig. S2†).

3.2 Spectral properties of NAHCP

To investigate the optical characteristics and sensing capability
of NAHCP, its UV-Vis absorption and uorescence spectra were
tested. The UV-Vis spectra of compound 3 and NAHCP were
shown in Fig. 2a. Compound 3 has two signicant absorption
peaks at 350 nm and 420 nm, while NAHCP has only one
maximum absorption peak at 350 nm, which is consistent with
the position of the absorption peak of the compound 3 at the
short wavelength, and NAHCP reacts with H2S, two absorption
peaks are generated simultaneously, which are consistent with
the position of the absorption peak of compound 3, and the
color of the solutions changes from orange to yellow (Fig. 2e and
f). Subsequently, the uorescence reaction of NAHCP with H2S
was investigated. As shown in Fig. 2b, when the excitation
selectivity test; (b) the competitive experiment; (c and d) NAHCP for the
late, bright-field image and 365 nmUV-irradiated fluorescence image,
(10 mM) over time and pH in the absence (0 mM) or presence of H2S
slits were 5 nm, respectively, n = 3.

RSC Adv., 2025, 15, 25863–25871 | 25867
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wavelength is 420 nm, NAHCP has a signicant emission band
at 533 nm, and with the continuous increase of H2S concen-
tration (0–100 mM), the uorescence intensity of NAHCP at
533 nm gradually increases. In addition, the uorescence
intensity ratio (I533/I0) is enhanced by ∼100-fold, and the solu-
tion of the uorescence color changes from colorless to bright
green (Fig. 2g and h). In the range of H2S concentration (0–10
mM), the uorescence intensity I533 of NAHCP exhibited an
outstanding linear relationship with the concentration of H2S
(Fig. 2d), R2 = 0.995, and its detection limit is as low as 25.6 nM.
As shown in Fig. 3b, when H2S (100 mM) is added to 10 mM
NAHCP (10 mM PBS solution, pH = 7.4, 37 °C), the response
toward H2S reaches the kinetic equilibrium within ∼120 s, and
all the above results showed that NAHCP can rapidly and
effectively detect H2S. Based on these spectroscopic data,
NAHCP has the potential to achieve rapid, efficient, and highly
sensitive detection of H2S.
3.3 Response of NAHCP to H2S and its anti-interference
ability test

Selectivity is a key parameter to test the application ability of
a sensor in complex environments. First, its specicity towards
H2S was veried by measuring NAHCP's response to biological
thiols, related anions, cations, and other biological relevant
analytes including Blanck, Na2S, K

+, Ca2+, Mg2+, Hg2+, Zn2+,
Cu2+, Fe3+, Cr3+, SCN−, NO3

−, SO4
2−, SO3

2−, CO3
2−, ClO−, Ac−,

H2PO4
−, H2O2, Cys, and GSH. As shown in Fig. 3a, in the

selectivity experiment, H2S (100 mM) was added, the uores-
cence intensity of NAHCP was signicantly enhanced, whereas
when the concentration of other relevant analytes was added,
the uorescence intensity of NAHCP remained almost
unchanged, which indicated that NAHCP had good selectivity
and sensitivity for H2S compared to general interferents, and
there was no signicant enhancement of uorescence intensity
Fig. 4 (a) Laser confocal imaging of NAHCP (10 mM) in living Raw264.7 c
for 30 min as the control group; middle row: the Raw264.7 cells were in
30 min; bottom row: the Raw264.7 cells were incubated with LPS (1.0
quantitative analysis of the average fluorescence in the top row, middle r
mm, n = 3.
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for the interference with the thiol group. At the same time, in
order to ensure that NAHCP can detect H2S without interference
in a complex system, a competitive test was carried out (Fig. 3b).
The results showed that NAHCP can detect H2S in complex
conditions without interference, and has good response
performance. In addition, to further conrm the specicity of
NAHCP, rstly, the silica gel plate was soaked in 10 mM NAHCP
solution and dried, subsequently, the analytes were dropped on
the silica gel plate, and nally, take photos through the camera
under brighteld and uorescence eld, the pictures were cut
and assembled into the picture of Fig. 3c and d. It could be seen
from the test results that only H2S could cause color change
(Bright-elds imaging, Fig. 3c) and uorescence change
(365 nm UV-activated uorescence imaging, Fig. 3d). Finally,
since all the above experiments were conducted for the detec-
tion of H2S in living organisms in order to adapt to the normal
pH value of living organisms, which is pH = 7.4, further
research on the optimal detection pH was conducted (Fig. 3f).
The experimental results showed that NAHCP responds to H2S
with a relatively wide pH range. The uorescence ratio intensity
(I533/I0) rapidly increased from pH = 1.0 to pH = 6.0, remained
unchanged from pH = 6.0 to pH = 9.0, and rapidly decreased
from pH = 9.0 to pH = 14.0. Therefore, all subsequent experi-
ments were performed with a pH value of 7.4.
3.4 Cell imaging of NAHCP

Before uorescence imaging, it is very necessary to investigate
whether NAHCP has good biocompatibility and low toxicity.
Therefore, Raw264.7 cells were cultured to evaluate the cyto-
toxicity of NAHCP to cells at different concentrations by the
MTTmethod. The results are shown in Fig. S1,† the survival rate
was above 85% even if the cells were incubated with a high
concentration of 30 mM for 24 h. From this, it can be seen that
NAHCP has low cytotoxicity, excellent biocompatibility, and can
ells. Top row: the Raw264.7 cells were incubated with NAHCP (10 mM)
cubated with NAHCP (10 mM) for 30 min and then with H2S 50 mM for
mg mL−1) for 2 h and then with NAHCP (10 mM) for 30 min. (b) The
ow, and bottom row. lex = 420 nm, lem = (520–550) nm, scale bar:10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be used for cell imaging. Next, it is veried whether NAHCP can
be used to detect changes in H2S in living cells. The rst group
was imaged and analyzed aer incubating with living cells for
30 min, and the cells only had a weak uorescence signal in the
yellow channel (Fig. 4: top row). In the second group, 100 mM
H2S was added to the culture medium that had been incubated
with NAHCP for 30 min, and then imaged and analyzed aer
30 min, and the cells emitted a bright yellow uorescence signal
in the yellow channel, indicating that Na2S, as an explosive H2S
donor can quickly enter the cells and rapidly release H2S, and
further react with NAHCP to generate a dye 3 with strong uo-
rescence (Fig. 4: middle row). Finally, for the endogenous H2S
detected, we used LPS to stimulate the cells for 2 h, and then
added NAHCP for imaging research, and found that the uo-
rescence intensity in the cells was stronger than in the blank
control top row, indicating that NAHCP can detect endogenous
H2S in living cells (Fig. 4: bottom row). In addition, the quan-
titative analysis of the average uorescence in the middle row
and bottom row increases ∼12-fold and ∼6-fold. Therefore, the
above excellent experimental results show that NAHCP can
monitor H2S in biological systems.
Fig. 5 (a) Fluorescence inverted microscope imaging of NAHCP (10 mM
mM) for 30 min as the control group; middle row: zebrafish was incubate
bottom row: zebrafish was incubated with LPS (1.0 mg mL−1) for 2 h and t
average fluorescence in the top row, middle row, and bottom row. lex =

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5 Imaging study of H2S in zebrash

Based on the above good experimental results, the ability of
NAHCP for H2S detection and imaging in zebrash was inves-
tigated. As shown in Fig. 5a, in the control group (top row), aer
incubation of living zebrash with 10 mM NAHCP solution at
37 °C for 30 min, there was a weak yellow uorescence in the
yellow channel. Next, in the experimental group (middle row),
the zebrash were rst incubated with NAHCP (10 mM) at 37 °C
for 30 min, and then incubated with 100 mM H2S solution for
30 min, and then washed with PBS for imaging. It can be
observed that in the yellow channel, there was a signicant
enhancement of the uorescence signal. At last, also imaged
with LPS to stimulate the zebrash for 2 h, and then incubated
with NAHCP for 30 min, the results showed that the uores-
cence in the yellow channel was stronger than that in the
control group, and weaker than that in the group with H2S
added (bottom row), and the corresponding normalized uo-
rescence intensity also veried this experimental (Fig. 5b). The
above excellent experimental results show that NAHCP can
image and monitor H2S in complex biological systems.
) in living zebrafish. Top row: zebrafish was incubated with NAHCP (10
d with NAHCP (10 mM) for 30 min and then with H2S 50 mM for 30 min;
hen with NAHCP (10 mM) for 30 min. (b) The quantitative analysis of the
420 nm, lem = (520–550) nm, scale bar: 10 mm, n = 3.
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Fig. 6 NAHCP (10 mM) was applied for H2S detection in blood samples (pH = 7.4, 10 mM PBS). (a) Preparation of blood samples: (1) and (2)
samples were diluted with 10 mM PBS (pH = 7.4) solution, and then added and without added 100 mM H2S, respectively. (b) Determine H2S in
blood samples with a fluorescence spectrophotometer, lex = 420 nm, lem = 533, the lex and lem of slits were both fixed on 5 nm, n = 3.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

10
:5

6:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.6 Detection of H2S in blood samples by NAHCP

To further investigate the feasibility and practical application
ability of NAHCP for H2S detection in complex real samples, we
detected the content of H2S in mouse blood. Blood samples
were obtained from the eyes of mice (Fig. 6). Aer simple
centrifugation of the blood the serum was diluted with PBS, and
then was diluted with 10 mM PBS (pH = 7.4), and then added
with 100 mM H2S solution or without H2S solution, the samples
were diluted to 5 mL with PBS to obtain the sample to be tested,
and nally, the uorescence intensity of the solution was
measured with a uorescence spectrophotometer. The experi-
mental results showed that the uorescence intensity of the
blood with H2S was higher than that without H2S; the uores-
cence intensities were enhanced ∼17-fold and ∼100-fold,
respectively. Therefore, NAHCP can be applied to detect H2S in
complex samples and provides an effective molecular tool for
rapid evaluation of the occurrence and development of diseases
related to H2S.

4 Conclusion

Based on the naphthylimide and 2,4-dinitrophenyl ether (rec
group), a robust uorescence “turn-on”NAHCP was constructed
and applied to the specic detection and imaging analysis of
H2S. The o-aldehyde group and 2,4-dinitrophenyl ether group
will react with H2S selectively by thiolation reaction, which leads
to the yellow uorescence “turn-on”, thus realizing the detec-
tion of H2S. NAHCP has the advantages of high selectivity, high
stability, fast response time (∼2 min), and a low limit of
detection 25.6 nM). Moreover, NAHCP still has superior recog-
nition ability for H2S in the presence of other biological thiols,
cations, and anions, and can accurately detect H2S. More
importantly, NAHCP has been successfully applied in the
detection and imaging research of H2S in LPS-induced inam-
matory biosystems. These suggest that NAHCP has the potential
to become a detection and imaging analysis tool for effectively
monitoring H2S in complex biosystems. At the same time, it also
25870 | RSC Adv., 2025, 15, 25863–25871
provides a powerful chemical tool for a deeper and compre-
hensive understanding of the physiological functions of H2S
and inammation, a gas signaling molecule.
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