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A B S T R A C T   

Thionitrous acid (HSNO), a crosstalk intermediate of two crucial gasotransmitters nitric oxide and hydrogen 
sulfide, plays a critical role in redox regulation of cellular signaling and functions. However, real-time and facile 
detection of HSNO with high selectivity and sensitivity remains highly challenging. Herein we report a novel 
fluorescent probe (SNP-1) for HSNO detection. SNP-1 has a simple molecular structure, but showing strong 
fluorescence, a low detection limit, a broad linear detection range (from nanomolar to micromolar concentra-
tions), ultrasensitivity, and high selectivity for HSNO in both aqueous media and cells. Benefiting from these 
unique features, SNP-1 could effectively visualize changes of HSNO levels in mouse models of acute ulcerative 
colitis and renal ischemia/reperfusion injury. Moreover, the good correlation between colonic HSNO levels and 
disease activity index demonstrated that HSNO is a promising new diagnostic agent for acute ulcerative colitis. 
Therefore, SNP-1 can serve as a useful fluorescent probe for precision detection of HSNO in various biological 
systems, thereby facilitating mechanistic studies, therapeutic assessment, and high-content drug screening for 
corresponding diseases.   

1. Introduction 

NO and H2S gases are endogenously generated by certain enzymes, 
and they affect a wide range of physiological and pathological processes 
[1–4]. Their biological effects can be the same and/or partially inter-
dependent. As a result, various biochemical reactions may occur, which 
can negate, weaken, or enhance each other [5–7]. Previous studies 
indicated that the functions of NO and H2S inside our bodies are closely 
interlinked [8–10]. Therefore, there is increasing interest in exploring 
the interactions of H2S and NO in living organisms, to further under-
stand the mechanisms underlying various physiological and patho-
physiological reactions and processes using effective molecular tools 
[11,12]. It has been demonstrated that the NO/H2S cross-linking re-
actions can produce various reactive nitrogen species (RNS), such as 
nitroxyl (HNO), thionitrous acid (HSNO), nitroso-persulfide (SSNO− ), 

and S-nitroso-thiols (RSNO) [13,14]. Among them, thionitrous acid 
(HSNO), the smallest RSNO, has attracted much attention, since it can be 
used as a NO–H2S signaling molecule [15–17]. HSNO is the initially 
formed product by NO/H2S crosstalk reactions. Moreover, HSNO can 
diffuse through cellular membranes quickly, due to its small size, 
therefore it easily reach intracellular targets [16,18]. Consequently, 
HSNO can be regarded as a preferred RNS to study the crosstalk between 
H2S and NO. However, HSNO, formed as a mixture of rapidly inter-
converting isomers, possesses a high chemical reactivity due to either 
homolytic or heterolytic bond cleavage [18,19]. Because of its insta-
bility, it is highly challenging to develop effective methods for selective 
and sensitive detection of HSNO [20,21]. 

To date, different spectroscopic methods, such as UV–visible, Fourier 
transform infrared, 15N NMR, and electrospray ionization time-of-flight 
mass spectrometry, have been employed for HSNO detection in the 
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physiological environment [15]. However, these methods cannot be 
used for real-time detection and cellular imaging. In this regard, fluo-
rescence techniques offer distinct advantages including high sensitivity, 
convenience, and high spatiotemporal resolution, in combination with 
microscopy. Analysis of some HSNO-relevant reactions revealed that 
HSNO has sulfane sulfur character and performs trans-nitrosation, 
similar to other RSNO compounds [22]. This preliminary information on 
the dual reactivity of HSNO enabled the development of a fluorescent 
probe (TAP-1) for HSNO detection [23]. TAP-1 is very sensitive and 
specific to the presence of HSNO, and it demonstrated effectiveness for 
visualizing cellular HSNO formation in HEK293 cells. However, the 
synthesis of TAP-1 is a complex and multi-steps procedure, involving 
multifarious and high cost starting materials. More importantly, the 
imaging capability of this probe remains to be examined in relevant 
disease models. To address the above issues, we aim to design a new 
fluorescence probe with a succinct structure for real-time and precision 
detection of HSNO in biological systems. HSNO possesses a high reac-
tivity and it can “immediately” decompose into NO• and HS• (Fig. 1A) 
[15,18,24]. Consequently, NO•, as a part of the HSNO molecule can 
interact with o-phenylenediamine of SNP-1 to yield a N-nitroso adduct 
(benzotriazole). Meanwhile, H2S molecules are produced by the nucle-
ophilic substitution reaction, which then reduce the azide group of the 
probe to an amine (Fig. 1A). Otherwise, SH radicals generated from 
HSNO homolysis can be transformed into a strong reducing compound 
H2S2, followed by rapid decomposition into H2S which also can reduce 
the azide group of SNP-1 [18,25]. Such dual nucleophilic and reducibile 
characteristics are unique to HSNO. NO, while H2S alone or other RSNO 
do not exhibit such duality. Therefore, the development of fluorescent 
probes based on the dual reactivity of HSNO is highly reasonable and 
feasible. Herein we developed a novel fluorescent probe (SNP-1) for 
HSNO detection (Fig. 1B). The SNP-1 fluorescence can be completely 
quenched by the activation of photo-induced electron transfer (PET) to 
o-phenylenediamine and the blockage of internal charge transfer (ICT) 
from the azide group [26,27]. As a result, SNP-1 exhibits very low 
background fluorescence. In the presence of HSNO, the electron with-
drawn azide group will be quickly transferred to the electron-donating 
amine, which removes ICT blocking for the probe. Simultaneously, 
o-phenylenediamine of SNP-1 will be transformed to a benzotriazole 
derivative, thereby eliminating the fluorescence quenching effect of 
PET. The resulting product (SNP-G) exhibits strong fluorescence. In 
contrast to HSNO, H2S or NO only reacts with either o-phenylenedi-
amine or azide groups, and the resulting products SNP-HS and SNP-NO 
do not show any significant fluorescence, because the state of the only 

one (out of two electrons) is changed during the electron transfer. Also, 
we speculate that our new probe can be turned on if H2S and NO coexist, 
which still leads to the HSNO formation. In this aspect, our probe SNP-1 
is a very specific molecular sensor to probe HSNO under both physio-
logical and pathological microenvironments. 

2. Experimental section 

2.1. Materials and instruments 

4-Bromo-1,8-naphthalic anhydride, 4-nitrobenzene-1,3-diamine, 
stannous chloride (SnCl2), sodium azide (NaN3), S-nitrosoglutathione 
(GSNO), sodium sulfide nonahydrate (Na2S⋅9H2O), DL-propargylglycine 
(PAG), aminoguanidine hydrochloride (AG), 5-aminosalicylic acid (5- 
ASA), D-cystine (D-cys), and cell counting kit-8 were purchased from 
Sigma-Aldrich (St. Louis, U.S.A.). All solvents were reagent grade. 
Dextran sulfate sodium (DSS, 35,000 Da) was purchased from MP 
Biomedical (U.S.A.). Minimum Essential Medium (MEM) was provided 
by Gibco (Waltham, U.S.A.). Trypsin, penicillin, streptomycin, and fetal 
bovine serum (FBS) were purchased from HyClone (Waltham, U.S.A.). 
Reactions were magnetically stirred and monitored by TLC using Merck 
Kieselgel 60 F254 plates and visualized under UV light at 254 nm. Col-
umn chromatography was performed with silica gel (60–120 mesh size). 
1H NMR spectra were obtained on an Agilent 400 MR spectrometer at 
ambient temperature and reported in ppm downfield from TMS (0 ppm). 
13C NMR spectra was obtained with proton decoupling on an Agilent 
400 MR DD2 (100 MHz) or 600 MR DD2 spectrometer and reported in 
ppm relative to DMSO. NMR data were processed by software Mest Re- 
Nova (Ver. 9.0.0.12821, Mestrelab Research S.L.). High resolution mass 
spectra were obtained on a Bruker SolariX 7.0 T spectrometer. Confocal 
micrographs were obtained on a confocal laser scanning microscope 
(Olympus SpinSR). Fluorescent images of tissues were obtained on an 
automatic digital slide scanning system (Olympus SlideView VS200). 

2.2. Design and synthesis of new fluorescent probe SNP-1 

Briefly, the designed fluorescent probe SNP-1 was synthesized by the 
following steps (Fig. 2A and Figs. S1–S9). First, compound 1 (4-bromo- 
1,8-naphthalic anhydride, commercial material) was coupled with 4- 
nitrobenzene-1,3-diamine to form compound 2 [28]. The nitro group 
of compound 2 was reduced by stannous chloride dehydrate to yield 
compound 3. The bromine of compound 3 was substituted by the azide 
group, forming SNP-1. Thus, SNP-1 could be synthesized by a 

Fig. 1. (A) Design of a HSNO-responsive fluorescent probe SNP-1. (B) Mechanisms underlying the formation of a potent fluorescence compound SNP-G.  
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straightforward method involving only three steps, all with high yields, 
and low cost initial materials. 

2.3. Fluorescence measurements 

The solutions of various testing species were prepared from gluta-
thione (GSH), cysteine (Cys), Na2S, GSNO, NaNO2, Na2S2, pyrrolidine- 
NONOate in PBS buffer. The stock solution of Na2S2 was prepared in 
Deionized water. Peroxynitrite (ONOO− ) generation: A mixture of 
NaNO2 (0.6 M) and H2O2 (0.7 M) was acidified with HCl (0.6 M) and 
KOH (1.5 M) was added immediately to make the solution alkaline. 
Manganese dioxide (MnO2) was added and the resulting mixture was 
stirred vigorously at r. t. for 20 min to remove excess H2O2. The con-
centration of ONOO− was determined using the absorption at 302 nm. 
The stock solution of tert-butyl nitrite (t-BuONO) was prepared in 
ethanol. The stock solution of Angeli’s salt were prepared in degassed 

10 mM NaOH solution containing 50 μM diethylenetriaminepentaacetic 
acid (DTPA). The stock solution of HSNO (300 μM) was freshly prepared 
by mixing 1 mM GSNO and 300 μM Na2S in 50 mM PBS [23]. The stock 
solution of SNP-1 was prepared in DMSO. All of the test solutions need to 
be freshly prepared. In a test tube, PBS buffer and the stock solution of 
cetyltrimethylammonium bromide (CTAB) were mixed, followed by 
addition of a requisite volume of testing species sample solution. And 
then added the stock solution of SNP-1. To test the stability of SNP-G, 
fluorescence spectra of SNP-G (5 μM) in different buffers (pH 5 to 9), 
at different temperatures (10–60 ◦C), and with different incubation 
times (5 min–24 h) were detected. Furthermore, the effects of different 
compounds, including Na2S (100 μM), GSNO (350 μM), AG (100 μM), 
and PAG (1 mM), on the fluorescence stability of SNP-G were also 
examined. The resulting mixture in every test tube was well shaken 
before scanning the fluorescence spectra of the sample. In the meantime, 
a blank solution containing no testing species sample was prepared and 

Fig. 2. (A) A synthesis route for SNP-1. a, 2-methox-
yethanol, 2-Nitrobenzene-1,4-diamine, reflux, 24 h b, 
SnCl2, MeOH, room temperature, 0.5 h c, NaN3, DMF, 
60 ◦C, 6 h. (B) Time-dependent fluorescence spectra 
of 5 μM SNP-1 in the presence of 100 μM HSNO. λex 
= 410 nm. The inset digital photo shows the fluo-
rescence change of SNP-1 before and after the addi-
tion of HSNO (UV at 365 nm). (C) Fluorescence 
intensities of 5 μM SNP-1 at 540 nm in the presence of 
water alone, 1 mM GSH, 1 mM Cys, 1 μM GSNO, 1 
mM ONOO− , 1 mM t-BuONO, 1 mM NaNO2, 1 mM 
Angeli’s salt, 1 mM Na2S, 1 mM Na2S2, 1 mM 
pyrrolidine-NONOate, and 25 μM HSNO. (D–E) HSNO 
concentration-dependent fluorescence spectra of 10 
μM SNP-1 in PBS at pH 7.4 (D) and quantified fluo-
rescence intensities at 540 nm (E). All spectra were 
acquired after 10 min of incubation. The inset image 
in (E) indicates the linear correlation of fluorescence 
intensities with theoretical HSNO concentrations 
varying from 0.5 to 10 μM. (F) HPLC curves of SNP-1 
(a), 5 μM SNP-1 reacted with 100 μM HSNO (b), and 
SNP-G (c). The reaction was performed at room 
temperature for 10 min in 10 mM PBS at pH 7.4 and 
containing 5% DMSO.   
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measured under the same conditions for comparison. 

2.4. High performance liquid chromatography (HPLC) measurement 

HPLC was carried out using the Varian 210 HPLC system. A C18 
column (Hedera⋅ODS-2, 5 μm, 250 mm × 4.6 mm) was used with a 
mixture of acetonitrile and 25 mM of ammonium acetate buffer (8:2, v/ 
v, 1 mL/min, 254 nm) as the mobile phase. The reaction solution of SNP- 
1 (5 μM) and HSNO (100 μM) in PBS (10 mM, pH 7.4) was measured as 
the sample. 

2.5. Cell culture 

The human hepatocellular carcinoma (HepG2) cell line (ATCC HB- 
8065) were cultured in MEM supplemented with 10% (v/v) FBS, 100 
U/mL of penicillin, and 100 mg/mL of streptomycin at 37 ◦C in a hu-
midified incubator with 95% air and 5% CO2. 

2.6. In vitro cytotoxicity evaluation by CCK-8 assay 

Cytotoxicity of SNP-1 was measured with CCK-8 assay. After seeding 
of HepG2 cells in 96-well plates, cells were allowed to grow 24 h. Then 
the medium was replaced with fresh medium and SNP-1 (0–60 μM) 
solutions were added. After 24 h of incubation, cells were washed three 
times with PBS to remove the excess probe. Culture medium containing 
10% CCK-8 (100 μL, v/v) was added into each well. After incubation for 
2 h at 37 ◦C, the plate was taken out from the incubator and put in a plate 
reader to measure the absorbance of the samples at 450 nm. The cell 
viability was calculated by comparing the absorbance of the control. 

2.7. In vitro fluorescence imaging in HepG2 cells 

HepG2 cells were cultured according to the procedures of 2.6 and 
seeded in 24-well plates. In these experiments, PAG was a H2S biosyn-
thesis inhibitor and AG was an inducible nitric oxide-synthase blocker. 
After 70% confluence, cells were treated with SNP-1 or SNP-1 + PAG/ 
AG in FBS-free MEM at 37 ◦C for 60 min. After removing the excess 
probe and washing cells with PBS, cells were treated with 100 μM HSNO 
(in situ generated from GSNO and Na2S), different concentrations of 
GSNO (40, 350, 400, and 800 μM) and Na2S (15, 100, 150, and 300 μM) 
solutions in FBS-free MEM containing 50 μM CTAB for 30 min at 37 ◦C 
correspondingly, and the control groups were treated with FBS-free 
MEM containing 50 μM CTAB. Cells were then washed with PBS and 
fixed with 4% paraformaldehyde for 10 min at room temperature, fol-
lowed by fluorescence imaging under a confocal laser scanning micro-
scope (CLSM). Blue channel of 4’,6-diamidino-2-phenylindole (DAPI), 
was recorded at 410–470 nm with excitation at 360 nm. Green channel 
of SNP-1 was recorded at 510–570 nm with excitation at 490 nm. 

In a separate study, the effects of NO/H2S sequential treatment on 
SNP-1 fluorescence in HepG2 cells were examined. To this end, cells 
were firstly incubated with SNP-1 (50 μM) plus PAG (1 mM) for 60 min, 
and fluorescence images were recorded. Then cells were treated with 
175 μM GSNO for 30 min to acquire fluorescence images. After 60 min of 
incubation with FBS-free MEM to allow complete GSNO metabolism, 
cells were treated with 50 μM Na2S for 30 min, followed by fluorescence 
microscopy observation. According to similar procedures, cellular 
fluorescence signals were detected after sequential treatment with H2S 
and NO. As a positive control, fluorescence images were recorded after 
cells were treated with 175 μM GSNO and 50 μM Na2S simultaneously. 

To explore the reactive sensitivity of SNP-1 towards HSNO, cells 
were incubated with SNP-1 for 30 min, and then treated with various 
concentrations of HSNO (varying from 0, 0.5, 1, 2, 5, 10, 50, 75, 100, to 
150 μM) in FBS-free MEM containing 50 μM CTAB for 30 min at 37 ◦C, 
followed by fluorescence imaging by CLSM. 

2.8. Animals 

The procedures of animal experiments in this study were approved 
by the Institutional Animal Care and Use Committee of the Third Mili-
tary Medical University (Chongqing, China). Pathogen-free male BALB/ 
c mice (6–8 weeks old, 19–21 g) were purchased from the Animal Center 
of the Third Military Medical University and housed in standard cages 
under standard conditions. All animals were acclimatized for one week 
before use. 

2.9. In vivo biocompatibility evaluation of SNP-1 

BALB/c mice (6–8 weeks old, 19–21 g) were administrated with SNP- 
1 by intravenous injection (50 mg/kg). The mice injected with saline 
were used as the control group. After administration, the body weight 
and behaviors of mice were monitored each day. At the predefined time 
points (24 h and 30 days post administration), complete blood panel 
analysis and serum biochemistry tests including aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), UREA, and creatinine 
(CREA) were conducted using the collected blood samples. Major organs 
(including heart, liver, spleen, lung and kidney) of rats were weighted 
for organ index calculation and fixed for histological analysis. 

2.10. Fluorescence imaging of HSNO in colon and renal tissues by ex vivo 
imaging 

Pathogen-free 6–8 week old male BALB/c mice were randomly 
assigned to the Control and HSNO groups. Mice in the control group 
were intravenously injected with 200 μL of saline and HSNO group mice 
were intravenously injected with 200 μL of HSNO solution (300 μM, i. 
v.). After 45 min, both groups were intravenously injected with SNP-1 
(10 mg/kg). Two hours later, mice were euthanatized and anato-
mized. Samples of colon and kidney were quickly excised, frozen in 
liquid nitrogen, embedded in optimal cutting temperature (OCT) cry-
oembedding medium and subsequently cut into cryosections. Then, the 
sections were washed with PBS for three times and sealed with sealing 
liquid containing 4′,6-diamidino-2-phenylindole (DAPI) and anti- 
fluorescent quenching agent, followed by being observed under the 
automatic digital slide scanning system. 

2.11. Establishment of an acute ulcerative colitis model in mice 

Acute ulcerative colitis in mice was induced by addition of 3% (w/v) 
DSS to the drinking water for 7 days [29,30]. On day 1, mice were 
earmarked for identification. DSS solution was administered to the 
drinking bottles of the cages (5 mL of DSS solution per mouse per day) 
while mice in the control group received drinking water without DSS. 
On day 3 and day 5, bottles were emptied and filled with fresh DSS 
solution (5 mL of DSS solution per mouse per day), meanwhile, the 
leftover DSS solution from the bottles were measured to ensure that the 
changes in colitis activity were not due to the differences in DSS con-
sumption. The weight and disease activity index (DAI) (calculated by 
body weight decrease, stool consistency and rectal bleeding) [30] were 
measured and assessed daily throughout the modeling period. 

2.12. Establishment of a renal ischemia/reperfusion injury (IRI) model in 
mice 

To establish a renal IRI model, mice were anesthetized (1% pento-
barbitone, i. p.) and a heating blanket was used for body temperature 
maintaining. A tissue separating scissor was used to make a midline 
laparotomy incision so that an incision of the avascular linea alba was 
made giving access to the peritoneal cavity and exposing both kidneys. 
Bilateral renal blood flow was interrupted for 45 min by clamping 
nontraumatic vascular clamps over renal pedicles. Successful ischemia 
can be visually confirmed by a gradual uniform darkening of the kidney. 
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After the period of ischemia, clamps were removed and kidneys would 
rapidly change color from a dark maroon to a healthy dark pink, which 
suggesting successful reperfusion. Then intestines were replaced fol-
lowed by closing the peritoneum with a blanket stitch using 6/0 braided 
silk suture. Finally iodine solution was applied to the surgical area to 
minimize the risk of post-operative infection [31,32]. 

2.13. Study on colonic HSNO in mice with acute ulcerative colitis 

Acute ulcerative colitis in mouse was induced by drinking water 
containing 3% DSS as aforementioned. First, we examined the colonic 
HSNO levels in mice with colitis. In this case, mice were randomly 
assigned to four groups: Control, normal mice; Colitis, DSS-induced 
colitis mice; Colitis + PAG, DSS-induced colitis mice treated with PAG 
(200 μmol/kg); Colitis + AG, DSS-induced colitis mice treated with AG 
(2 mmol/kg). PAG (intraperitoneal injection, i. p.) and AG (subcutane-
ous injection, s. c.) were administered daily during 7 days of DSS 
treatment. On day 8, all groups were intravenously injected with SNP-1 
(10 mg/kg). Two hours later, mice were euthanatized and anatomized. 
Samples of colon were quickly excised, made into cryosections and 
observed under the automatic digital slide scanning system as 
aforementioned. 

In another cohort study, mice were randomized to different four 
groups: Control, drinking water plus oral gavage of saline; Colitis, 3% 
DSS in drinking water plus oral gavage of saline; Colitis + 5-ASA (L), 3% 
DSS in drinking water plus oral gavage of 5-ASA (30 mg/kg); Colitis + 5- 
ASA (H), 3% DSS in drinking water plus oral gavage of 5-ASA (75 mg/ 
kg). 5-ASA was administered daily during 7 days of DSS treatment. On 
day 8, all groups were intravenously injected with SNP-1 (10 mg/kg). 
Two hours later, mice were euthanatized and anatomized. Samples of 
colon were quickly excised, made into cryosections and observed under 
the automatic digital slide scanning system as aforementioned. Mean-
while, another section of colon tissue was excised from each mouse, 
fixed with 4% paraformaldehyde and made into paraffin sections for 
hematoxylin and eosin (H&E) staining. 

2.14. Study on renal HSNO in mice suffering from renal IRI 

Renal IRI models in mice were established as aforementioned and the 
renal HSNO levels were examined. In this case, mice were randomly 
assigned to four groups: Control, normal mice; IRI, mice suffering from 
renal IRI; IRI + Na2S, mice suffering from renal IRI administrated with 
Na2S (100 μg/kg, i. v.); IRI + AG + Na2S, mice suffering from renal IRI 
pretreated with AG (2 mmol/kg, s. c.) and then administrated with Na2S 
(100 μg/kg, i. v.). All groups were intravenously injected with SNP-1 
(10 mg/kg) 24 h following surgery. Two hours later, mice were 
euthanatized and anatomized. Samples of kidney were quickly excised, 
made into cryosections and observed under the automatic digital slide 
scanning system as aforementioned. 

In a separate study, mice were randomized to different four groups: 
Control, normal mice; IRI, mice suffering from renal IRI; IRI + IPoC, 
mice suffering from renal IRI treated with ischemic postconditioning 
(IPoC: immediately after 45 min of ischemia and prior to reperfusion, 
mice were subjected to 6 cycles of clamping the left renal artery for 10 s 
of reperfusion after that 10 s ischemia) [33]; IRI + D-cys, mice suffering 
from renal IRI treated with D-cys (8 mmol/kg, oral gavage). After 24 h, 
all groups were intravenously injected with SNP-1 (10 mg/kg). Two 
hours later, blood samples were collected for the examination of serum 
levels of UREA and CREA. Then mice were euthanatized and anato-
mized. Samples of kidney were quickly excised, made into cryosections 
and observed under the automatic digital slide scanning system as 
aforementioned. Meanwhile, part of kidney tissue was excised from each 
mouse, fixed with 4% paraformaldehyde and made into paraffin sections 
for H&E staining. 

3. Results and discussion 

3.1. In vitro characterization of SNP-1 

Fluorescence properties of SNP-1 were tested as in the presence of 
HSNO. For this purpose, a mixture containing S-nitrosoglutathione 
(GSNO) and Na2S (prepared in PBS with pH 7.4) served as an HSNO 
source [15]. SNP-1 (5 μM) itself showed weak fluorescence emission. 
When SNP-1 was tested in a HSNO solution (100 μM), notable green 
fluorescence was observed with the maximal emission wavelength at 
540 nm. The fluorescent signal was time-dependent, showing the 
highest intensity at 7 min (Fig. 2B). The turning on fluorescence could 
also be directly visualized under UV light (Fig. 2B). Also, fluorescence 
properties of synthesized SNP-G were separately characterized, showing 
good quantum yields in different solvents (Table S1). Furthermore, the 
selectivity of SNP-1 to HSNO was tested by incubation with other 
reactive compounds, including glutathione (GSH), cysteine (Cys), 
GSNO, peroxy-nitrite (ONOO− ), tert-butyl nitrite (t-BuONO), NaNO2, 
AngeliQs salt (an HNO donor), Na2S, Na2SO3, MCPD (a persulfide 
donor) [34]. Na2S2, Na2S3, and pyrrolidine-NONOate (a NO donor) 
[35]. In this case, only HSNO (in situ generated from GSNO and Na2S) 
triggered a notable increase in the fluorescence intensity (Fig. 2C). We 
also studied the reactive sensitivity of SNP-1 towards HSNO. For this 
purpose, SNP-1 at 10 μM was incubated with various concentrations of 
HSNO (the theoretical concentrations of HSNO were calculated based on 
the concentrations of GSNO and Na2S). The intensity of SNP-1-derived 
fluorescence increased gradually as the HSNO content increased 
(Fig. 2D). Of note, the fluorescence intensity at 540 nm (F540 value) 
varied from 50 to 220 with the concentration of HSNO changing from 
0.5 to 80 μM (Fig. 2E). Moreover, F540 values showed a linear depen-
dence (with the Pearson correlation coefficient r = 0.96301) on the 
HSNO concentrations varying from 0.5 to 10 μmol/L. Importantly, 
HSNO quantification with SNP-1 is consistent with the result based on 
previously reported method (Fig. S10) [36]. Our data suggested that 
SNP-1 can be utilized to detect HSNO with a detection limit as low as 0.5 
μM. Therefore, SNP-1 is potentially adaptive for quantification of trace 
concentrations of HSNO. In addition, SNP-1 in PBS at various physio-
logical pH values or at different temperatures was proved to be stable, as 
indicated by negligible fluctuations of fluorescence (Fig. S11). Also, we 
found similar fluorescence emission spectra for SNP-1 after 10 min of 
incubation with HSNO at different temperatures (Fig. S12A). Never-
theless, the high temperature could slightly accelerate the trans-
formation of SNP-1 to SNP-G in the presence HSNO (Fig. S12B). 

3.2. Mechanisms responsible for HSNO-triggered fluorescence generation 
of SNP-1 

To clarify the reaction triggering the fluorescence generation of SNP- 
1 in the presence of HSNO, we synthesized SNP-G (acting as a control) 
and then analyzed SNP-1 reaction with HSNO in situ formed by GSNO 
and Na2S using high performance liquid chromatography (HPLC). The 
data obtained based on this reaction confirmed the transformation of 
SNP-1 into SNP-G after reaction with HSNO (Fig. 2F). Of note, SNP-G 
was stable in different solutions, at various temperatures, or after in-
cubation for varied time periods, since the fluorescence intensity 
showed negligible fluctuations under these different conditions 
(Figs. S13A–C). 

3.3. Imaging of HSNO in living cells by SNP-1 

Based on excellent HSNO-responsive fluorescence properties of SNP- 
1, we then tested it for HSNO imaging in cells. Human hepatocellular 
carcinoma (HepG2) cells were incubated with 20 μM SNP-1 for 60 min 
and then rinsed with PBS three times. As expected, strong fluorescence 
was observed in cells after treatment with HSNO (generated in situ from 
GSNO and Na2S) for 30 min (Fig. 3A and B), while under the same 
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conditions, cells treated with either a H2S donor (Na2S) or a NO donor 
(GSNO and sodium nitroprusside) alone exhibited very low fluorescence 
signals (Fig. 3A–B, Fig. S14) largely because of their reactions with 
endogenous H2S/NO, which resulted in the formation of a small number 
of HSNO molecules. To verify this hypothesis, cells incubated with SNP- 
1 were treated with the H2S biosynthesis inhibitor propargylglycine 
(PAG) [37] or the inducible nitric oxide-synthase blocker amino-
guanidine hydrochloride (AG) [38] for 60 min, followed by treatment 
with different concentrations of GSNO or Na2S to produce HSNO in situ. 

The fluorescence signal of SNP-1 in PAG pre-treated cells was weaker 
(Fig. 3C and D). By contrast, fluorescence intensities of cells without 
PAG pre-treatment notably depended on the GSNO concentration. 
Similarly, stronger fluorescence was observed in cells without AG 
pre-treatment, compared to cells pre-treated with AG, while fluores-
cence in cells without AG pre-treatment was Na2S 
concentration-dependent (Fig. 3E and F). Moreover, our experimental 
data confirmed that AG, PAG, Na2S, and GSNO had little influence on 
the fluorescence intensity of SNP-G (Fig. S13D). The differences in 

Fig. 3. (A) Confocal micrographs of SNP-1 in HepG2 cells. Cells were incubated with 20 μM SNP-1 for 60 min and treated with FBS-free MEM (Control), 100 μM 
HSNO, 350 μM GSNO, or 100 μM Na2S for 30 min. (B) The quantified fluorescence intensities. (C) Confocal images of HepG2 cells showing intracellular HSNO 
generated by the reaction of exogenous NO and endogenous H2S. The cells were incubated with SNP-1 (20 μM) or SNP-1 (20 μM) + PAG (1 mM) for 60 min, then 
treated with various concentrations of GSNO for 30 min. (D) Quantification of fluorescence intensities. (E) Fluorescence images showing intracellular HSNO 
generated by the reaction of exogenous H2S and endogenous NO. Cells were incubated with SNP-1 (20 μM) or SNP-1 (20 μM) + AG (100 μM) for 60 min, then treated 
with various doses of Na2S for 30 min. (F) Quantified fluorescence intensities. Data are expressed as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. 
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fluorescence intensities between cells with or without PAG/AG pre-
treatment indicated the potential intracellular production of HSNO. 
These results suggested that SNP-1 could detect HSNO in cells. Addi-
tionally, SNP-1 could react with intracellular HSNO which was formed 
by the reaction of exogenous H2S/NO (derived from Na2S/GSNO) and 
endogenous NO/H2S. 

Whereas the above result showed that NO or H2S alone cannot 
transform SNP-1 into SNP-G, we further examined the possible effect of 
sequential treatment with NO/H2S or H2S/NO. As shown in 
Figs. S15–S16, the fluorescence signal of SNP-1 in cells simultaneously 
treated with GSNO and Na2S (HSNO formed in this case) was signifi-
cantly stronger than that of cells sequentially treated with GSNO fol-
lowed by Na2S or Na2S followed by GSNO (without HSNO formation in 

both cases). These results suggested that the bright fluorescent signal in 
cells was mainly triggered by the reaction product of SNP-1 and HSNO. 
On the other hand, to examine the sensitivity of SNP-1 to HSNO, cells 
were incubated with SNP-1 for 60 min, followed by treatment with 
various concentrations of HSNO. It was found that the intracellular 
fluorescence intensity is proportional to the HSNO concentration (from 
2 to 100 μM) in HepG2 cells (Fig. S17). Notably, SNP-1 can be utilized to 
detect exogenous HSNO in HepG2 cells at a low level of 2 μM. Moreover, 
the physiological level of HSNO in HepG2 cells could also be detected by 
SNP-1 (Fig. S18). All these results indicated that SNP-1 can be used to 
detect HSNO in cells with high sensitivity and specificity. 

Fig. 4. (A) Representative fluorescence images of colonic sections indicate the increased HSNO level. Control, normal mice; Colitis, DSS-induced colitis mice; Colitis 
+ PAG, DSS-induced colitis mice treated with 200 μmol/kg PAG; Colitis + AG, DSS-induced colitis mice treated with 2 mmol/kg AG. Scale bars, 1 mm. (B) Quantified 
fluorescence intensities. (C) Changes in the mouse body weight during 7 days of treatment. Data were normalized to the body weight at day 0. (D) The DAI of mice 
during 7-day treatment. (E) H&E-stained histological sections of colon tissues. Scale bar, 200 μm. (F) Fluorescence images of colon tissues after different treatments. 
Control, drinking water + oral gavage of saline; Colitis, 3% DSS in drinking water + oral gavage of saline; Colitis + 5-ASA (L), 3% DSS in drinking water + oral 
gavage of 30 mg/kg 5-ASA; Colitis + 5-ASA (H), 3% DSS in drinking water + oral gavage of 75 mg/kg 5-ASA. Scale bar, 1 mm. (G) Quantitative analysis of 
fluorescence intensities. Data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4. Detection of colonic HSNO in mice with acute ulcerative colitis using 
SNP-1 

Generally, impaired NO and H2S metabolism are associated with 
immune disorders [39,40]. Additionally, high levels of NO and H2S are 
present in colon tissues from patients with ulcerative colitis and reported 
to be associated with the occurrence and development of ulcerative 
colitis [41–43]. Thus, we detected HSNO in colitis mice and determined 
the changes of HSNO levels along with the course of disease using the 
newly developed probe SNP-1. 

To test the capability of SNP-1 for detecting HSNO in colon tissues, 
mice were randomly assigned to two groups (Control and HSNO) and 
intravenously injected with saline and HSNO, respectively. Fluorescence 
of the HSNO-treated mice showed significantly higher green fluores-
cence because of the SNP-1 response to HSNO in colon tissues (Fig. S19). 
Subsequently, we examined imaging capability of SNP-1 in mice with 
dextran sulfate sodium (DSS)-induced colitis. The fluorescence of the 
colitis group was 3.1 times higher than that observed for the control 
group (Fig. 4A and B), which was exactly related to elevated HSNO 

levels in the colitis group, since both H2S and NO levels were found to be 
notably increased (Figs. S20A–B). Additionally, the fluorescence of PAG- 
and AG -treated groups was only 1.52 and 1.69 times higher than that of 
the control group, mainly because of lower HSNO levels resulting from 
the suppressed generation of H2S/NO (Fig. 4A and B). Consistently, 
decreased H2S levels in PAG-treated group and decreased NO levels in 
AG-treated group were detected in colon tissues (Figs. S20A–B). All 
these results revealed up-regulation of HSNO in colon tissues of mice 
with colitis, which could be controlled by the content of H2S/NO and 
identified using our new probe SNP-1. 

To further demonstrate changes of HSNO levels in colon tissues of 
mice with different degrees of colitis severity, 5-aminosalicylic acid (5- 
ASA) was used as a therapeutic agent [44,45]. Colitis mice were induced 
by DSS and treated with different formulations. Consistent with previous 
studies [46,47], 5-ASA treatment effectively reduced weight loss 
(Fig. 4C) and disease activity index (DAI) (Fig. 4D). Besides, examina-
tion on hematoxylin and eosin (H&E)-stained sections showed that 
DSS-induced colitis exhibited significant damages in colon structure 
with epithelial disruption, goblet cell depletion, and significant 

Fig. 5. (A) SNP-1-derived fluorescence showing the presence of HSNO in renal tissues of mice subjected to different treatments. Control, normal mice; IRI, mice with 
renal IRI; IRI + Na2S, mice with renal IRI and treated with 100 μg/kg Na2S; IRI + AG + Na2S, mice with renal IRI and pretreated with 2 mmol/kg AG followed by 
administration of 100 μg/kg Na2S. Scale bar, 2 mm. (B) Quantified fluorescence intensities. (C) Serum levels of UREA and CREA. (D) H&E-stained histological 
sections of renal tissues. Scale bar, 50 μm. (E) Fluorescence images indicate HSNO in renal tissues of mice. Scale bar, 2 mm. Control, normal mice; IRI, mice with renal 
IRI; IRI + IPoC, mice with renal IRI and treated with IPoC; IRI + D-cys: mice with IRI and treated with 8 mmol/kg D-cys. (F) Quantitative analysis of fluorescence 
intensities in various groups. Data are expressed as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. 

N. Zhang et al.                                                                                                                                                                                                                                  



Redox Biology 54 (2022) 102372

9

granulocyte infiltration, which were improved after 5-ASA treatment 
(Fig. 4E). Decreased colonic H2S and NO levels, which meant lowered 
HSNO levels, were detected in 5-ASA-treated groups, compared with the 
control group (Figs. S20C–D). As expected, fluorescence intensities of 
SNP-1 were also weakened in the 5-ASA-treated groups (Fig. 4F and G). 
Additionally, a significant correlation between the fluorescence in-
tensities of SNP-1 and DAI values (Spearman correlation coefficient r =
0.910, p < 0.01) was verified by correlation and regression analyses 
(Fig. S21). Together, these results demonstrated that the high HSNO 
level in colitis will be reduced with the remission of colonic injuries and 
the whole process can be monitored by using SNP-1. This further 
confirmed the advantage of SNP-1 for precise HSNO imaging. Moreover, 
HSNO can serve as a biomarker to diagnose and assess colitis, while 
SNP-1 is a promising fluorescent probe for this purpose. 

3.5. Imaging of renal HSNO in mice suffering from renal ischemia/ 
reperfusion injury (IRI) using SNP-1 

Subsequently, we examined whether SNP-1 probe can be applied to 
other HSNO-related pathological conditions. In this aspect, renal IRI was 
used, since H2S and NO play a critical role in its pathogenesis and 
treatment [48–53]. We first tested SNP-1 as a HSNO detection method in 
renal tissues and observed increased green fluorescence in the 
HSNO-treated group (Fig. S22), confirmed the fluorescence response of 
SNP-1 to HSNO in renal tissues. 

Next, we established a renal IRI model in mice using a previously 
reported method [32]. The fluorescence intensity of the IRI group 
decreased by 41% relative to the control group (Fig. 5A and B), indi-
cating the down-regulated HSNO level in renal tissues injured by 
ischemia-reperfusion. Meanwhile, the H2S level was found to be 
decreased in renal tissues in the IRI group compared with the normal 
control, although the corresponding NO levels increased (Figs. S23A–B). 
These findings are consistent with the previous result that renal 
ischemia-reperfusion leads to lowered H2S levels [48,49,51] and 
elevated inducible nitric oxide synthase (iNOS) in kidneys [53,54]. On 
this basis, Na2S was intraperitoneally injected to IRI mice to exoge-
nously increase the H2S level (Fig. S23A), thereby improving the HSNO 
level by the reaction between H2S and NO. As expected, fluorescence of 
the IRI + Na2S group was notably higher (by 1.92 times relative to 
control) than that of the IRI group, which could be partially suppressed 
by AG pre-treatment, since the NO level in the IRI + AG + Na2S group 
was lower than that of the IRI + Na2S group (Fig. S23B). Correspond-
ingly, the fluorescence intensity observed in the IRI + AG + Na2S group 
only increased 1.29 times relative to the control group (Fig. 5A and B). 
Together, the high sensitivity of SNP-1 to HSNO in biological systems 
was fully demonstrated, since decreased HSNO levels resulting from H2S 
depletion in ischemia-reperfused kidneys [55] were accurately detected. 
Furthermore, only the increase of HSNO, but not the increase of NO 
alone, could improve the fluorescence intensity. These findings are in 
line with the in vitro results and adequately confirmed the high selec-
tivity of SNP-1 to HSNO. 

To further explore the response of SNP-1 to purely endogenous 
variation of HSNO contents, ischemic postconditioning (IPoC) [33] and 
D-cystine (D-cys) [31] were administrated to increase endogenous H2S 
levels for the treatment of renal IRI [56,57]. Compared with the IRI 
model group, IPoC and D-cys treatment significantly reduced repre-
sentative renal function indicators, including UREA and creatinine 
(CREA) (Fig. 5C). Additionally, histopathological analyses revealed that 
the IRI group exhibited damages mainly in the structure of renal tubules 
with the disordered arrangement, interstitial edema and hyperemia, 
necrotic tubules, casts formed from coagulated protein, and significant 
granulocyte infiltration, which were effectively alleviated in the IRI +
IPoC and IRI + D-cys groups (Fig. 5D). Correspondingly, the fluores-
cence intensities of SNP-1 in the IRI + IPoC and IRI + D-cys groups were 
notably enhanced relative to the IRI group (Fig. 5E and F). In addition, 
the detected renal contents of H2S and NO are consistent with the SNP-1 

fluorescence intensities (Figs. S23C–D), since the HSNO levels in the IRI 
+ IPoC and IRI + D-cys groups were higher than that of the IRI group. 
These results further demonstrated the effectiveness of our new fluo-
rescent probe SNP-1 for HSNO detection through imaging, even when 
HSNO levels fluctuate during various treatments. 

3.6. Safety studies 

Finally, safety profiles of SNP-1 were examined. In vitro cytotoxicity 
tests in HepG2 cells showed relatively high cell viability at the tested 
concentrations up to 60 μM, indicating the good cytocompatibility of 
SNP-1 (Fig. S24). This result is in accordance with the previous report 
that this kind of phthalic anhydride derivatives are biocompatible at 
relatively low concentrations (<60 μM) [58,59]. Then, we evaluated the 
possible side effects of SNP-1 in mice after intravenous injection of 
SNP-1 at 50 mg/kg (five folds higher than the dose used for imaging 
studies in mice). Different analyses were performed at days 1 or 30 post 
injection for the short-term and long-term safety assessment, respec-
tively. The results revealed no significant differences in body weight and 
major organ (heart, liver, spleen, lungs and kidneys) indices between the 
control and SNP-1 groups (Figs. S25A–B and S26A-B). Complete blood 
count showed normal hematological parameters for both groups. 
Quantificaiton of representative biomarkers relevant to hepatic and 
renal functions indicated that treatment with SNP-1 did not lead to 
notable hepato- and nephrotoxicities (Figs. S25C–J and S26C-J). More-
over, examination on histopathological sections revealed no necrosis, 
congestion, hemorrhage, or distinguishable inflammatory lesions in 
major organs (Figs. S27 and S28). Collectively, these results demon-
strated that SNP-1 displayed good safety profile for intravenous 
injection. 

4. Conclusion 

In summary, we have designed and synthesized a novel fluorescence 
probe SNP-1 for visualizing and quantifying HSNO. SNP-1 displayed 
excellent fluorescence performance for HSNO detection, due to its rapid 
response, high selectivity, low detection limit, good quantum yield, and 
a broad linear range. Cellularly, SNP-1 could effectively image exoge-
nous and endogenous HSNO in HepG2 cells. Furthermore, SNP-1 
enabled successful fluorescence imaging of HSNO changes in acute ul-
cerative colitis and renal ischemia/reperfusion injury in mice. Impor-
tantly, SNP-1 demonstrated good safety performance. Consequently, 
HSNO displays high translational potential for diagnosis and therapeutic 
assessment of HSNO-associated diseases, such as colitis and ischemia- 
reperfusion in different organs. Moreover, SNP-1 can serve as a prom-
ising HSNO probe for both mechanistic studies and high-content drug 
screening. 
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