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A colorimetric and ratiometric ﬂuorescent probe
for the imaging of endogenous hydrogen sulphide
in living cells and sulphide determination in
mouse hippocampus†
Ling Zhang,‡a,b Sai Li,‡b Mei Hong,c Yuqing Xu,b Shuaishuai Wang,b Yi Liu,*b
Yong Qian*a and Jing Zhao*a,c
A naphthalimide-azide based colorimetric and ratiometric ﬂuorescent probe, NAP-1, has been developed
for the selective and sensitive detection of hydrogen sulphide. Advantages of the probe NAP-1 include a
low detection limit (110 nM), good selectivity, high sensitivity and excellent photostability. A linear
relationship between the emission intensity ratios and sulphide concentrations was observed in PBS
buﬀer and bovine serum, respectively. Our probe facilitates ratiometric determination and imaging of
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endogenous H2S in living cells. Furthermore, this probe was successfully applied to the measurement of
endogenous sulphide in human plasma and mouse hippocampus. A signiﬁcant reduction in sulphide
levels and CBS mRNA expression was observed in the hippocampus of mouse models of lipopolysaccharideinduced neuroinﬂammation-related diseases, suggesting that decreased levels of endogenous H2S might
be involved in the pathogenesis of neuroinﬂammation-related neurodegenerative diseases.

Introduction
Hydrogen sulphide gas (H2S) is best known for its characteristic odour of rotten eggs. Recently, a study demonstrated that
H2S, along with nitric oxide (NO) and carbon monoxide (CO),
is the third signalling gasotransmitter in the body.1 The
endogenous signalling molecule H2S is biosynthesized inside
the cells from cysteine substrate or its derivatives via a few
enzymes, including cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), 3-mercaptopyruvate sulphurtransferase
(3-MST), and cysteine aminotransferase (CAT).1c Physiological
levels of H2S appear to be involved in various biological functions, including neurotransmission,2a vasodilation,2b apoptosis,2c inflammation,2d ischemia/reperfusion-induced injury,2e
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and insulin secretion.2f In addition, H2S also serves as an antioxidant or a scavenger for reactive oxygen and nitrogen species
in cells.3 Abnormal H2S production has been linked to human
diseases such as Alzheimer’s disease (AD),4a Down’s syndrome,4b hypertension,4c and liver cirrhosis.4d Despite the promising developments in the research of H2S, the complex
manifestations of H2S in both physiological and pathological
states, as well as its cellular site of action, are still not fully
understood.5 Notably, the level of endogenous biological H2S
has been reported as a wide range from undetectable to
approximately 300 μM, with its actual concentrations remaining controversial.6 Therefore, new techniques for accurate
detection of H2S levels are in high demand to provide valuable
information on the functions of H2S in biology.
Conventional approaches to H2S detection such as the
methylene blue method, the monobromobimane method
(MBB), gas chromatography (GC) and the sulphide ion selective electrodes (ISE) method often require complicated sample
processing and destruction of tissues or cells.6,7 Unlike these
methods, the fluorescence imaging technique is more desirable for the noninvasive real-time detection of H2S in vivo.8
Since 2011, a number of highly innovative fluorescent probes
for H2S have been developed on the basis of diﬀerent reaction
mechanisms, including nucleophilic addition of H2S,9
reduction of azides and/or nitros to amines mediated by
H2S,10 copper sulphide precipitation,11 thiolysis of dinitrophenyl ether by H2S,12 etc.13 Among these probes, the ratiometric
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ones usually perform with better accuracy. Since most H2S
fluorescent probes are based on fluorescence intensity
measurement at a single wavelength, they can be aﬀected by
variables such as excitation intensity variations, environmental
factors, light scattering, probe concentrations, etc. Ratiometric
fluorescent probes eliminate most of the aforementioned
interferences by self-calibration at two emission bands with
intensity measurement at two wavelengths.14
Fluorescent probes of dual functions with both colorimetric
and ratiometric properties could be more useful in the detection and imaging of H2S for their feasibility in visualization by
the “naked eye” and greater precision in quantitative detection.
Currently, several such dual-function fluorescent probes for
H2S have been reported.15 However, the selective detection of
H2S is still challenging due to the interference of other
biothiols (GSH, Cys, Hcy, and thiol-containing proteins) and
rapid catabolism of H2S. Several properties of current dualfunction probes could still be improved, such as high detection limits, excitation wavelength in the UV region, inability to
detect endogenous/intracellular H2S, or the employment of
labile cyanine dyes. Specifically, the following probes would be
useful tools in H2S-related medical research:
(1) Probes with a lower detection limit, especially the nanomole range, are needed owing to the low levels of H2S in cells/
plasma/tissues.6d,16
(2) Probes with excitation within the near-infrared (NIR)
region. Excitation within the UV region may cause photo
damage to biological samples.
(3) Probes capable of detecting and imaging endogenous/
intracellular H2S in living cells. Being adaptable to measure
diﬀerent H2S levels in cells/plasma/tissues requires easy structural manipulation of the scaﬀold.
Herein, we have described a dual-function colorimetric and
ratiometric fluorescent probe for H2S with easy structural
manipulation and high eﬃciency in determination. We named
our probe NAP-1 and it features a low detection limit, good
selectivity, high sensitivity and excellent photostability
(Scheme 1). We successfully applied NAP-1 to detect the
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endogenous H2S in MCF-7 cells via ratiometric fluorescence
imaging and measurement of endogenous H2S levels in
human plasma and mouse hippocampus.

Results and discussion
The synthesis and sensing mechanism
In the design of a ratiometric probe for H2S, 1,8-naphthalimide was selected as an intramolecular charge transfer (ICT)
fluorophore in the light of its desirable spectroscopic properties, good stability and feasibility in structure modification.17 The azide group served as the H2S reduction reaction
site.10 Specifically, the carbamate group was employed to
connect the fluorophore and the receptor.18 Our approach to
colorimetric and ratiometric detection of H2S relies on modulation of the electron-donating ability of the 4-amino group on
a 1,8-naphthalimide, which could significantly aﬀect ICT,
emission and absorption wavelengths. The carbamate linker
group would aﬀect the electron density of 4-amino on a 1,8naphthalimide, resulting in ICT-induced blue shifts in emission and absorption. We speculated that the reaction of sulphide with NAP-1 would cleave an azide-based carbamate
group, and restore the green fluorescence of 4-amino naphthalimide (compound 3) as shown in Scheme 1, thereby achieving
colorimetric and ratiometric detection of sulphide. The synthesis of NAP-1 is quite straightforward. Treatment of 4-aminoN-butyl-1,8-naphthalimide (compound 3) with triphosgene in
the presence of 4-dimethylaminopyridine (DMAP) aﬀorded the
isocyanate intermediate, which was then reacted with 4-azide
benzyl alcohol to yield NAP-1. The structures of NAP-1 and its
reaction product with Na2S (a commonly employed hydrogen
sulphide donor) were well characterised by NMR spectroscopy,
mass spectrometry and IR spectroscopy ( please refer to the
ESI†).
To assess the mechanism of the reaction of sulphide with
NAP-1, NAP-1 was incubated with Na2S. Reaction of NAP-1 with
Na2S generated a green fluorescent product, which was identical to the absorption and emission of the authentic compound
3 (Fig. S1, ESI†). Furthermore, the only fluorescent product,
compound 3, was purified and characterised with 1H NMR
and 13C NMR ( please refer to the ESI†), demonstrating that
the reaction between NAP-1 and sulphide proceeded as illustrated in Scheme 1.
Spectroscopic properties of NAP-1

Scheme 1 The synthesis of NAP-1 and the detection mechanism of
NAP-1 for H2S.
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We tested the spectroscopic properties of NAP-1 (10 μM),
which was treated with Na2S (100 μM) at 37 °C in 20 mM PBS
buﬀer ( pH 7.4). Prior to reaction with Na2S, NAP-1 presented a
fluorescence maximum at 474 nm (Φ = 0.11) (Fig. 1) with a
major absorption band centered at 368 nm (ε = 1.28 × 104 M−1
cm−1, Fig. 2). With the addition of Na2S (0–100 μM) into the
solution of NAP-1, the fluorescence emission intensity gradually increased at 541 nm (Φ = 0.13) and decreased at 474 nm
(Fig. 1); simultaneously the maximum absorption peak
showed a 62 nm red shift (ε = 1.16 × 104 M−1 cm−1),

This journal is © The Royal Society of Chemistry 2014

View Article Online

Published on 12 May 2014. Downloaded on 02/07/2014 19:26:10.

Organic & Biomolecular Chemistry

Fig. 1 Fluorescence spectra of NAP-1 (10 μM) with Na2S (0, 2, 4, 8, 10,
15, 20, 30, 40, 60 and 100 μM) in PBS buﬀer (20 mM, pH = 7.4, 5%
CH3CN) at 37 °C for 20 min. Insert: photograph showing the visual ﬂuorescence colour of NAP-1 when treated without (A) or with (B) Na2S
under a 365 nm UV lamp.

Fig. 2 Absorption spectra of NAP-1 (10 μM) with Na2S (0, 2, 4, 8, 10, 15,
20, 40, 50, 60 and 80 μM) in PBS buﬀer (20 mM, pH = 7.4, 5% CH3CN) at
37 °C for 20 min. Insert: photograph showing the visual colour of NAP-1
when treated without (A) or with (B) Na2S under visible light.

accompanied by a dramatic change in emission colour from
blue to green and the visible colour from pale yellow to bright
yellow (see Fig. 2 insert). These results indicated that the modification of the 4-amino group into a more electron-withdrawing carbamate group, which could be specifically cleaved by
reduction of azide to amino mediated by hydrogen sulphide,
provided a switch for colorimetric and ratiometric detection of
sulphide. Thus, NAP-1 served as a “naked-eye” probe for sulphide, and meanwhile facilitated quantitative detection of sulphide by a ratiometric fluorescence method.
To establish the eﬃciency of NAP-1 in the measurement of
sulphide concentrations in biological samples, the probe
was treated with Na2S (0–300 μM) to obtain the relationship
of emission intensity ratios/absorption ratios versus Na2S
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Fig. 3 Emission intensity ratio changes of NAP-1 (10 μM) after incubation with diﬀerent concentrations of Na2S for 20 min in PBS buﬀer
(20 mM, pH = 7.4, 5% CH3CN) and fetal bovine serum (5% CH3CN),
respectively. Insert: the linear relationship between the emission intensity ratios (F541/F474) and the concentrations of Na2S (0 to 100 μM) in
PBS buﬀer and fetal bovine serum.

concentrations. Fig. 3 illustrates the saturation of the reaction
between NAP-1 and Na2S at the concentration ratio of 1 : 10.
The large shift in emission (∼67 nm) led to a drastic 24-fold
enhancement in the emission intensity ratio (F541/F474) from
0.35 in the absence of Na2S to 8.30 in the presence of 10 equiv.
Na2S. The absorption ratio (A430/A368) also showed a drastic
88-fold enhancement from 0.04 in the absence of Na2S to 3.5
in the presence of 8 equiv. Na2S (Fig. S3, ESI†). Moreover, an
excellent linearity was observed between the emission intensity
ratios and Na2S concentrations in the range of 0–100 μM in
PBS buﬀer and bovine serum, respectively (Fig. 3). The emission intensity ratios in serum were lower than that of the
signal obtained in PBS buﬀer, presumably due to the rapid catabolism of sulphide in serum. The fluorescent detection limit
was 110 nM and 120 nM in PBS buﬀer and bovine serum,
respectively (Fig. S2, ESI†), which was much lower than most
colorimetric and ratiometric H2S probes (except those of
Tang9l and Han10h). In addition, a linear relationship was also
found between the absorption ratios and Na2S concentrations
from 0 to 80 μM in PBS buﬀer (Fig. S3, ESI†). On the grounds
of these results, we concluded that NAP-1 is sensitive to sulphide and thus applicable to the quantitative detection of the
nanomole range of sulphide in complex biological systems.
Reaction of NAP-1 with Na2S was completed within about
20 min (Fig. S4, ESI†), and the observed pseudo-first-order rate
constant for this process was 3.0 × 10−3 s−1 (Fig. S5, ESI†). Furthermore, the plots of kobs vs. [Na2S] was a straight line
passing through the origin, suggesting that the reaction is
overall second order with k2 = 5.0 M−1 s−1 (Fig. S5, ESI†). The
results can be attributed to the rate-limiting attack of the thiolate ion at the azide group followed by cleavage of the carbamate group to aﬀord product 3. The pH eﬀect studies
suggested that the emission intensity ratios reached the peak
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value from pH 6.2 to 9.0 (Fig. S6, ESI†) and exhibited a bottom
line from pH 4.2 to 5.0 due to the inhibition of the carbamate
protecting group cleavage from NAP-1 under an acidic environment, suggesting that NAP-1 could serve as a ratiometric fluorescent probe for sulphide under physiological conditions.
Photostability of NAP-1 under visible and UV light was both
evaluated. Within 30 min, the emission intensity ratios of
NAP-1 were not obviously increased (Fig. S7, ESI†). The photostability of NAP-1 in cells was also determined by scanning
three regions of interest of NAP-1-labeled cells for 30 min
(Fig. 7D) and the fluorescence intensity was recorded (Fig. 7E).
The fluorescence intensity remained nearly the same for
25 min, showing good photostability of NAP-1.

Published on 12 May 2014. Downloaded on 02/07/2014 19:26:10.

Selectivity of NAP-1
To investigate the selectivity of NAP-1 towards sulphide, the
emission intensity ratios of NAP-1 were measured in the presence of various species. As shown in Fig. 4, Na2S exclusively
produced a dramatic increment in the emission intensity ratio.
The responsiveness of NAP-1 to Na2S was approximately 26fold, 24-fold, and 24-fold, respectively, versus glutathione
(GSH), cysteine (Cys) and homocysteine (Hcy). In addition, the
selectivity was maintained even in the presence of Cys (1 mM),
Hcy (1 mM) or GSH (10 mM) (Fig. 4 and S8, ESI†). The interference of other non-thiol amino acids (Ala, Glu, Trp, Met, Tyr,
Leu, Val, Ser, Pro, Arg, Gly, Phe, His, Gln, Asn, Ile, Thr), inorganic salts (KCl, CaCl2, NaCl, MgCl2, FeCl3, ZnSO4,
NaH2PO4), ROS (•OCl−, O2−, •OH, tBuOOH), RNS (NO2−, NO)
and S-nitroso glutathione was negligible (Fig. 5, S9 and S10,
ESI†). Sulphur-containing inorganic ions (S2O32−, S2O52−,
S2O42−, SO32−, SCN−) and reducing agents (NADH, glucose)
induced limited fluorescence responses (Fig. 5). The emission
intensity ratios of these species were almost an order of magni-

Fig. 5 Fluorescence responses of NAP-1 (10 μM) towards Na2S
(100 μM) and reactive oxygen species (H2O2, •OCl−, O2−, •OH, tBuOOH,
1 mM), reactive nitrogen species (NO, NO2−, 1 mM), sulphur-containing
inorganic ions (S2O32−, S2O52−, SO42−, S2O42−, SO32−, SCN−, 1 mM),
reducing agents (NADH, glucose), inorganic salts (KCl, CaCl2, NaCl,
MgCl2, FeCl3, ZnSO4, NaH2PO4, 1 mM) and S-nitroso glutathione (SNG,
1 mM).

tude lower than that generated by Na2S, despite their 10-fold
concentrations versus Na2S. Competitive experiments also
revealed no interference in sulphide detection when various
species and Na2S co-existed in the system. The decreases in
the emission intensity ratios were only in the cases of H2O2
and ZnSO4 (Fig. 5), which can be attributed to the oxidation of
H2S by H2O2 and precipitation of H2S by ZnSO4, respectively.
Taken together, NAP-1 can selectively detect sulphide independently of negligible disturbance from the interference of these
biological species.
Detection of sulphide with NAP-1 in living cells

Fig. 4 Fluorescence responses of NAP-1 (10 μM) towards Na2S
(100 μM) and various thiols for 20 min. (1) Na2S (0 μM); (2) Cys (100 μM);
(3) Cys (1 mM); (4) Hcy (100 μM); (5) Hcy (1 mM); (6) GSH (1 mM); (7) GSH
(10 mM); (8) Na2S (100 μM); (9) Na2S (100 μM) + Cys (100 μM); (10) Na2S
(100 μM) + Cys (1 mM); (11) Na2S (100 μM) + Hcy (100 μM); (12) Na2S
(100 μM) + Hcy (1 mM); (13) Na2S (100 μM) + GSH (1 mM); (14) Na2S
(100 μM) + GSH (10 mM).
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We thereafter sought to apply NAP-1 in the ratiometric fluorescence imaging of sulphide in living cells. Prior to cell
imaging, the MTT assay was performed to evaluate the cytotoxicity of NAP-1 and its corresponding product with Na2S, compound 3. NAP-1 and 3 exhibited an IC50 of 101.2 ± 1.3 μM and
81.7 ± 1.1 μM, indicating that NAP-1 and 3 have low cytotoxicity at the concentration of 10 μM (Fig. S11 and S12, ESI†).
The cell line MCF-7 was selected as a bioassay model. The
ratiometric images were generated by the mediation of the
green channel image (445 nm to 495 nm) with the related blue
channel image (520 nm to 580 nm) using the Olympus software (FV10-ASW). MCF-7 cells treated with NAP-1 alone provided high fluorescence intensity in the blue channel, while
faint fluorescence was observed in the green channel (Fig. 6,
1A, 2A, 3A), which was consistent with the emission profile of
NAP-1. However, treatment of probe-loaded cells with Na2S for
10 min led to a marked elevation of green fluorescence intensity, accompanied by the reduced blue fluorescence intensity
(Fig. 6, 1B, 2B, 3B). At the end of incubation with Na2S for
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Fig. 6 Confocal ﬂuorescence images of exogenous sulphide in living
MCF-7 cells with NAP-1 (10 μM) upon excitation at 425 nm. Cells were
incubated with NAP-1 (10 μM) for 30 min (1A, 2A, 3A). Cells in Fig. 1A, 2A,
3A were thereafter treated with Na2S (100 μM) for 10 min (1B, 2B, 3B)
and 20 min (1C, 2C, 3C). Blue channel images were collected in the
range of 445–495 nm (1A, 1B, 1C). Green channel images were collected
in the range of 520–580 nm (2A, 2B, 2C). Ratiometric images
(F520–580 nm/F445–495 nm) were generated by the Olympus software
(3A, 3B, 3C). The average ﬂuorescence emission intensity ratio (R =
F520–580 nm/F445–495 nm) according to the corresponding ratiometric
images of cells (D) (n = 3). Temporal proﬁles of the average emission
intensity ratio (R) in the region of interest D shown in 3C (E). Scale bars =
10 μm.

20 min, the cells displayed dim fluorescence in the blue
channel and a strong fluorescence in the green channel
(Fig. 6, 1C, 2C, 3C). Furthermore, the increment of emission
intensity ratio values (R = 0.69 in column A, R = 1.52 in column
B, R = 2.78 in column C) was observed in Fig. 6D, suggesting
that sulphide readily reacted with NAP-1, forming green fluorescence compound 3. The kinetics of NAP-1 reacting with sulphide in living cells was further explored. Fig. 6E shows that
the Na2S-induced emission intensity ratio in the region of
interest D reached the maximum value approximately 20 min
afterwards.
Subsequently, we tested the ability of NAP-1 to track
endogenous H2S in MCF-7 cells. The activity of the important
enzymes for H2S synthesis, CSE, can be enhanced by NO,
resulting in an increased H2S level.19 Therefore, we employed
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Fig. 7 Confocal ﬂuorescence images of endogenous H2S in living
MCF-7 cells with NAP-1 (10 μM) upon excitation at 425 nm. Cells were
prestimulated with SNP (100 μM) for 30 min, then incubated with NAP-1
(10 μM) for 20 min (1A, 1B, 1C). Cells were prestimulated with SNP
(200 μM) for 30 min, and then incubated with NAP-1 (10 μM) for 20 min
(2A, 2B, 2C). Cells were pretreated with 1 mM PPG for 30 min, and then
incubated with NAP-1(10 μM) for 20 min (3A, 3B, 3C). Cells in (3A, 3B,
3C) were thereafter treated with SNP (100 μM) for 30 min (4A, 4B, 4C).
Cells were incubated with NAP-1 (10 μM) alone for 30 min (D). The
average ﬂuorescence intensity from the regions of interest a, b and c in
(D) was recorded with 60 s intervals (E) (n = 3). Blue channel images collected in the range of 445–495 nm (1A, 2A, 3A, 4A). Green channel
images collected in the range of 520–580 nm (1B, 2B, 3B, 4B). Ratiometric images (F520–580 nm/F445–495 nm) generated by the Olympus software (1C, 2C, 3C, 4C). Scale bars = 10 μm.

sodium nitroprusside (SNP, a NO donor) to stimulate the
production of endogenous H2S in cells. With the addition of
NAP-1 into the culture of the SNP (100 μM)-loaded cells for
20 min (Fig. 7, 1A, 1B, 1C), a drastic increase of emission
intensity ratio was observed (R = 1.75 in column D, Fig. 6D),
indicating the generation of endogenous H2S within the cells.
Fig. 7 (2A, 2B, 2C) shows that the fluorescence intensity in the
green channel and the emission intensity ratio (R = 2.4 in
column E, Fig. 6D) were both elevated with the increased
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concentration of SNP (200 μM), implying that NAP-1 is capable
of imaging endogenous H2S at diﬀerent levels in living cells.
Thereafter, cells were pretreated with DL-propargylglycine (PPG,
an inhibitor for CSE) (Fig. 7, 3A, 3B, 3C). There was no significant diﬀerence between the two emission intensity ratios in
the absence of PPG (R = 0.69 in column A, Fig. 6D) and in the
presence of PPG (R = 0.66 in column F, Fig. 6D). With the
addition of SNP to the PPG-treated cells (Fig. 7, 4A, 4B, 4C), a
low emission intensity ratio was again obtained (R = 0.68 in
column G, Fig. 6D), demonstrating that the inactivation of CSE
could inhibit the production of endogenous H2S. All these
results established that NAP-1 is cell membrane-permeable
and capable of ratiometrically imaging endogenous H2S inside
living cells.

Organic & Biomolecular Chemistry
Table 1 Measurement of sulphide concentration in fresh human plasma
and mouse hippocampus

Sample

H2Sa
(μM)

H2Sb
(μM)

H2Sc (μmol g−1
protein)

H2Sd (μmol g−1
protein)

1
2
3
4
5
6
Average

0.45
0.53
0.47
0.55
0.43
0.43
0.48 ± 0.05

0.57
0.60
0.58
0.55
0.57
0.58
0.58 ± 0.02

1.67
1.72
1.60
1.87
1.47
1.88
1.70 ± 0.16

2.04
1.85
1.90
1.92
2.14
1.71
1.93 ± 0.15

a

Measurement of H2S concentration in human plasma with NAP-1.
Measurement of H2S concentration in human plasma with SFP-3.
Measurement of H2S concentration in mouse hippocampus with
NAP-1. d Measurement of H2S concentration in mouse hippocampus
with SFP-2; data are presented as mean ± SD.

b
c

Measurement of sulphide levels in human plasma
Plasmatic H2S levels are reportedly correlated with certain diseases, and the determination of H2S levels in human plasma
may facilitate the diﬀerentiation and diagnosis of diseases.20
The actual concentration of H2S in human plasma is also controversial. Studies prior to the year 2000 reported very low or
undetectable H2S levels in blood or plasma, whereas reports
thereafter (with several exceptions) involved a wide range of
H2S between 10 and 100 µM,6a indicating that new techniques
for accurate detection of H2S levels are highly demanded. The
two regular methods for the determination of H2S, i.e., the
methylene blue and ion-selective electrode (ISE) methods,
measured bound H2S rather than the free form owing to harsh
chemical conditions (strong acid or base, respectively) prior to
analysis.6a Kevil et al. described a novel sensitive analytical
method to measure H2S in plasma using the monobromobimane (MBB) method coupled with RP-HPLC.21 Nevertheless,
this method required derivatization of H2S and other postmortem processing. In contrast, the fluorescent probe-based
method does not involve sophisticated sample processing and/
or chemical treatment. Our team successfully developed a sensitive, selective, and fast-response fluorescence probe, SFP-3,
for H2S detection. With SFP-3, we were able to determine sulphide concentrations in mouse plasma and brain tissues.9d
Compared with “turn-on” fluorescent probes, ratiometric fluorescent probes are more accurate for the determination of H2S
levels in biological samples, independently of such variables
in quantitative analysis as excitation intensity variations,
environmental factors, light scattering, probe concentrations,
etc.14
Inspired by the promising results of selectivity, sensitivity
and linearity measurements, we applied NAP-1 to the determination of sulphide concentrations in human plasma. Due to
the utmost importance of protein content in an accurate
measurement of sulphide in the plasma,7a deproteined
human plasma was used in the determination of sulphide concentration. Briefly, fresh human plasma was centrifuged, with
supernatant obtained, followed by addition of PBS buﬀer,
NAP-1 and Na2S (as the internal criterion) for incubation of
20 min at 37 °C. The median sulphide concentration of
plasma from six healthy individuals was 0.48 ± 0.05 μM

5120 | Org. Biomol. Chem., 2014, 12, 5115–5125

(Table 1, Fig. S15, ESI†), which was much lower than in most
previous reports. Indeed, with the development of new assays
and the updated information of catabolic fate of H2S, some
researchers demonstrated that the actual plasma concentration
of H2S is likely to be lower than most previous reports of
“physiological” H2S concentrations of 10 µM–100 µM.6,7 First, the
use of more recent methods, especially a polarographic sensor,
failed to find any detectable free H2S in human plasma.6b
Second, studies on radiolabelled 35S-sulphide also indicated
that sulphide is rapidly metabolized in blood or tissues.22
Third, even 1 µM H2S is sensible to the human nostrils, while
plasma is free of this odour.23 Fourth, the daily intake of
dietary sulphur is insuﬃcient to sustain micromolar levels of
sulphide in the plasma.23 Our results further suggested that
sulphide in human plasma is maintained in the sub- to low
µM level under the physiological conditions. The average sulphide concentration of this paper was consistent with the
value determined by the MBB method coupled with RP-HPLC
(approximately 0.3 μM).21b The validity of our present method
was further verified by our previous fluorescent probe SFP-3.9d
As shown in Table 1 (Fig. S16, ESI†), the results from NAP-1
were similar to those from SFP-3, suggesting that the NAP-1
probe permits selective, sensitive and accurate determination
of sulphide in human plasma.
Measurement of sulphide levels in mouse hippocampus
In the central nervous system, H2S is recognised as a neuromodulator as well as a neuroprotectant. H2S is reportedly neuroprotective via multiple mechanisms, including antioxidative,
anti-inflammatory and antiapoptotic eﬀects, etc.2a Abnormal
levels of H2S in the human body are involved in the pathogenesis of neurodegenerative diseases. In AD patients, H2S levels
inside the brain were decreased.24 The endogenous H2S levels
were markedly reduced in the substantia nigra (SN) in the PD
(Parkinson’s disease)-like rat model induced with 6-hydroxydopamine (6-OHDA).25 There are reports that application of
exogenous H2S and modulating levels of endogenous H2S may
benefit treatment of neurodegenerative diseases, such as AD
and PD.26 It is important to get the actual value of H2S in
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brain tissues and its relevance in predicting the biological role
of H2S. However, there is debate as to the actual value of H2S
in brain tissues (from undetectable to more than 100 μM)
largely due to the employment of several methods (methylene
blue, ISE, GC and MBB methods) for H2S measurement under
diﬀerent conditions.6b,27 Therefore, it is crucial to find new
assays of accurate measurements of free H2S at low levels to
further illustrate the physiological and pathological scenarios
of endogenous H2S in the CNS. On the basis of the ability of
the probe NAP-1 in the determination of sulphide levels in
human plasma, we speculated that it could also be applicable
to the measurement of sulphide levels in the hippocampus
tissues. Accordingly, with NAP-1 as the probe, measurement of
sulphide concentration in mouse hippocampus was conducted
on the basis of our previous method.9d As shown in Table 1
(Table S1, Fig. S17, ESI†), the average sulphide concentration
in the mouse hippocampus was 1.70 ± 0.16 μmol g−1 protein.
There are some factors that can interfere with the accuracy of
the assays. First, H2S may volatilise rapidly from the tissue into
the atmosphere. Second, producing and consuming reactions
of H2S by enzymes occurs in tissues. The concentration of H2S
in tissues depends on the homeostasis between these two reactions. However, the measurement of H2S might aﬀect this
equilibrium, and the eﬀect of the homogenization process on
producing and consuming H2S is not known.28 To minimize
the above eﬀects, hippocampus tissues were isolated and
immediately homogenised within 60 s in cold PBS buﬀer ( pH
7.4) so that free H2S would be trapped mainly as HS− (at physiological pH 7.4, approximately one third of H2S exists in the
undissociated volatile form and the remaining largely in the
form of HS− plus a trace of S2−). Sample pre-processing was
rapidly performed in an ice bath to minimise anabolism and
catabolism of H2S, and the homogenate supernatants were
immediately transferred for the determination of sulphide. To
verify the accuracy of the measurement, we also repeated the
measurement with our previous probe, SFP-2.9a The sulphide
concentration assessed by SFP-2 was 1.93 ± 0.15 μmol g−1
protein (Fig. S18, ESI†), confirming the results from the NAP-1
probe. Thus, NAP-1 is preferable for the determination of
sulphide in biological tissues.
Measurement of sulphide levels in the hippocampus in the
mouse models of LPS-induced neuroinflammation-related
neurodegenerative diseases
We further investigated the variation of endogenous H2S levels
in the hippocampus in the mouse models of neuroinflammation-related neurodegenerative diseases. Neuroinflammation
has been well acknowledged as a common cause of AD and
PD, and may accelerate AD pathogenesis.29 We selected lipopolysaccharide (LPS, a bacterial endotoxin)-induced neuroinflammation as the disease model in that LPS is a potent trigger of
inflammation.30 Adult male Kunming mice weighing 20–25 g
were randomised into three groups: the control group (without
treatment), model group (with lateral ventricular injections of
LPS) and NaHS group (with lateral ventricle injection of LPS
and intraperitoneal injection of NaHS). The expression levels
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Fig. 8 (A) Sulphide levels in mouse hippocampus. Data are presented
as mean ± SEM (n = 6). #P < 0.001 vs. control, ##P < 0.001 vs. model.
(B, C) CBS mRNA levels in mouse hippocampus. Data are presented as
mean ± SEM (n = 3). #P < 0.001 vs. control, ##P < 0.001 vs. model.

of CBS mRNA, interleukin-1β (IL-1β) mRNA and tumor necrosis factor-α (TNF-α) mRNA were tested by RT-PCR. It was found
that LPS treatment significantly decreased sulphide levels
(Fig. 8, p < 0.001, Table S1†) and enhanced the mRNA levels of
IL-1β and TNF-α in the hippocampus versus control group
(Fig. S19,† p < 0.001; Fig. S20,† p < 0.001). CBS, the major H2Sproducing enzyme in the brain, is highly expressed in the hippocampus. A significant reduction in CBS mRNA level was
observed in the model group versus the control group (Fig. 8,
p < 0.001). However, treatment with NaHS at the dose of 5 mg
kg−1 markedly increased sulphide levels (Fig. 8, p < 0.001,
Table S1†) and CBS mRNA levels (Fig. 8, p < 0.001), and
reduced the mRNA levels of IL-1β and TNF-α versus model
group (Fig. S19,† p < 0.001; Fig. S20,† p < 0.001), suggesting
that NaHS may ameliorate LPS-induced neuroinflammation.
These results indicated that NAP-1 is an eﬀective probe for the
determination of diﬀerent sulphide levels in mouse hippocampus. Moreover, a parallel correlation between sulphide
levels and expression of CBS mRNA was again indicated.
Notably, decreased sulphide levels and CBS mRNA expression
were observed in the hippocampus in the model group,
suggesting that attenuated endogenous H2S production may
contribute to the pathogenesis of neuroinflammation-related
neurodegenerative diseases, such as AD and PD.

Conclusions
Taken together, we have developed NAP-1, a novel colorimetric
and ratiometric fluorescent probe for H2S. This naphthalimide-azide-based probe showed fluorescent emission colour
changes from blue to green and visible colour changes from
pale yellow to bright yellow in response to H2S. NAP-1
exhibits some desirable fluorescent properties for the detection of hydrogen sulphide, such as high sensitivity with a low
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detection limit, good selectivity and photostability, and low
cytotoxicity. An excellent linearity relationship between emission intensity ratios and sulphide concentrations was obtained
in PBS buﬀer and bovine serum, respectively. This probe not
only enables ratiometric fluorescence imaging of endogenous
H2S in living cells, but also detects sulphide (nanomole range)
in human plasma. Furthermore, NAP-1 is an eﬀective tool for
the quantitative analysis of diﬀerent sulphide levels in the hippocampus of mouse models of LPS-induced neuroinflammation-related diseases. The preliminary data suggested that
decreased levels of endogenous H2S might be involved in the
pathogenesis of neuroinflammation-related neurodegenerative
diseases. NAP-1 shows potential to be used in H2S-related
medical research. We are currently pursuing other strategies
for developing more sensitive and specific fluorescent sensors
for the imaging of sulphide in living cells, tissues, and
animals, as well as sulphide related biological and physiological studies.

Experimental section
Chemicals and media
Unless noted otherwise, reagents and solvents were obtained
from commercial suppliers and employed without further
purification: Na2S·9H2O (≥99.99%), LPS (lipopolysaccharide
from Escherichia coli 0127: B8), NaHS, TRI reagent and a High
Capacity RNA-to-cDNA kit (Sigma-Aldrich, St. Louis, MO, USA);
DMEM media, fetal bovine serum (FBS), penicillin (100 μg
mL−1) and streptomycin (100 μg mL−1) (Life Technologies, CA,
USA); a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA); MCF-7 cells (the Committee on Type Culture
Collection of the Chinese Academy of Sciences).
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NCH2–), 1.56–1.63 (m, 2 H, NCH2CH2–), 1.29–1.38 (m, 2 H,
–CH2CH3), 0.91 (t, J = 7.2 Hz, 3 H, –CH3); 13C NMR (100 MHz,
DMSO-d6): δ 163.9, 163.3, 154.3, 141.1, 139.7, 133.5, 132.1,
131.3, 130.6, 129.7, 128.7, 128.5, 126.8, 122.6, 119.6, 119.2,
118.6, 117.5, 66.4, 39.0, 30.1, 20.2, 14.2; HRMS (ESI+): (M − H)+
calcd for C24H20N5O4, 442.1516; found, 442.1523. IR (KBr,
cm−1): 3448.5(w), 3292.3(m), 2985.6(w), 2929.7(w), 2873.7(w),
2115.8(s, N3), 1691.5(s), 1649.0(s), 1593.1(m), 1539.1(s), 1508.2(s),
1390.6(m), 1363.6(m), 1284.5(m), 1247.9(m), 1224.7(m),
1054.9(m), 783.1(m).
Fluorometric analyses
All fluorescence measurements were conducted at room temperature on a Hitachi F4600 fluorescence spectrophotometer.
The NAP-1 probe (CH3CN) was added to a quartz cuvette. With
the probe diluted to 10 µM with 20 mM PBS buﬀer, Na2S was
added (Na2S·9H2O was used as the H2S source in all experiments). The resulting solution was incubated for 20 min. The
fluorescence intensity was measured (λex = 415 nm) with the
slit widths of excitation and emission set at 5 nm, the emission spectra ranging from 440 nm to 620 nm at the velocity of
240 nm min−1. The photomultiplier voltage was set at 550
V. Data are presented as mean ± SD (n = 3).
Absorption analyses
Absorption spectra were recorded at room temperature on a
Shimadzu PharmaSpec UV-2401PC UV-Visible spectrophotometer. The NAP-1 probe (CH3CN) was added to a quartz
cuvette. Following the dilution of probe to 10 µM by the
addition of 20 mM PBS buﬀer, Na2S was added. The resulting
solution was incubated for 20 min prior to measurements,
with the mean ± SD expressed (n = 3).
Cell cultures and fluorescence confocal imaging

Synthesis of NAP-1
The solution of compound 3 (27 mg, 0.1 mmol) and
4-dimethylaminopyridine (DMAP) (37 mg, 0.3 mmol) in toluene
(8 mL) was cooled to 0 °C, followed by the addition of a solution of triphosgene (45 mg, 0.15 mmol) in toluene dropwise.
The mixture for reaction was heated to reflux for 6 h. When
cooled to room temperature, the mixture was diluted with dehydrated CH2Cl2 (8 mL), followed by the addition of 4-azidobenzyl alcohol (19.4 mg, 0.13 mmol). The resulting solution
was stirred overnight at room temperature. The reaction was
quenched with water (5 mL), followed by the addition of EtOAc
(3 × 10 mL) for extraction. The combined organic layers were
washed with water, saturated brine and dehydrated with
Na2SO4. The solvent was evaporated and the crude product
was purified by column chromatography on SiO2 to give the
purified product, a white powder. Yield: 18 mg, 40.6%. TLC
(silica, hexane–EtOAc, 2 : 1 v/v): Rf = 0.45; 1H NMR (400 MHz,
DMSO-d6): δ 10.38 (s, 1 H, ArH), 8.69 (d, J = 9.2 Hz, 1 H, ArH),
8.49 (d, J = 8.0 Hz, 1 H, ArH), 8.46 (d, J = 8.4 Hz, 1 H, ArH),
8.18 (d, J = 8.4 Hz, 1 H, ArH), 7.82 (t, J = 7.6 Hz, J = 8.4 Hz, 1 H,
ArH), 7.54 (d, J = 8.4 Hz, 2 H, ArH), 7.16 (d, J = 11.2 Hz, 2 H,
ArH), 5.25 (s, 2 H, ArCH2–), 4.02 (t, J = 7.6 Hz, J = 7.2 Hz, 2 H,
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The MCF-7 cells were cultured in DMEM media with 10% (v/v)
FBS (fetal bovine serum) and penicillin/streptomycin (100 μg
mL−1) at 37 °C in a 5% CO2 incubator. Cells were permitted to
grow to 80% confluence before harvesting and transferring to
a coverglass (Lab-Tek® II Chambered Coverglass, NaleNunc,
Naperville, USA). NAP-1 solution (1.0 mM stock solution in
CH3CN, final concentration 10 μM) was added to the cell
media for incubation of 30 min with or without PPG (DL-propargylglycine) pretreatment (50 mg L−1 stock solution in DI
H2O). Afterwards, the cells were rinsed thrice with PBS solution ( pH = 7.4) to remove the excessive NAP-1, followed by the
addition of Na2S (20 mM stock solution in DI H2O, final concentration 100 μM) or SNP (sodium nitroprusside, 20 mM
stock solution in DI H2O, final concentration 100 or 200 μM)
in PBS buﬀer for incubation at room temperature, and the
cells were rinsed thrice with PBS buﬀer prior to imaging. Confocal fluorescence imaging was performed on an Olympus
FV1000 confocal laser scanning microscope. The excitation
wavelength was 425 nm. The blue fluorescent images were
obtained within the range of 445 nm to 495 nm and the green
fluorescent images were obtained within the range of 520 nm
to 580 nm, respectively. Images and data were analysed using
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the Olympus software (FV10-ASW). All data were expressed as
mean ± SD (n = 3).

curve of Na2S and results were expressed as μmol g−1 protein.
The data represent the averages of three independent experiments.

Determination of sulphide in fresh human plasma with the
NAP-1 probe

Animals and administration

The experiment protocol was approved by the Ethics Committee of the Aﬃliated Hospital of Xuzhou Medical College, and
all individuals were fully informed of the purpose of the study.
Human plasma from healthy individuals was provided by The
Aﬃliated Hospital of Xuzhou Medical College. To measure sulphide, human plasma was immediately deproteined by the
addition of acetonitrile (7 : 1, v/v, plasma–acetonitrile) and
then centrifuged at 10 000 r min−1 for 20 min at 4 °C. The
resulting supernatant was immediately transferred for analyses. The analytical procedures were performed in an ice bath.
Determination of the sulphide concentration in spiked
human plasma was performed with Na2S as the internal criterion (X, X + 0.2, X + 0.4, X + 0.6, X + 0.8 μM). Deproteined
human plasma (80 µL) was added into Eppendorf tubes containing 10 µL PBS buﬀer (100 mM, pH 7.4). With Na2S stock
solution (10 μM) of 0, 2, 4, 6 and 8 µL spiked into the samples
as the internal criteria, DI H2O (10, 8, 6, 4 and 2 µL, respectively) was correspondingly introduced into the samples, followed by the addition of the NAP-1 probe (1 µL, 1.0 mM),
rendering the final concentration at 10 µM. Emission spectra
(λex = 415 nm) were determined at the end of the 20 minute
incubation of the mixture at 37 °C. Zero point was obtained by
adding 1 µL 100 mM (final concentration 1 mM) ZnCl2 to scavenge H2S in the sample. The data represent the average of
three independent experiments.
Detection of sulphide in mouse hippocampus
For the measurement of sulphide, mice were sacrificed, followed by immediate removal of hippocampus, homogenization with 9 volumes (w/v) of ice-cold 100 mM PBS buﬀer ( pH
7.4) and centrifugation at 10 000g for 10 min at 4 °C. All the
procedures were performed in an ice bath, and the homogenate supernatants were immediately transferred to sulphide
determination. All fluorescence measurements were made on
a Hitachi F4600 fluorescence spectrophotometer (Tokyo,
Japan). Protein concentrations of mouse hippocampus were
determined using a Pierce BCA Protein Assay Kit.
Determination of sulphide concentration in spiked hippocampus homogenates using Na2S as an internal standard (X, X
+ 0.4, X + 0.8, X + 1.2 and X + 1.6 μM). 20 µL of 10% homogenate supernatant (final concentration 2%, v/v) was added into
Eppendorf tubes containing 69 µL PBS buﬀer (100 mM, pH
7.4) and DI H2O (10, 9.6, 9.2, 8.8 and 8.4 µL, respectively).
Then 0, 0.4, 0.8, 1.2, and 1.6 µL Na2S stock solution (100 μM)
were spiked into the sample as the internal standard, followed
by the addition of 1 µL 1.0 mM NAP-1 probe (final concentration 10 µM). Emission spectra (λex = 415 nm) were collected
after the mixture was incubated at 37 °C for 20 min. Zero point
was obtained by the addition of 1 µL 100 mM (final concentration 1 mM) ZnCl2 to trap H2S in the sample. The sulphide
concentration in each sample was calculated by a calibration
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Adult male Kunming mice weighing 20–25 g were provided by
the Experimental Animal Centre of Xuzhou Medical College.
All the animal studies were performed in compliance with the
Chinese legislation on the use and care of laboratory animals
and were approved by the Institutional Animal Care and Use of
Xuzhou Medical College. The animals were kept at regulated
room temperature (22 ± 2 °C) and humidity (50 ± 10%) on a
12 h light/dark cycle with ad libitum access to standard commercial animal feed and pure water. Mice were acclimatised
for 1 week prior to experiments.
24 mice were randomised into three groups (n = 8 each):
control group, without treatment; model group, with lateral
ventricular injections of LPS; NaHS group, intraperitoneal
injection of NaHS at the dose of 5 mg kg−1 once per day three
days before surgery and thereafter continuously for 12 days. An
area of skin on top of the skull was shaved and conventionally
sterilized. One small hole for needle insertion was drilled in
the parietal bone posterior to bregma on one side of the
midline (coordinates: posterior –0.8 mm, medial/lateral
±1.5 mm relative to bregma, dorsal/ventral –3.8 mm below
dura). LPS (8 mg in 1 mL 0.9% saline) was injected by lateral
intracerebroventricular (b.i.c.v.) route in the LPS groups at a
dose of 3 μl per mouse under brief ether anaesthesia, using a
stainless steel needle with a microsyringe. The injection of LPS
was performed in 10 s, with the injection needles remaining
in situ for another 10 s. Mice were closely monitored for postoperative recovery and their daily health. On the 12th day after
LPS injection, mice were sacrificed, with their hippocampus
immediately collected for experiments or stored at −70 °C for
subsequent measurements.
Reverse transcriptase-PCR (RT-PCR)
For mRNA quantification, total RNA was extracted with TRI
reagent (Sigma-Aldrich, St. Louis, MO, USA). The complementary DNA was synthesized using a High Capacity RNA-to-cDNA
kit (ibid.) according to the manufacturer’s protocol. The housekeeping gene β-actin was used as an internal control for normalization in parallel with each gene examined. Amplified
products were separated by electrophoresis on a 1.25% agarose
gel, followed by visualization under a UV transilluminator and
photography. To verify reproducibility, each sample was analyzed in duplicate in three independent experiments for each
gene. The values obtained for the target gene expression were
normalized to β-actin and quantified relative to the expression
in control samples. The products were analyzed by densitometry using the Quantity One 1-D analysis software (BioRad,
Hercules, CA, USA), and the quantities of each product were
calculated relative to β-actin. The primer sequence sets specific
for CBS were 5′-CTTGGACATGCACTCAGAAAAG-3′ (forward)
and 5′-TGATAGTGTCTCCAGGCTTCAA-3′ (reverse), those for
TNF-α were 5′-TCTCATCAGTTCTATGGCCC-3′ (forward) and
5′-GGGAGTAGACAAGGTACAAC-3′ (reverse), those for IL-1β

Org. Biomol. Chem., 2014, 12, 5115–5125 | 5123

View Article Online

Paper

Organic & Biomolecular Chemistry

were 5′-TTGACGGACCCCAAAAGATG-3′ (forward) and 5′AGAAGGTGCTCATGTCCTCA-3′ (reverse) and those for β-actin
were 5′-ATGGTCACGCACGATTTCCC-3′ (forward) and 5′GAGACCTTCAACACCCCAGC-3′ (reverse).
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