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ABSTRACT: Herein, a novel fluorescent probe by integrat-
ing 4-azide-1,8-naphthalic anhydride and spiropyran was
obtained. NT-N3-SP was capable of specifically monitoring
H2S by azide reduced. Upon irradiation by alternate
ultraviolet and visible light, both the structure and emission
of spiropyran moiety in NT-N3-SP can be reversibly tuned.
Importantly, the alternation will be interrupted in the
presence of SO2. Additionally, NT-N3-SP was successfully
used for detection of H2S/SO2 in cells and mice.

Reactive sulfur species (RSS) are a class of sulfur-containing
compounds that play vital roles in human physiology.1−3

Among these RSS, hydrogen sulfide (H2S) and sulfur dioxide
(SO2) seem to be the most attractive sulfur compounds due to
their physiological role as the endogenous gasotransmitters
following nitric oxide (NO) and carbonic oxide (CO).4−9 From
a chemistry perspective, H2S and SO2 are redox partners;
therefore, they could coexist in biological systems. In fact, it is
evident that SO2 and H2S are generated from the same
metabolism of sulfur-containing amino acids, and sometimes the
two gasotransmitters share the same signal pathway, even the
same target residue.10−13 In addition, increasing studies
suggested that H2S and SO2 exhibit similar anti-inflammatory
activities against ROS, especially in cardiovascular systems.14

Obviously, there is a significant correlation between H2S and
SO2 in the living systems. Because of these similar properties,
researchers cannot distinguish one specific from another in the
complicated physiological environment of the cells. In fact, some
biological mechanisms that were originally attributed to H2S
may actually be mediated by SO2 and vice versa.
In order to better understand the physiological roles of SO2

and H2S, several methods, such as electrochemistry, chromatog-
raphy, and capillary electrophoresis, have been reported for
SO2

15−18 and H2S
19,20 detection. However, these methods

cannot be directly applied to living cells due to their destructive
nature.21 Fluorescence probes, which can display rapid,
noninvasive, and sensitive detection of target analytes, have
become powerful tools for in vivo imaging.22−25 Although a few
fluorescent probes for the detection of SO2 or H2S have been
reported in recent years, most still suffer from drawbacks in
terms of the selectivity. The design of a single fluorescent probe

which displays a highly selective and distinctive response for H2S
and SO2 simultaneously is highly desirable but even more
challenging. Studies suggest that the aryl azide group shows high
selectivity with hydrogen sulfide.26,27 Therefore, we speculate
that azide derivative seems to be an ideal probe for H2S
detection. Spiropyran, as a typical photoswitchable mole-
cule,28−30 was a latent fluorophore that can be reversibly
tuned to merocyanine, which shows high selectivity for SO2

detection.31 To this end, we coupled the spiropyran derivative to
the weakly fluorescent molecule 4-azide-1,8-naphthalic anhy-
dride with ethylenediamine as a tether. The full working strategy
is described in Scheme 1.
In order to confirm our hypothesis for SO2 andH2S detection,

first we tested the absorbance and fluorescence responses ofNT-
N3-SP with UV irradiation. As expected, upon irradiation of UV
light (365 nm, 12W), a gradual fluorescence emission at 630 nm
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Scheme 1. Molecular Structure and Proposed Sensing
Mechanism of NT-N3-SP for H2S and SO2
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was observed (Figure 1a), which fully proved the formation of
MR isomer. In addition, with the photoconversion of the SP

moiety, the azide group was also reduced, and the absorption
peaks at 440 and 535 nm are enhanced during the UV irradiation
(Figure 1b). The light-controlled reversible SP/MR switch
could be realized for several cycles without obvious degradation
in intensity (Figure 1c,d).
Then UV−vis and fluorescence measurements were carried

out. As described in Figure 2a, upon addition of Na2S (0−200

μM), the maximal absorption at 370 nm decreased and a new
red-shifted absorbance peak at 440 nm was centered. Mean-
while, the fluorescence intensity was significantly enhanced at
540 nm (Figure 2b), and the detection limit of NT-N3-SP for
Na2S was calculated to be 0.101 μM (Figure S1a) based on
IUPAC (CDL = 3Sb/m).

32,33

Probe NT-N3-SP is essentially nonfluorescent at around 630
nm due to the ring-closed spiropyran moiety. In addition, the
presence of Na2SO3 caused almost no changes in the absorption
and fluorescence spectra, suggesting that the caged compound is
stable and it will not transform into the fluorescence form
without UV irradiation. In contrast, upon 150 s UV irradiation, a
huge enhancement of NT-NH2-MR in both the absorption and
fluorescence spectra was observed as shown in Figure S2a,b.

Then the UV light-controlled recognition of NT-NH2-SP for
SO2 was performed in solution. The decrease of the maximum
absorption band around 535 nm confirmed the disruption of the
double bond in the merocyanine moiety (Figure 2c).
Simultaneously, the fluorescent emission at 630 nm decreased
gradually with the addition of Na2SO3 (Figure 2d), suggesting
formation of theMichael adduct betweenNa2SO3e andMR-stat.
The detection limit of NT-NH2-MR toward the SO2 derivative
was calculated to be 0.121 μM (Figure S3).
We then tested the selectivity of NT-N3-SP for H2S and SO2.

It was found that only the addition of Na2S induced significant
fluorescence enhancement at 540 nm (Figure S4a). Next, we
recorded the spectra change of NT-N3-MR with other analytes.
As shown in Figure S4b, other interfering species hardly caused
any fluorescence change at 630 nm except Na2SO3. Then the
real-time fluorescence responses of NT-N3-SP toward SO2 and
H2S were examined by recording the fluorescence intensity of
the two emission wavelengths at 540 or 630 nm, respectively. As
illustrated in Figure S5a, the fluorescence intensity at 540 nm
notably enhanced and finally leveled off at around 25 min after
treatment with 200 μM Na2S. The fluorescence signals of NT-
NH2-MR at 630 nm leveled off within 5 min upon addition of
Na2SO3 (200 μM), suggesting that the MR state is highly
reactive with SO2. However, onemay wonder if hydrogen sulfide
may also show high reactivity toward such a conjugated system.
To address this issue, we further investigated the time-
dependent fluorescence response of NT-NH2-MR at 630 nm
with hydrogen sulfide. Upon addition of Na2S, the fluorescence
signals at 630 nm decreased more slowly than those of SO2, and
the detection process was still ongoing until 60 min (Figure
S5c). As a result, the azido group seems to be more sensitive
toward H2S compared with the MR state in NT-NH2-MR. The
pH effect of NT-N3-SP toward SO2 and H2S was subsequently
investigated. Probe NT-N3-SP is stable in a broad pH range
(3.0−8.0), and an obvious enhancement of intensity at 540 nm
was found after it was treated with Na2S within the normal
physiological ranges from 5.0 to 7.4 (Figure S6a).NT-NH2-MR
was also steady in a broad pH range (3.0−8.0) after UV
irradiation, and the addition of Na2SO3 displayed the best
fluorescence response within the pH range from 5.0 to 8.0
(Figure S6b).
For the mechanistic study of probe NT-N3-SP for H2S and

SO2, the mass spectrometry analysis was carried out here. ESI-
MS in Figure S7a shows a main peak at m/z 644.22525 [M −
H]+, which corresponds toNT-N3-SP. Themass peak appearing
at m/z 618.23474 corresponded to the product of NT-N3-SP
with Na2S (Figure S7b). Then the mixture of NT-N3-SP with
Na2S was exposed to UV light. As expected, MS analysis gave the
expected mass shift at m/z 618.23444 of deserved product NT-
NH2-MR, and the dominant peaks at 640.21674 were attributed
to the complex of NT-NH2-MR + Na (Figure S7c). Addition-
ally, it is worth pointing out no signal appeared at 651.2152 in
the mass spectrometry, which should belong to NT-NH2-MR +
Na2S (Figure S7d). However, a noticeable signal peak was
observed at m/z 698.1931 with the mixture of NT-NH2-SP +
Na2SO3 (Figure S7e). All these results were consistent with our
hypothesis.
Next, fluorescence imaging in living cells was carried out.

First, the cytotoxicity ofNT-N3-SPwas evaluated byMTT assay
(Figure S8), and the result showed that NT-N3-SP was well
suited for bioimaging applications. We then carried out
fluorescence imaging of exogenous H2S and endogenous H2S
(induced by SNP: sodium nitroprusside). As shown in Figure 3

Figure 1. (a) Fluorescence spectra and (b) absorption spectra of probe
NT-N3-SP (10 μM) upon irradiation with a UV lamp. (c) Fluorescence
emission and (d) UV−vis absorbance photoswitching of NT-N3-SP
with UV/vis cycle. Test medium: PBS/C2H5OH solution (v/v = 1/1,
pH 7.4).

Figure 2. (a) Absorption spectra and fluorescence spectra changes of
probeNT-N3-SP (10 μM)with increasingNa2S (0−200 μM), λex = 440
nm. (c) Fluorescence emission and (d) UV−vis absorbance of activated
NT-NH2-MR (10 μM) in the presence of Na2SO3 (60 μM), λex = 535
nm.
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(b1), after pretreatment with SNP (500 μM) for 60 min, the
cells incubated with NT-N3-SP showed an enhancement in
fluorescence in green channel. Similarly, a remarkable enhance-
ment of the green fluorescence signal was observed when NT-
N3-SP pretreated cells were further incubated with Na2S for 20
min, which indicates that NT-N3-SP was capable of monitoring
both exogenous and endogenous H2S in living cells.
Then NT-N3-SP-loaded HepG 2 cells were treated with UV

light for conversion to the MR state. It is also known that UV
causes photobleaching of azide-containing dyes. As a result of
the Förster resonance energy transfer (FRET) from naph-
thalimide donor to the MR acceptor, it was found that HepG 2
cells showed negligible fluorescence in the green channel but a
strong fluorescence in the red channel after 3 min of UV
irradiation (Figure 4b). To our delight, after the visible-light

irradiation (10 min), the fluorescence was recovered due to the
reversible isomerization from the MR state back to the initial SP
state (Figure 4c). Furthermore, we obtained satisfactory
intracellular photochromic actions with alternate UV/vis
irradiation (Figure 4d,e). As a whole, these results clearly
validate the smart light-control of NT-N3-SP by alternate UV/
vis irradiation in living cells.
Eventually, the UV light-controlled conversion of NT-N3-SP

from the SP state to the activatedMR state for SO2 detection was
carried out in HepG 2 cells. Probe NT-N3-SP was first
internalized by HepG 2 cells and then treatment with UV

light irradiation for 3 min (a1). Subsequently, we tested the
ability ofNT-NH2-MR for imaging endogenous SO2 induced by
lipopolysaccharide (LPS: 1 μg/mL). As shown in Figure 5 (b1),

upon pretreatment with LPS for 60 min, the fluorescence signal
of NT-NH2-MR-loaded HepG 2 cells decreased in the red
channel. Also, upon incubation with Na2SO3 for 20 min, the
fluorescence intensity in the red channel decreased Figure 5
(c1). Hence, we speculate that NT-NH2-MR was potentially
suitable for response of exogenous and endogenous SO2 in living
cells.
In order to further expand the biological applications of the

NT-N3-SP, we next examined its capability for visualization of
H2S and SO2 in a mouse model. As shown in Figure 6a1, no
fluorescence signals were observed in mice before injection of
theNT-N3-SP andNT-NH2-MR. Then the solutions ofNT-N3-
SP (100 μM) with or without UV irradiation were separately
injected into two groups of tested mice. As shown in Figure 6a2,
distinctive fluorescence signal appeared in the mice after
injection of NT-NH2-MR in group 1. However, another group

Figure 3. Confocal microscopy images of living HepG 2 cells. (a1−a3)
Fluorescence imaging probe NT-N3-SP (10 μM). (b1−b3) Fluo-
rescence imaging probe NT-N3-SP (10 μM) with endogenous H2S
(induced by SNP). (c1−c3) Fluorescence imaging probe NT-N3-SP
(10 μM)with exogenous H2S (Na2S: 50 μM). Green channel λem = 530
± 20 nm (λex = 458 nm).

Figure 4. Photochromism of probe NT-N3-SP in living cells. (a1, a2)
HepG 2 cells were first incubated with probeNT-N3-SP (10 μM). (b1,
b2): Cells were further treated with Na2S (100 μM). (c1−f1, c2−f2):
UV/vis cycling of the two imaging channels of NT-NH2-MR and NT-
NH2-SP. Red channel λem = 630± 20 nm (λex = 561 nm), green channel
λem = 535 ± 20 nm (λex = 458 nm).

Figure 5.Confocal microscopy images of Na2SO3 in livingHepG2 cells.
(a1−a3) Cells were pretreated with probe NT-N3-SP (10 μM) and
then treated with UV irradiation. (b1−b3) Fluorescence imaging of
UV-activated probe NT-N3-SP (10 μM) with endogenous SO2
(induced by LPS). (c1−c3) Fluorescence imaging of UV-activated
probeNT-N3-SP (10 μM)with exogenous SO2 (Na2SO3: 50 μM). Red
channel λem = 630 ± 20 nm (λex = 561 nm).

Figure 6. Visual imaging of Na2SO3 and Na2S in mice model. (a1, b1)
Fluorescence imaging of the control group. Fluorescent signals of NT-
NH2-MR 100 μM (a2) and NT-N3-SP 100 μM (b2) in living mice.
Fluorescent signals of NT-NH2-MR 100 μM (a2) and NT-N3-SP 100
μM (b2) upon injection of Na2SO3 200 μM (a3, a4) and Na2S 200 μM
(b3, b4) at 5 and 20min, respectively. Group 1: red channel λem = 600±
20 nm (λex = 530 nm). Group 2: green channel λem = 540± 20 nm (λex =
450 nm).
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of mice per treatment with NT-N3-SP exhibited a weak
fluorescent signal. After 15 min, we injected Na2SO3 and Na2S
to the two groups of mice and then anesthetized them for
fluorescence imaging. As time went by, the fluorescence
intensity in the mice gradually decreased with the injection of
Na2SO3, and remarkable enhancement of fluorescence signals
appeared in the other group which was treated with Na2S.
Therefore, we envision that NT-N3-SP was suitable for
screening the increased concentration of H2S and SO2 in living
mice models.
To conclusion, inspired by the light-controlled recognition

strategy, for the first time we have successfully engineered a
novel fluorescent probe NT-N3-SP based on 4-azide-1,8-
naphthalic anhydride and spiropyran derivative. The azide
group in NT-N3-SP could be reduced in the presence of H2S,
and the activated spiropyran moiety could serve as a new SO2
recognition site upon UV radiation. Importantly, the “smart”
sensorNT-N3-SP exhibits high selectivity and sensitivity for SO2
andH2S, and it was also successfully applied to in vivo imaging in
living cells andmice. Relying on these merits, we believe that this
work provides a powerful tool for better understanding the
contributions of SO2 and H2S in physiological and pathological
processes.
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