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Hydrogen sulfide (H2S) is a reactive small molecule generated in the
body that canbebeneficial or toxic owing to its potent redoxactivity.
In living systems, disentangling the pathways responsible for H2S
production and their physiological and pathological consequences
remains a challenge in part due to a lack of methods for monitoring
changes in endogenous H2S fluxes. The development of fluorescent
probes with appropriate selectivity and sensitivity for monitoring
production of H2S at biologically relevant signaling levels offers op-
portunities to explore its roles in a variety of systems. Herewe report
the design, synthesis, and application of a family of azide-basedfluo-
rescent H2S indicators, Sulfidefluor-4, Sulfidefluor-5 acetoxymethyl
ester, andSulfidefluor-7 acetoxymethyl ester,whichoffer theunique
capability to image H2S generated at physiological signaling levels.
These probes are optimized for cellular imaging and feature en-
hanced sensitivity and cellular retention compared with our previ-
ously reportedmolecules. In particular, Sulfidefluor-7 acetoxymethyl
ester allows for direct, real-time visualization of endogenous H2S
produced in live human umbilical vein endothelial cells upon stimu-
lationwith vascular endothelial growth factor (VEGF). Moreover, we
show that H2S production is dependent on NADPH oxidase–derived
hydrogen peroxide (H2O2), which attenuates VEGF receptor 2 phos-
phorylation and establishes a link for H2S/H2O2 crosstalk.
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Hydrogen sulfide (H2S) has long been recognized as a toxic
molecule (1, 2), however more recent data suggest that H2S

may also have important roles as a redox-active small molecule in
cellular signaling pathways (3). Organisms ranging from bacteria to
mammals generate and use H2S for purposes spanning energy
production (4), signal transduction (5), and immune response (6).
In mammals, H2S is produced enzymatically by cystathionine
γ-lyase (CSE), cystathionine β-synthase (CBS), and the coordinated
action of cysteine aminotransferase (CAT) and 3-mercaptopyr-
uvate sulfurtransferase (3-MST) (7). These enzymes are expressed
in many tissue types, including the heart and vasculature (8), brain
(9), kidneys, lungs, liver, and pancreas (3), playing roles in blood
pressure regulation (10, 11), oxygen sensing (12, 13), and angio-
genesis (14, 15). However, aberrant H2S production has also been
associated with pathological states such as hypertension (11), Alz-
heimer’s disease (16), Down syndrome (17), diabetes (18), and liver
cirrhosis (19). The rich signal/stress dichotomy of H2S continues to
be revealed through biochemical studies, some of which suggest
that this redox-active small molecule can regulate protein targets
ranging from phosphatases (20) to heme proteins (21) to potas-
sium-gated ATP channels (22) via cysteine S-sulfhydration and
related posttranslational modifications.
Despite promising progress in the field, the elucidation of up-

stream mediators and pathways for endogenous H2S production
remains challenging, in large part due to the lack of robust methods
for the rapid, noninvasive, and real-time monitoring of H2S fluxes
in living cells and more complex specimens. While chromato-
graphic assays and electrochemical sensors have been used to
measure endogenousH2S levels in blood, homogenized tissues, and

cell lysates (23), these methods are generally incompatible with the
detection of H2S in live biological specimens. To meet this need,
molecular imaging with H2S-responsive fluorescent indicators
offers an attractive approach, and the development of H2S probes
has recently seen rapid advances (24, 25). Early work in this area
from our laboratory (26) as well as fromWang and colleagues (27)
exploited the selective H2S-mediated reduction of azides and sul-
fonylazides, respectively, to devise first-generation reagents for
fluorescence H2S detection. This versatile approach has since been
widely adopted (28–33). He (34, 35) and Xian (36, 37) have re-
ported elegantly designed probes with dual proximate electro-
philic sites for trapping H2S. Furthermore, Nagano (38) as well as
Zeng and Bai (39) have developed copper sulfide precipitation
strategies for H2S detection. Nucleophilic addition (40–42) and
related tactics (43–45) have also appeared in the recent literature.
This ever-expanding palette offluorescent probes has been used for
the optical detection of exogenous H2S in live cells, blood, and in
vitro enzyme assays. However, the visualization of endogenousH2S
production within live cells remains elusive, owing to limitations in
sensitivity and selectivity of currently available indicators.
Herein, we present the design, synthesis, and applications of

a series of fluorescent probes, Sulfidefluor-4 (SF4), Sulfidefluor-5
acetoxymethyl ester (SF5-AM), and Sulfidefluor-7 acetoxymethyl
ester (SF7-AM), which possess enhanced sensitivity and cellular
trappability that allow for the real-time imaging of endogenous
H2S produced within living cells. These fluorescent indicators
show up to 40-fold fluorescence turn-on responses. They also
feature higher selectivity for H2S than for abundant competing
cellular thiols, reactive sulfur species (RSS), reactive nitrogen
species (RNS), and reactive oxygen species (ROS). Furthermore,
these probes possess visible excitation and emission profiles
that are compatible with commonly available microscopy filter
sets. We used the most advanced member of this series, SF7-AM,
to visualize VEGF-triggered H2S production in live human um-
bilical vein endothelial cells (HUVECs) and confirmed its de-
pendence on VEGF receptor 2 (VEGFR2) and CSE activation.
Further, a combination of imaging with SF7-AM and biochemical
data from ELISAs suggest that VEGF-triggered H2S generation
is dependent on H2O2 derived from NADPH oxidase (Nox),
providing a link between these two ubiquitous small-molecule
signal/stress agents. The ability to monitor changes in endog-
enous levels of H2S within live biological samples with spatial
and temporal resolution opens further opportunities to study
its cellular biochemistry.

Author contributions: C.J.C. designed research; V.S.L. and A.R.L. performed research;
V.S.L., A.R.L., and C.J.C. analyzed data; and V.S.L., A.R.L., and C.J.C. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1V.S.L. and A.R.L. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: chrischang@berkeley.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1302193110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1302193110 PNAS | April 30, 2013 | vol. 110 | no. 18 | 7131–7135

CH
EM

IS
TR

Y
BI
O
CH

EM
IS
TR

Y

mailto:chrischang@berkeley.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1302193110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1302193110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1302193110


Results and Discussion
Design, Synthesis, and Evaluation of Next-Generation Sulfidefluors
SF4, SF5-AM, and SF7-AM. We previously reported two first-gener-
ation fluorescent probes for H2S, SF1 and SF2, which rely on the
chemoselective and biocompatible reduction of an aryl azide to an
aniline upon reaction with H2S to produce a fluorescent readout
that operates in a cellular context (24–26). Unfortunately, the in
vitro detection limit of these probes was in the range of 5–10 μM
H2S, which may not be sufficiently sensitive to measure endoge-
nous release of H2S during cellular signaling cascades (46).
Therefore, we hypothesized that improvements in sensitivity and
cellular retention of the probes would allow us to pursue such
studies by lowering the detection limit. To address these issues, we
turned to bis-azido dyes to increase H2S sensitivity as well as
acetoxymethyl ester-protected carboxy dyes (47) to increase cel-
lular trappability. Specifically, we synthesized SF4 by using
a Sandmeyer reaction to convert commercially available rhoda-
mine 110 into the bis-azido masked dye (Fig. 1) (48). SF5 and SF7
were derived from carboxyrhodamine 1, which was prepared
through the acid-mediated condensation of m-aminophenol with
trimellitic anhydride. The crude mixture of 5′- and 6′-isomers was
subjected to Sandmeyer conditions with sodium nitrite to provide
the carboxy probes SF5 and SF6. For the preparation of SF7-AM,
an amide coupling with tert-butyliminodiacetate was performed
on the isomeric mixture of SF5 and SF6 to furnish the protected
ester 3 as well as the 6′-carboxamide isomer, which could then be
readily separated by silica chromatography. Trifluoroacetic acid
(TFA) deprotection of the tert-butyl esters provided the bis-ace-
tate probe SF7, which was converted to the more cell-permeable
bis-acetoxymethyl ester SF7-AM using bromomethyl acetate.
With these compounds in hand, we examined the spectral

properties and reactivities of these fluorescent indicators in aque-
ous solution buffered to physiological pH (20 mMHepes, pH 7.4).
As expected, SF4, SF5, and SF7 are dim in their bis-azide forms, but
upon reaction with H2S generated using the H2S donors NaSH or
Na2S, the azides are reduced to anilines to generate rhodamine 110
(λmax= 496 nm, e = 74,000M–1·cm–1,Φ = 0.92, λem= 517 nm) (49),
carboxy rhodamine 110 (λmax = 498 nm, e = 84,000 M–1·cm–1, Φ =
0.18, λem = 521 nm), and carboxamide rhodamine 110 (λmax = 498
nm, e = 91,000 M–1·cm–1, Φ = 0.17, λem = 526 nm), respectively.
After 60 min of exposure to H2S, SF4, SF5, and SF7 produced

a 40-fold (Fig. S1A), fourfold (Fig. S1C), and 20-fold increase in
fluorescence intensity, respectively (Fig. 2A). We note that the
reactions are not complete at these early time points and even
greater turn-on responses can be observed upon incubation with
higher amounts of H2S for longer times (Fig. S2). In vitro experi-
ments have also demonstrated that these new probes can detect
submicromolar concentrations of H2S (Fig. S3). SF4 displays
a lower detection limit of 125 nM, while SF5-AM and SF7-AM can
detect as low as 250 and 500 nM, respectively.
We next evaluated the selectivity of the newly synthesized SF

probes across a panel of RSS, RNS, andROS (Fig. 2B). All of these
reagents showed high selectivity for H2S over these competing
analytes, in agreement with previously published probes SF1 and
SF2. In addition, SF7 showed a further enhancement in selectivity
versus glutathione, which we speculate may arise from a coulombic
repulsion between the two negatively charged carboxylate groups
on SF7 and glutathione. Taken together, the in vitro experiments
demonstrate that the bis-azido dyes SF4, SF5, and SF7 offer an
improvement over the first-generation dyes SF1 and SF2.
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Fig. 1. Design and synthesis of trappable probes for H2S imaging.

Fig. 2. Evaluation of SF7-AM in vitro. (A) Fluorescence response of 10 μM
SF7 to 100 μM NaSH. Data were acquired at 25 °C in 20 mM Hepes buffered
to pH 7.4 with excitation at λex = 488 nm. Emission was collected between
498 and 700 nm. Time points represent 0, 10, 20, 30, 40, 50, and 60 min (red
trace) after addition of 100 μMNaSH. (B) Fluorescence response of 10 μM SF7
to biologically relevant RSS, ROS, and RNS. Bars represent relative responses
at 525 nm at 0, 15, 30, 45, and 60 min after addition of RSS, RNS, or ROS.
Data shown are for 5 mM glutathione, 500 μM cysteine, and 100 μM for
other RSS, RNS, and ROS. Data were acquired in 20 mM Hepes buffered at
pH 7.4 with excitation at λex = 488 nm. 1, NaSH; 2, Glutathione; 3, Cysteine;
4, Lipoic acid; 5, Na2SO3; 6, Na2S2O3; 7, KSCN; 8, S-nitroso glutathione; 9,
NaNO2; 10, NO; 11, H2O2; 12, O2

–; 13, tBuOOH; 14, HOCl.
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Validation of SF5-AM and SF7-AM for Molecular Imaging of H2S in Live
Cells. Building on the in vitro characterization studies of the SF se-
ries, the efficacy of these new probes for imagingH2S in live cells was
established. Initially, the retention of these acetoxymethyl ester–
functionalized SF5-AM and SF7-AM probes within live HUVECs
was compared with that of SF2 and SF4, which do not contain
trapping groups. Fig. 3 shows images for SF2, SF4, SF5-AM, and
SF7-AM before (Fig. 3 A–D) and after (Fig. 3 E–H) replacing the
cellular media. SF2 and SF4 are primarily localized to the cytosol
and excluded from the nucleus, while SF5-AM and SF7-AM display
cytosolic and nuclear localization, possibly due to differences in the
lipophilicities of these dyes. SF2 and SF4 display a rapid decrease in
cellular fluorescence within 5 min after replacing the cellular media
(Fig. S4), whereas SF5-AM is retained in cells at 5 min but loses
signal within 30–60 min; a net charge of –1 may be insufficient to
prevent leakage of the dye from live cells. In contrast, SF7-AM
retains its brightness for the entire 60 min after replacing the
cellular media, likely as a result of the two unmasked carboxylic
acids, which give the dye a net –2 charge and prevent diffusion out
of the cell (50, 51). This enhanced trappability provides a notable
increase in the sensitivity of this reporter for cellular imaging by
maintaining a greater concentration of dye within the cell (47, 52,
53). Fig. S5 displays images of HUVECs loaded with SF7-AM and
25 μM NaSH, showing a dramatic improvement over SF4, which
requires 100 μM NaSH to cause a comparable increase in signal
intensity (Fig. S6). SF5-AM exhibits a more modest turn-on re-
sponse to 25 μMNaSH (Fig. S5A–C). Moreover, small but patent
increases in fluorescence intensity of SF7-AM can be visualized
with exogenously added NaSH doses as low as 1 μM (Fig. S6C).

SF7-AM Images Endogenous H2S Production in HUVECs upon VEGF
Stimulation. Having demonstrated improvements in the sensitivity
of the azide-based H2S probes by adding cell-trapping motifs, we
turned our attention to imaging endogenously produced H2S in
living cells. VEGF stimulation of HUVECs was selected as amodel
cell system of angiogenesis, as buildup of H2S has been identified
previously using a methylene blue assay, and thus we sought to
monitor this H2S production in live samples (14). Live HUVECs
were incubated with SF7-AM and imaged before and after stimu-
lation with VEGF. The cells displayed a clear increase in in-
tracellular fluorescence comparedwith vehicle controls (Fig. 4A,B,
and D), as well as morphological changes, including membrane
ruffling and migratory phenotypes associated with VEGF stimu-
lation. Time-lapse imaging of SF7-AM loaded in HUVECs stim-
ulated with VEGF (Movie S1) compared with HUVECs treated
with a vehicle control (Movie S2) provides a clear demonstration of

the ability of this chemical tool to enable direct visualization of
changes in endogenous H2S production in real time. We note that
although high-energy UV irradiation can potentially photoactivate
azide groups, the use of lower energy, red-shifted excitation
wavelengths limits such pathways. Indeed, negligible increase in
fluorescence is observed from SF7-AM loaded in unstimulated
HUVECs that have undergone 30 rounds of excitation at 488 nm,
indicating that this probe displays good photostability upon irra-
diation at visible wavelengths with low laser power (Movie S2).

Fig. 3. Uptake and retention of SF2, SF4, SF5-AM, and SF7-AM for live-cell imaging. HUVECs were loaded with (A, E) 5 μM SF2, (B, F) 5 μM SF4, (C, G) 2.5 μM
SF5-AM, or (D, H) 2.5 μM SF7-AM for 30 min, then imaged before (A–D) and 60 min after (E–H) replacing media. Fluorescence reflects background signal from
probe in untreated HUVECs. (Scale bar, 100 μm.)

Fig. 4. Confocal images of endogenous H2S detection in live HUVECs using
SF7-AM. (A) HUVECs incubated with 5 μM SF7-AM for 30 min at 37 °C,
washed, and then imaged. (B) The same field of HUVEC in A was treated on
stage with 40 ng/mL VEGF for 30 min at 37 °C and then imaged. (C)
Brightfield images of the same field of cells in B overlaid with images of
1 μM Hoechst stain at 37 °C. Images in A and B are the maximum intensity
projections of 8 × 2 μm z-stacks. (Scale bar, 100 μm.) (D) Quantification of
confocal fluorescence images of H2S signaling in live HUVECs using SF7-AM.
HUVECs were incubated with 2.5 μM SF7-AM, washed, and imaged before
treatment with 0.1% BSA in H2O as a vehicle control (Cont), n = 8; 40 ng/mL
total VEGF stimulation (VEGF), n = 14; 30 μM AAL-993 for 40 min before
VEGF stimulation, n = 3; 100 μM PAG for 10 min before treatment with 40
ng/mL VEGF, n = 3. Data were normalized to VEGF-stimulated positive
control. Data are expressed as a ratio of final mean fluorescence intensity (Ff)
to the initial mean fluorescence intensity (Fi), and error bars are ± SEM.
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H2S Production Is Dependent on VEGFR2 and CSE. Next, SF7-AMwas
used to interrogate pathways that lead to H2S production upon
VEGF stimulation of HUVECs. Pharmacological inhibition of the
tyrosine kinase domain of VEGFR2 using AAL-993 significantly
decreased the turn-on response of SF7-AM, confirming its partic-
ipation in VEGF-triggered H2S generation (Fig. 4D). As men-
tioned above, CSE has been identified as an essential H2S-
producing enzyme in the vasculature (11), and treatment of
HUVECs with DL-propargylglycine (PAG), a CSE inhibitor, also
attenuated the SF7-AM turn-on response. This indicates that
CSE also contributes to the observed H2S generation in this
model. Moreover, Western blot analysis showed that CSE levels
did not change in the time frame of these imaging experiments
(Fig. S7), consistent with posttranslational regulation of H2S
production. Interestingly, CBS was also expressed in HUVECs
(Fig. S7), suggesting that this enzyme may play an unforeseen role
in the H2S biology of this model (54).

VEGF-Triggered H2S Production Is Dependent on Nox-Derived H2O2.
Given that H2O2 has been implicated as an early-response second
messenger in growth factor signaling (52, 55–57), it was hypothe-
sized that this pathway could play a role in H2S generation. VEGF
stimulation of VEGFR2 induces autophosphorylation of the tyro-
sine kinase domain to activate the GTPase Ras-related C3 botuli-
num toxin substrate 1 (Rac1), which translocates and subsequently
activates Nox to produce H2O2 (58). To interrogate the con-
tributions of Nox-derivedH2O2 toH2S signaling,VEGF stimulation
experiments were performed in the presence of PEG-catalase (Fig.
5A), an enzymatic, cell-permeable scavenger with high H2O2 spec-
ificity; diphenyleneiodonium chloride (DPI), a broad-spectrum Nox
inhibitor; and gp91ds-tat, a Nox-specific peptide inhibitor (Fig. 5B)

(59). All treatments attenuated the turn-on response of SF7-AM
compared with vehicle control and scrambled peptide control,
consistent with crosstalk between H2O2 and H2S production. As an
additional control experiment, treatment with 100 μM exogenous
H2O2 showed no increase in observed fluorescence signal over ve-
hicle control levels (Fig. S8). Taken together, these experiments
indicate that Nox-derived H2O2 is an upstreammediator of VEGF-
stimulated H2S production in HUVECs (Fig. S9).
Finally, to elucidate potential targets of H2O2 in the VEGF sig-

naling pathway, we focused on proteins upstream ofH2S generation
by CSE. Specifically, measurements of VEGFR2 phosphorylation
status by ELISA indicate that phosphorylation of the receptor ty-
rosine kinase was diminished when the cells were treated with Nox
inhibitors such asDPI and gp91ds-tat (Fig. 5C andD). These results
are consistent with previous reports implying that VEGFR2 phos-
phorylation can be modulated by Nox activity (60, 61). The gener-
ation of H2O2 by Nox enhances phosphorylation of VEGFR2,
presumably by protein tyrosine phosphatase inhibition (62, 63), to
trigger a positive feedback loop for H2S production. Indeed, treat-
ment with PAG had no observable effect on VEGF-stimulated
VEGFR2 phosphorylation (Fig. 5C), suggesting that CSE-derived
H2S does not appear to be directly involved in this VEGFR2 feed-
back loop.Nevertheless, the identification ofH2S/H2O2 crosstalk via
receptor tyrosine kinase activity sets the stage for continued
study of these intertwined redox-active signaling molecules.

Concluding Remarks.H2S is a redox-active, reactive smallmolecule in
biological systems that can have diverse physiological and patho-
logical effects. The ability to monitor, in real time, endogenous re-
lease of H2S offers a potentially powerful approach to delineate
upstream signaling pathways that regulate its production and directly
identify the participation of H2S in specific processes. In this report,
we have presented a suite of molecular imaging probes, SF4, SF5-
AM, and SF7-AM, which use the chemoselective H2S-mediated
reduction of biocompatible azides to amines for H2S detection in
live-cell settings. In particular, synthetic designs to enhance sensi-
tivity via increased intracellular trappability have furnished a unique
chemical tool, SF7-AM.This chemical probe is capable of visualizing
H2S generated at signaling levels using aVEGF-stimulatedHUVEC
model and time-lapse imaging. These molecular imaging studies
show that production of H2S is dependent on VEGFR2 and CSE.
Moreover, we have discovered that H2S generation is dependent on
Nox-derived H2O2. This redox signal acts in a feed-forward loop
through autophosphorylation ofVEGFR2,which expands themodel
for the roles of H2S in VEGF-induced angiogenesis by emphasizing
the need for Nox activity in this process (Fig. 6). In a more general
sense, this work provides support for H2S/H2O2 crosstalk. The con-
tinued development offluorescent reporters that enable visualization

Fig. 5. Quantification of confocal fluorescence images of H2S signaling in live
HUVECs using SF7-AM, with data from Fig. 4 for comparison. (A) HUVECs were
incubated with 2.5 μM SF7-AM, washed, and imaged before treatment with
0.1%BSA in H2O as a vehicle control; 40 ng/mL total VEGF stimulation; 100 U/mL
PEG-catalase (PEG-cat) for 2–4 h before VEGF stimulation, n = 5; 1–5 μM DPI for
10 min before VEGF stimulation, n = 5. Data were normalized to VEGF-stimu-
lated positive control. (B) HUVECs were incubated with 2.5 μM SF7-AM and 2.5
μM scrambled peptide for 30–60min before VEGF stimulation, n = 4; data were
normalized to scrambled control. Data are expressed as a ratio of final mean
fluorescence intensity (Ff) to the initialmeanfluorescence intensity (Fi), and error
bars are ± SEM. ELISAs performed on 12–16 h serum-starved HUVECs harvested
after treatment with (C) 0.2% DMSO vehicle, 1 mM PAG, or 1–10 μMDPI, n = 3,
or (D) ELISAofHUVECs treatedwith 1 μMof scrambled or gp91ds-tat peptide for
30 min, n = 2, before vehicle (dark gray) or 40 ng/mL VEGF stimulation (light
gray) for 10 min. All values have been normalized to the ratio of phospho/total
VEGFR2 measured upon 40 ng/mL VEGF stimulation of control HUVECs (vehicle
or scrambled), which was arbitrarily set to unity. Error bars are ± SEM.

Fig. 6. Schematic of H2S signaling and H2S/H2O2 crosstalk in the VEGF-stimu-
lated HUVEC model. VEGF stimulates the VEGFR2 receptor, which becomes
autophosphorylated and induces H2S production via CSE. VEGFR2 phosphoryla-
tion also activates Nox to generate H2O2, which then feeds forward to amplify
VEGFR2 activity.
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of endogenous H2S in living cells and higher specimens reveals di-
verse opportunities to study and provide further insight into the dy-
namic, complex behaviors of this RSS in redox biology.

Materials and Methods
Materials and procedures are described in SI Materals and Methods. Included
are synthesis and characterization of compounds. Imaging and biochemical
experiments, including time-lapse movies, are also included.
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