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a b s t r a c t

Intracellular reactive sulfur species play important roles in physiological and pathological processes.
Emerging evidences suggest that sulfane sulfur instead of H2S is the actual signaling molecule in these
processes. Sulfane sulfur can be generated as a result of the reaction between O2

$� and H2S in mito-
chondria. Therefore, we develop a near-infrared mitochondria-targeting probe that allows multiresponse
to O2

$� and H2Sn successively for investigating this biosynthetic reaction. The probe exhibits highly
selective fluorescent response to O2

$� and H2Sn successively in presence of potential biological inter-
ferants. Fluorescent imaging studies and flow cytometry analysis of RAW264.7 cells elaborate that the
probe can be used to reveal the continuous process of O2

$� burst and H2Sn production in situ and in real-
time. The mitochondria isolation indicates that the probe can specifically localize in mitochondria.
Finally, the fluorescent probe has been successfully applied to detect O2

$� and H2Sn in mice.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The intracellular reactive sulfur species is a general term for
sulfur-containing biomolecules which assumes critical re-
sponsibilities for physiological and pathological processes in vivo
[1e8]. Among those biomolecules, H2S has been known as the third
gasotransmitter [9,10]. However, the existence of this gas in cells
should be controlled closely, because the abnormal level of H2S will
cause potential adverse effects to mitochondrial respiration, and
then many diseases may be induce [11,12]. Therefore, the sulfur-
relevant cell signaling processes should depend on the rapid H2S
metabolism via biochemical pathways. It is reported that the
endogenous H2S metabolism can be balanced through oxygen-
dependent sulfane sulfur production in mitochondria [13,14]. Sul-
fane sulfur are an uncharged form of sulfur (S0) with six valence
electrons, which can be reversibly attached to proteins via covalent
bond between S0 and other sulfur atoms [11,12,15]. They are mainly
present in hydrogen polysulfides (HeSneSH, n � 1), alkyl hydro-
persulfide (ReSSH), alkyl hydropolysulfides (ReSneSH, n� 1), alkyl
polysulfides (ReSeSneSeR, n � 1), and elemental sulfur (S8).
Compared with H2S, sulfane sulfur exhibit low cytotoxicity in
biological systems. It is possible that H2S produced by enzymes will
be immediately converted into sulfane sulfur and stably stored in
cells for the further signaling regulation [16]. Additionally,
emerging evidences suggest that the actual signaling molecules
in vivo are sulfane sulfur rather than H2S [13e15]. However, the
biosynthetic pathways and biofunctions of sulfane sulfur are still
under investigation. Some recent examinations imply that sulfane
sulfur can be derived from H2S in presence of reactive oxygen
species (ROS) [17e19]. As the base composition of sulfane sulfur,
H2Sn are involved in cytoprotective processes and redox signaling.
Moreover, the species can be considered as the redox forms of H2S
[20,21].

Mitochondria are main production source of ROS. During the
process of mitochondrial respiration, a small portion of oxygen
(0.1%e4%) is always reduced to superoxide anion ðO2

$�Þ by elec-
trons leak from respiratory chain. Subsequently, O2

$� can be con-
verted into other ROS enzymatically or non-enzymically, which
indicates that the concentration of O2

$� can reflect the levels of
other ROS [22]. In cells, the mitochondria fraction contains
approximately 60% of bound sulfane sulfur [16]. We hypothesize
that the mitochondria-targeting H2Sn production may benefit from
O2

$�, although the real situation remains to be elucidated. In order
to comprehend the production of H2Sn in presence of O2

$�, it is
essential to develop new analytical methods for the direct detec-
tion of intracellular O2

$�/H2Sn in situ and in real-time.
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The measurement of the intracellular concentrations of
O2

$�/H2Sn under physiological and pathophysiological conditions
suffers many challenges due to the lack of direct chemical tools. In
biological system, O2

$� features with some labile natures, such as
low concentration, high reactivity, and short lifetime.What is more,
the process of produce and transport H2Sn by both inhibition and
activation of enzymes always occur at a very low and narrow
concentration range within a short time precisely [23]. The bio-
systems which are thought to generate H2Sn may successively
produce H2S through reduced reaction. The exogenous supplement
of H2S to a system can also be considered to add H2Sn [15]. Given
the reversible relationship between H2S and H2Sn, it seems that we
cannot isolate H2Sn from H2S in assay system. Coupled with the
participation of O2

$�, the redox signaling process requires an
effective detection method. In comparison with other biological
detection technologies, fluorescence bioimaging technology has
become a powerful supporting tool for the detection of intracellular
reactive species. This method offers several attractive advantages,
such as high spatial and temporal resolution, less invasiveness,
good sensitivity, excellent selectivity, and rapid response [1e8].
Although much progress had been made in the development of
fluorescent probes for O2

$� [1e6,24e27] and H2Sn [28e32] detec-
tion separately, fluorescent probes for O2

$� and H2Sn successively
detection are more desirable due to the redox signaling process
between O2

$� and H2Sn is a complex redox process which involves
various species at the same time in living cells. As far as the
signaling process is concerned, a probe which can selectively
respond to multi-species should be more appropriate for visual-
izing the redox process and should offer important future di-
rections for biological events [33e47]. The signaling process may be
examined by combination of two separate fluorescent probes, one
is for O2

$� and the other is for H2Sn. However, this solving strategy
often suffers from inaccurate calibration and circumvent compli-
cations including photobleaching rates of individual probes, un-
even probe loading, nonhomogeneous distribution uncontrollable
localization, larger invasive effects, metabolisms, and interference
of spectral overlap [37,48]. All above influencing factors may limit
the spatial dimensions for intracellular application and make the
probe unsuitable for quantitative analysis [48]. In order to achieve
better fluorescent imaging, the development of excellent fluores-
cent probes is urgently required. Compared with the single
response probes, themultiresponse probes can effectively avoid the
above mentioned influencing factors. Therefore, we strive to
conceive and synthesize a multiresponse probe that can directly
deliver sensitive and multi-channel fluorescence signals from a
single dye for the detection of intracellular O2

$�/H2Sn level changes
in situ and in real-time. Additionally, the long wavelength multi-
response probes which can emit in near-infrared (NIR) range are
essential for in vivo imaging, because the NIR florescence can
maximize the depth penetration and minimize the background
autofluorescence signal.

Once capturing the key issues of our research, it is desirable to
develop a NIR multiresponse probe for directly exploring the
mitochondria-targeting H2Sn production which benefits from
O2

$�. Herein, we design and synthesize a multiresponse near-
infrared fluorescent probe HCy-FN for the detection of O2

$�

and H2Sn successively (Scheme 1). The probe is investigated to be
selective for the detection of O2

$� and H2Sn with response time
of 3 and 0.5 min, respectively. These features play a crucial role
for rapid detection owing to the fast metabolism of O2

$� and
H2Sn during redox signaling process. Fluorescence confocal
microscopic images and flow cytometry analysis demonstrate
that our probe can detect the mitochondrial O2

$� and H2Sn
successively in RAW264.7 cells and in mice with dual channel
response.
2. Materials and methods

2.1. Synthesis of probe

Scheme 2 outlined the synthetic procedures of the probe HCy-
FN. Ketone cyanine 3 (Keto-Cy) was derivative from a near-
infrared (NIR) heptamethine cyanine dye Cy.7.Cl [49]. After the
acyl-chlorination, 2-fluoro-5-nitrobenzoic acid was converted to 2-
fluoro-5-nitrobenzoyl chloride in hydrous CH2Cl2 at 25 �C. The
solvent was evaporated immediately, and then Keto-Cy was added
to continue alcoholysis. The reaction product was afforded as 2 (Cy-
FN). The iminium cations of Cy-FN could be reduced with NaBH4 to
produce the final product 1 hydroCy-FN (HCy-FN) [50]. The syn-
thetic details of these compounds were shown in the Supporting
Information (SI).

2.2. Imagings in cells and mice

Mouse macrophage cell line (RAW264.7) was obtained from the
Committee on Type Culture Collection of Chinese Academy of Sci-
ences (Shanghai, China). RAW264.7 cells were grown in high
glucose Dulbecco's Modified Eagle Medium (DMEM, 4.5 g of
glucose/L) supplemented with 10% Fetal Bovine Serum (FBS). Cells
were plated on 25-Petri dishes and allowed to adhere for 24 h
before imaging. BALB/c mice were obtained from Binzhou Medical
University. Mice were group-housed on a 12:12 lightedark cycle at
22 �C with free access to food and water. BALB/c mice (20e25 g)
were selected and divided into different groups. Images were taken
by Bruker In-vivo Imaging System.

3. Results and discussion

3.1. Strategies for fluorescent probe

Our overall strategy for the imaging of O2
$�/H2Sn successively in

live biological systems is inspired by exploiting two selective
chemical reactions. One is hydrogen abstraction reaction for O2

$�

detection [27,51,52], the other is bis-electrophilic reaction for H2Sn
detection [7,8,28e32]. We choose near-infrared (NIR) heptame-
thine cyanine (Cy) as signal transducer because the iminium cat-
ions of this fluorophore platform can be reduced to hydrocyanine
for the further O2

$� detection. Furthermore, the absorption and
emission of fluorophorewhich locate in the NIR regionwill bemore
suitable for the in vivo detection, because the NIR absorption and
emission profiles can maximize tissue penetration while mini-
mizing the absorbance of heme in hemoglobin and myoglobin,
water, and lipids [53,54]. Next, we select nitro-activated fluo-
robenzoiate as fluorescent modulator since the bis-electrophilic
center existed in this group can be used for trapping H2Sn, the
direct redox form of H2S, which may act as the initial reactive
polysulfide species in cells [14,15,55,56]. Our design outline for
intracellular O2

$�/H2Sn detection was illustrated in Scheme 1. The
fluorescent probe HCy-FN functioned by modulating the poly-
methine p-electron system via conjugation [57,58] for O2

$�

detection and by the removal of certain trigger moiety, nitro-
activated fluorobenzoiate, for H2Sn detection.

3.2. Fluorescence response to O2
$� and H2S2

H2Sn are composed of a series of hydrogen polysulfides species
[20,21]. There exists a dynamic distribution of these hydrogen pol-
ysulfides species under certain pH condition (Scheme 1). Taking all
these factors into account, we attempted to pick out hydrogen di-
sulfide (H2S2) as the testing target since this simple hydrogen pol-
ysulfides undergone bis-electrophilic reactionmore unambiguously.



Scheme 1. Proposed reaction mechanism for O2
$� and H2Sn detection.

Scheme 2. Strategy and synthesis routes for probe HCy-FN. Notes: (a) sodium acetate, anhydrous DMF, 80 �C 3 h, 85%; (b) 2-fluoro-5-nitrobenzoic acid, chloroglyoxylate, anhydrous
CH2Cl2, 25 �C 4 h; 2-fluoro-5-nitrobenzoyl chloride, anhydrous CH2Cl2, 0 �C 1 h, then 25 �C 12 h, 50%; (c) methanol, NaBH4 1.5 eq., 0 �C 10 min, 80%. All above experiments were
performed under Ar condition.
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We checked the spectroscopic response of our probe under simu-
lated physiological conditions (10 mM HEPES pH 7.4). The spectral
properties of the compounds (1e3) were summarized in Table 1. As
shown in Figs. S4eS10, our probe could detect the changes of the
concentration of O2

$�/H2Sn under the given range, which revealed
the ability of our probe for the selective and sensitive detection of
O2

$�/H2Sn potentially in cells (see SI).
3.3. Monitoring H2Sn formation between ROS and H2S

Although the biosynthetic pathways of H2Sn are far from
abundantly clear, more and more research results suggest that they
can be derived from H2S in the presence of ROS [17e28]. Next, we
discussed the capability of our probe HCy-FN for real-time detect-
ing H2Sn generation from the reaction between H2S and ROS. The
Table 1
Summary of spectral properties of compounds 1, 2 and 3.

Absorption: lmax (nm); ε (cm�1 M�1) Emission: lmax (nm); 4

1 (HCy-FN) Unavailable Unavailable
2 (Cy-FN) 775; 1.1 � 105 794; 0.0203
3 (Keto-Cy) 535; 4.9 � 104 625; 0.361
fluorescence signal were recorded from channel 1: 794 nm
(lex ¼ 750 nm) and channel 2: 625 nm (lex ¼ 535 nm) synergisti-
cally. As shown in Fig. 1, the addition of O2

$� (50 mM) into HCy-FN
(5 mM) solution triggered the fluorescent switch on efficaciously
within 3 min (channel 1). The fluorescence of channel 2 showed no
response. Then NaHS (50 mM)was added, the fluorescence intensity
of channel 1 decreased gradually and channel 2 gave some increase
during 10min.We attributed the fluorescence changes of channel 2
to the generation of H2Sn from H2S in presence of O2

$�. However,
the chemical synthetic pathway is so slow that it may not consis-
tent with the biofunction of H2Sn because these reactive sulfur
species only play their physiological roles under a narrow con-
centration within a short time. It is reported that glutathione
peroxidase (GPx) can eliminate ROS through depleting reducing
thiols, such as GSH and Cys. There are evidences suggest that GPx
can also scavenge ROS by utilizing H2S to produce H2Sn [65e68].
Subsequently, we added GPx (500 U/L) as catalyst to accelerate the
reaction rate. As expected, the channel 1 and channel 2 exhibited
quick changes in fluorescence intensity upon the reaction of H2Sn.
The fluorescence intensity of channel 2 could reach saturation
within 15 min, which indicated that H2Sn might be produced by the
enzymes involved reaction between O2

$� and H2S. These results
demonstrated that our probe HCy-FN possessed the capability of



Fig. 1. Fluorescence response of HCy-FN to H2Sn which produced via O2
$� reacting

with H2S. HCy-FN (5 mM) reacts with O2
$� (50 mM) for 10 min, next NaHS (50 mM) was

added for another 15 min, and then added glutathione peroxidase (GPx, 500 U/L) for
the last 10 min. Channel 1: lex ¼ 750 nm and lem ¼ 794 nm; Channel 2: lex ¼ 535 nm
and lem ¼ 625 nm.

Fig. 2. Fluorescence confocal microscopic images of RAW264.7 cells exposed to O2
$� and

incubation with probe HCy-FN. RAW264.7 cells were incubated with 1 mM HCy-FN at 37 �C f
the sequential addition of O2

$� and NaHS. Representative flow cytometric analysis for the ce
Cy-FN, and from 610 to 700 nm for Keto-Cy, lex ¼ 730 and 543 nm, respectively. Flow cytom
were 610e670 nm and 750e810 nm, respectively.
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detection of O2
$� and H2Sn in situ by employing different emission

channels.
Next we employed the probe Cy-FN to test other physiological

relevant ROS and RNS in H2S solution. After exposed �OH, H2O2,
ONOO� to H2S in the presence of GPx, Cy-FN exhibited strong
fluorescent increase (Fig. S11). Exceptionally, H2S together with
ClO� afforded a strong response without GPx. We attributed the
reason to the relative reactivities of one-electron oxidants which
based on reduction potential. And those of two-electron oxidants
were based on the reaction rates with antioxidants [63]. Therefore,
ClO� might occupy a faster reaction rate converting H2S to H2Sn in
absence of GPx. Above all, we verified that GPx was involved in the
reaction between ROS and H2S as a catalyst.

3.4. Bioimaging of O2
$� and H2Sn in cells

Our probe HCy-FN exhibited high properties of sensitivity and
selectivity in solution, we next examined whether the probe could
respond to O2

$� and H2Sn successively using dual collected chan-
nels of confocal fluorescence microscopy. The mouse macrophage
cell line RAW264.7 was chosen as the bioassay model throughout
the paper. RAW264.7 cells were loaded with 1 mM HCy-FN for
15 min. After washed with RPMI-1640, the cells were treated with
O2

$� and NaHS (a normal H2S donor, pre-H2Sn source), and then for
NaHS (pre-H2Sn source) showing the fluorescent response as a function of time after
or 15 min. The images were obtained at time points consisting of 5, 10 and 20 min after
lls shown at left. Fluorescence bioimaging collection windows: from 760 to 850 nm for
etric analysis: excitation wavelengths were 488 and 633 nm. The collected wavelengths



Fig. 3. Mitochondrial multicolor colocalization in RAW264.7 cells with probe HCy-FN, rhodamine 123, and Hoechst 33342. The cells were incubated with 1 mM HCy-FN for 15 min
(a), 1 mg/mL rhodamine 123 for 15 min (b), and 1 mg/mL Hoechst 33342 for 30 min (c). After washed with RPMI-1640, the cells were treated with PMA (10 nM) for 30 min.
Fluorescence images collection windows: from 760 to 850 nm for (a), from 550 to 600 nm for (b), and from 440 to 500 nm for (c), lex ¼ 730, 515, and 405 nm, respectively. (d)
Merged red, green, blue channels and bright field. (e) Merged red, green, and blue channels. (f) Intensity profile of regions of interest (red arrow in e) across two RAW264.7 cells.
(gei) Displayed the colocalization and correlation between two selected channels form (e): red, green and blue. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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bioimaging. The dual-channel images were constructed via fluo-
rescence collection windows: from 750 to 800 nm (channel 1) and
from 610 to 700 nm (channel 2). In the control group, all the two
cassette channels displayed faint fluorescence (Fig. 2 Row 1). After
treated RAW264.7 cells with O2

$�, fluorescence collection channel
1 gave significant fluorescence enhancement as HCy-FN recovered
its p-conjugate structure, while channel 2 still remained silent
(Fig. 2 Row 2). The RAW264.7 cells in next group were first induced
oxidative stress by incubated with O2

$�, and then exogenous H2S
was added to produce H2Sn as RAW264.7 cells employed gluta-
thione peroxidase (GPx) to regulate antioxidants and anti-
inflammatory activities [59e62,64]. As might be expected,
following lighted by O2

$� in channel 1, the subsequent form of
probe HCy-FN (that was Cy-FN) could respond to H2Sn in channel 2
(Fig. 2 Row 3). As continued, the fluorescence of channel 1
quenched gradually, and the fluorescence of channel 2 increased
steadily (Fig. 2 Row 4). We also tested that Cy-FN had no response
to NaHS (Fig. S13). The mean fluorescence intensity of each con-
dition shown in Fig. S12 was also quantified in histogram to allow
for direct comparisons. We also performed flow cytometry assay to
further confirm the fluorescence increase in living cells. As indi-
cated in Fig. 2, the results which obtained from flow cytometry
analysis were well consistent with those of confocal fluorescence
microscopy. These results confirmed that HCy-FN was clearly
capable of monitoring H2Sn formation in presence of O2
$� in living

cells. Furthermore, the probes HCy-FN, Cy-FN and Keto-Cy showed
low cytotoxicity as determined via MTT assay. The result showed
IC50 was 260, 300 and 230 mM for the three compounds,
respectively.

3.5. Detection of O2
$� and H2Sn in mitochondria

Mitochondria are indispensable for energy production, which
strangle the main thoroughfare for the survival of aerobic organ-
isms. Mitochondria also hold both vital and pivotal functions in
physiological and pathological issues [65]. Endogenous O2

$� is
inevitably induced by oxygen during electrons leak from respira-
tory chain [22]. The initial O2

$� is often contributed to the immune
system and redox signaling. There is evidence suggesting that
cellular O2

$� (the precursor of H2O2) burst can arouse H2S pro-
duction [66], which may further imply diverse redox-active events
based on O2

$�/H2S crosstalk that links to H2Sn formation in cells.
We now attempted to check the ability of HCy-FN to monitor
endogenous release of O2

$� and H2Sn in mitochondria in situ
successively.

We obtained endogenous O2
$� by way of utilizing phorbol 12-

myristate 13-acetate (PMA) to induce respiratory burst in macro-
phages, followed by employing HCy-FN to detect mitochondrial



Fig. 4. Fluorescence confocal microscopic images of RAW264.7 cells loaded with 1 mM HCy-FN and exposed to endogenous O2
$� and H2Sn induced by PMA and LPS. The cells were

incubated under 37 �C for 15 min in RPMI-1640 containing 1 mM HCy-FN. Then washed by RPMI-1640, the cells were next treated with PMA (10 nM) for 30 min. LPS (1 mg/ml) was
added to induce CSE overexpression for promoting H2Sn production. Fluorescence changes in two channels were observed during 6 h. The time dependent intensities of the images
were presented as histogram. The colocalization with 1 mg/mL rhodamine 123 suggested our probe functioned well in mitochondria. Fluorescence collection windows: from 760 to
850 nm for Cy-FN, from 610 to 700 nm for Keto-Cy, and from 550 to 600 nm for rhodamine 123, lex ¼ 730, 543, and 515 nm, respectively.
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O2
$� in real time. The multicolor colocalization method that based

on the simultaneous acquisition and analysis of spectrally sepa-
rated images canmeasuremolecular distances with accuracy better
than 10 nm [67]. Firstly, we employed the colocalization method to
verify HCy-FN functioned in mitochondria. The costaining dyes
were a mitochondria tracker rhodamine 123 and a DNA marker
Hoechst 33342. RAW264.7 cells were loaded with 1 mg/mL Hoechst
33342 for 30 min, 1 mM HCy-FN and 1 mg/mL rhodamine 123 for
15 min. After washed with RPMI-1640, the cells were treated with
PMA (10 nM) for 30 min to induce O2

$� burst. The spectrally
separated images acquired from the three dyes were estimated
using Image-Pro Plus software (Fig. 3). The images of Cy-FN and
rhodamine 123 (Fig. 3a and b) merged well (Fig. 3d and e). We
obtained the Pearson's coefficient Rr ¼ 0.98 and the Manders' co-
efficients m1 ¼ 0.99, m2 ¼ 0.98. The intensity profiles of the linear
regions of interest across RAW264.7 cells costained with Cy-FN and
rhodamine 123 (red arrow in Fig. 3e) were depicting a full syn-
chrony (Fig. 3f). Hoechst 33342 offered a clear sublocation in the
nucleus. Next we performed intensity correlation analysis of the
dyads for parts a, b and c of Fig. 3. We counted the intensity of stain
color-pair for each pixel to demonstrate the intensity distribution of
the two colocalization dyes. As shown in Fig. 3gei, only the cos-
taining Cy-FN against rhodamine 123 illustrated a highly correlated
plot. Flow cytometry analysis of mitochondrial isolation for the
stimulated macrophages were also performed as secondary evi-
dence of the fluorescent signal changes in mitochondria (Fig. S16).
All of these results confirmed that our probe could specifically
localize in mitochondria. And our probe also indicated a potentially
powerful approach for real-time imaging mitochondrial O2
$�

changes in cells.
We next investigated whether HCy-FN could measure mito-

chondrial H2Sn levels derived from cystathionine g-lyase (CSE) in
presence of O2

$�, which might be a biosynthesis approach in cells.
CSE is the major enzyme that catalyzes H2S production in cells.
Macrophages can overexpress the H2S-forming enzyme when
stimulated by lipopolysaccharide (LPS) [68]. The cells in Fig. 4 were
incubated with 1 mM HCy-FN for 15 min under 37 �C. After washed
with RPMI-1640, the cells were treated with PMA (10 nM) for
30 min to induce the mitochondrial oxidative stress. As expected,
channel 1 exhibited an increasing in fluorescence response due to
the existence of O2

$� (Fig. 4 Row 1). The same cells were next
incubated with LPS (1 mg/ml) for 6 h to induce CSE mRNA and
protein expression for promoting the initial H2S production in
RAW264.7 cells. Fluorescence images manifested evident changes
in two collected channels as the probe next sensed H2Sn (Fig. 4 Row
2). The time dependent intensities of the two channels were
observed during 6 h and were presented as histogram (Fig. 4L). The
colocalization with rhodamine 123 suggested our probe could
detect H2Sn in mitochondria. The cells were pretreated by the CSE
inhibitor, DL-propargylglycine, giving much weaker fluorescence
response in channel 2 (Fig. S18). Flow cytometry analysis and
mitochondrial isolation for the stimulated macrophages were also
performed to confirm the fluorescent signal changes (Fig. 4). Above
results demonstrated that our probe could selectively multi-
respond to the potential mitochondrial redox signaling process
between O2

$� and H2Sn in real time and in situ.



Fig. 5. Mitochondrial multicolor colocalization in RAW264.7 cells with probe HCy-FN, MitoTracker® Green FM, and Hoechst 33342. The cells were loaded with 1 mM HCy-FN for
15 min, 1 mg/mL MitoTracker® Green FM for 20 min, and 1 mg/mL Hoechst 33342 for 30 min. After washed with RPMI-1640, the cells were treated with qaraquat (50 nM) for 30 min
(Row 2). Washed the cells with RPMI-1640, LPS (1 mg/ml) was added to induce CSE overexpression for promoting H2Sn production. Fluorescence changes in two channels were
observed during 6 h (Row 3). Fluorescence collection windows: from 760 to 850 nm for Cy-FN, from 610 to 700 nm for Keto-Cy, from 550 to 600 nm for rhodamine 123, and from
440 to 500 nm for Hoechst. lex ¼ 730, 543, 515, and 405 nm respectively. Merged red, green, blue channels displayed the colocalization and correlation between two selected
channels. Flow cytometric analysis illustrated the corresponding fluorescence changes. The excitation wavelength were 488 and 633 nm. The collected wavelengths were
610e670 nm and 750e810 nm, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. In vivo imaging of O2
$� and H2Sn in peritoneal cavity of the mice BALB/c. Images constructed from fluorescence collection window channel 1: 750e850 nm, lex ¼ 735 nm;

channel 2: 600e700 nm, lex ¼ 530 nm. (a) HCy-FN (1 mM, 50 mL in 1:9 acetonitrile/saline v/v) was injected in the i.p. cavity for 0.5 h. (b) Mice were loaded with 1 mM HCy-FN for
0.5 h, then injected i.p. with PMA (100 nM, 100 mL in 1:9 acetonitrile/saline v/v) for 0.5 h. (c) Mice treated as (b) described, then injected i.p. with LPS (10 mg/mL, 100 mL in 1:9
acetonitrile/saline v/v) for 12 h. (d) Quantification of total photon flux from each mouse (aec). The total number of photons from the entire peritoneal cavity of the mice (aec) was
integrated.

F. Yu et al. / Biomaterials 63 (2015) 93e101 99
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Despite the mechanism of O2
$� burst induced by PMA is related

to the disruption of mitochondrial respiration, the intraphagosomal
production of O2

$� can also be activated by protein kinase C ago-
nists such as PMA. Additionally, O2

$� can traverse both the plasma
and mitochondrial membranes via anion channels to play cyto-
plasmic effects. This may cause obstruction for the source of O2

$� in
cells. Paraquat can stimulate O2

$� production in nonactivated
macrophages through disruption of the mitochondrial electron
transport chain [69].We next employed paraquat and LPS to elevate
the levels of O2

$� and H2Sn in mitochondria. As illustrated in Fig. 5,
the intensity analysis of stain color-pair displayed a highly corre-
lated plot with the Pearson's coefficient Rr¼ 0.97 and the Manders'
coefficients m1 ¼ 0.98, m2 ¼ 0.98. Flow cytometry analysis for the
cells and the isolated mitochondria (Fig. S19) were also performed
to confirm the fluorescent signal changes in cells and in mito-
chondria. All the results showed that the probe HCy-FN could
specifically localize in mitochondria to detect O2

$� and H2Sn in real
time and in situ.
3.6. Visualization of O2
$� and H2Sn in mice

With the consequence obtained from cell research in hand, we
strongly suggested that our NIR probe would be favorable for the
potential of being used to image O2

$� and H2Sn in vivo successively.
We utilized BALB/c mice as biological models to assess this issue.
The mice were injected into intraperitoneal (i.p.) cavity with our
probe, and then the changes of fluorescence imaging were
observed using an in vivo imaging system (Bruker). The mice in
Fig. 6a injected into i.p. cavity with HCy-FN (1 mM, 50 mL in 1:9
acetonitrile/saline v/v) displayed low signal intensity in two
channels. Another group mice were loaded with 1 mM HCy-FN for
0.5 h, then the mice were injected i.p. with PMA (100 nM, 100 mL in
1:9 acetonitrile/saline v/v) for 0.5 h. Channel 1 emanated strong
fluorescence from inside of the mice body (Fig. 6b) as the probe had
detected O2

$�. Moreover, when the mice were then treated with
LPS (10 mg/mL, 100 mL in 1:9 acetonitrile/saline v/v) for the next
12 h, a dramatically decreasing intensity fluorescence image in
Channel 1, and a notable increasing fluorescence image was
observed in Channel 2 (Fig. 6c), which implied the production of
H2Sn in presence of O2

$�. Fig. 6d listed the quantification of mean
fluorescence intensity for each condition shown in parts aec of
Fig. 6. These results indicated that probe HCy-FN could be
employed to directly detect O2

$� and H2Sn successively in living
animals, which revealed the latent advantage of the new multi-
response near-infrared fluorescent probe.
4. Conclusions

In summary, we develop a multiresponse near-infrared fluo-
rescent probe for the detection of O2

$� and H2Sn successively with
dual fluorescence response channel.We confirmed that H2Sn can be
derived fromH2S in the presence of O2

$�, which is considered to be
a potential direct biosynthetic pathway for H2Sn in cells. The
mitochondria-targeting probe also exhibits highly selective
response to O2

$� and H2Sn against other biological ROS and reactive
sulfur species interferants. Fluorescence confocal microscopic im-
aging for the RAW264.7 cells illustrated that our probe can be used
to investigate the process of O2

$� burst and H2Sn production in situ
and in real-time. Flow cytometry analysis for cell experiments
further confirm the bioimaging results. Finally, we successfully
apply the probe to detect O2

$� and H2Sn in mice. The results of our
efforts highlight that the multiresponse probe can be used as a
direct chemical tool for the detection of O2

$� and H2Sn in cells and
in mice.
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