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Hepatic ischemia-reperfusion injury (HIRI) is the cause of postoperative hepatic dysfunction and failure,
and even death. As an important biological effector molecule, hydrogen sulfide (H,S) of mitochondria
as a gasotransmitter that is usually used to protect against acute HIRI injury. However, the exact rela-
tionship between HIRI and mitochondrial H,S remains tangled due to the lack of an effective analytical
method. Herein, we have fabricated a mitochondria-targeted H,S-activatable fluorogenic probe (Mito-GW)
to explore the stability of mitochondrial H,S and track the changes of mitochondrial H,S during the HIRI.
By virtue of pyridinium electropositivity and its amphiphilicity, Mito-GW could accumulate in mitochon-
dria. It goes through an analyte-prompted immolation when reacts with H,S, resulting in the releasing of
the fluorophore (GW). Therefore, the extent of Mito-GW conversion to GW can be used to evaluate the
changes of mitochondrial H,S level in living cells and tissues. As proof-of-principle, we have used Mito-
GW to demonstrate the mitochondria H,S-levels increase and then decrease during HIRI in vitro and in
vivo. Our research highlights the tremendous potential of Mito-GW as a mitochondrial H,S fluorogenic
probe in elucidating the pathogenesis of HIRI, providing a powerful tool for promoting future research on

hepatology.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

As a common clinical complication, hepatic ischemia reperfu-
sion injury (HIRI) is arising from a range of situations such as
hepatectomy and transplantation surgery [1-3]. The process of
HIRI can lead to severe liver malfunction, ultimately leading to
graft rejection, liver failure, or even death in liver transplant pa-
tients [4-6]. Under different pathological conditions, HIRI can be
classified into cold and warm HIRI due to ambient temperature
[7-9]. 1t is well known that HIRI involves multiple mechanisms, in-
cluding mitochondrial dysfunction [10], anaerobic metabolism [11],
ROS overproduction [12-14], pH imbalance [15], calcium overload
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[16], etc. Despite significant improvements in perioperative care
and surgical techniques, therapeutic strategies to inhibit bedside
HIRI remain hampered, mainly attributing to the complex mech-
anisms underlying the process [7]. In a fact, abnormalities at the
molecular-level occur prior to those at the histological-level dur-
ing the HIRI process. If HIRI can be clearly identified at an early
stage, it will be convenient for us to use effective means of pre-
vention and treatment to minimize HIRI. Therefore, detection of
molecular-level changes in chemical species during the HIRI is cru-
cial for avoiding HIRI and thus saving patients.

Hydrogen sulfide (H,S), as a gasotransmitter, has gained consid-
erable attention due to its crucial role in participating in various
physiological and pathological processes including inflammation,
mitochondrial functions and cell survival [17-19]. H,S is produced
primarily in the mitochondria by cystathionine-y-lyase (CSE) and
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3-mercaptopyruvate sulfurtransferase (3-MST). Studies have shown
that low concentrations of mitochondrial H,S can enhance hepatic
mitochondrial electron transport and cellular bioenergetics to some
extent, while conversely it inhibits cellular bioenergetics [20,21].
Meanwhile, H,S can protect mitochondria from HIRI by reducing
oxidative stress and improving energy metabolism, thus it plays
a pivotal role in controlling mitochondrial functions and cell sur-
vival of the liver [22,23]. However, the relationship between H,S
and HIRI remains tangled due to the lack of a useful analytical
method. Therefore, in order to gain a deeper understanding of the
level fluctuations of H,S in HIRI, constructing a detection tool for
mitochondrial H,S is urgent.

As a non-invasive method, optical imaging has become widely
used in monitoring real-time cellular bioactive analytes [24-
28] and studying the cellular micro-environment (including viscos-
ity [29], temperature [30], polarity [31] and pH [32]) due to its
simplicity of operation, real-time non-invasive imaging, high res-
olution, high sensitivity and good selectivity. In particular, small
molecule-based fluorogenic probes (SMFPs) have demonstrated ex-
cellent performance, such as rapid excretion capacity, low toxic-
ity in living organisms and ease of structural modification [33].
Therefore, many researchers have developed various SMFPs for
evaluating molecular events in cells and in vivo [34,35]. Al-
though many reports on fluorogenic probes being used to de-
tect mitochondrial H,S (Fig. S1 and Table S1 in Supporting in-
formation), there are remain some unresolved issues, such as
low sensitivity, relatively high-background, poor solubility and in-
evitable biological toxicity. In addition, to our knowledge, there
have been no reports of fluorogenic detection of mitochondrial
H,S in HIRI yet. Therefore, to reveal the mitochondrial H,S-
mediated HIRI, it is important to develop effective SMFPs and es-
tablish real-time imaging methods for monitoring H,S levels and
distribution.

Fluorophore with torsional intramolecular charge transfer (TICT)
properties, usually have a “D-w-A” molecular configuration with
electron-withdrawing unit (acceptor, A) and electron-donating unit
(donor, D), its emission of the zero vibrational energy level is
forbidden when in the TICT state and thus have negligible fluo-
rescence emission and low background fluorescence signal, which
facilitates the design of fluorogenic probe with high sensitivity
[36,37]. Herein, we fabricated a novel naphthalene-based and self-
immolative D--A fluorogenic probe (Mito-GW) triggered by mito-
chondrial H,S for performing imaging and tracking changes of H,S
in HIRIL. The probe comprises an H,S-specific reduction reaction
aryl azide moiety [36,38,39] coupled to the electron-withdrawing
pyridinium cation which as a mitochondrial-targeting moiety due
to superior membrane permeability and realize the mitochondrial
H,S monitor in HIRIL. The naphthylamine fluorophore as a strong
electron-donating moiety is incorporated into the designing of
the probe. Donor and acceptor subunits are communicated in the
probe through the conjugated s-bridge to form TICT effects. The
probe is almost fluorescence silent owing to TICT properties [40-
42], once reacting with mitochondrial H,S, releasing fluorophore
(GW) with strong fluorescence due to the cleavage leaves aryl azide
moiety through self-immolation (Scheme 1). The probe has been
utilized in detecting and assessing the changes of mitochondrial
H,S during the HIRI process.

The probe (Mito-GW) was constructed through Knoevenagel
condensation of G2 and W3 (Scheme S1 in Supporting informa-
tion). W3 can be easily obtained by the Suzuki reaction of 5-
formyl-2-thiopheneboronic acid pinacol ester and W2. The molecu-
lar structures of the fluorogenic probe Mito-GW and other related
intermediate products in the experiment were fully characterized
by liquid chromatograph mass spectrometer (LC-MS), 'H-nuclear
magnetic resonance ('H NMR) and 3C NMR in Supporting infor-
mation.
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Scheme 1. Schematic representation for fabrication of a mitochondria-targeted
H,S-activatable fluorogenic probe for tracking hepatic ischemia-reperfusion injury
in vitro and in vivo.
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Fig. 1. (a) The ultraviolet-visible spectroscopy (UV-vis) absorption spectra of Mito-
GW with or without H,S in PBS buffer solution (10 mmol/L PBS; pH 7.42; containing
0.5% DMSO). Inset: the color changes of the fluorogenic probe and its reaction with
H,S through naked eyes. (b) The fluorescence responses of Mito-GW in the absence
or presence of H,S. Inset: the color changes of the fluorogenic probe and it reacting
with HyS by using a portable ultraviolet lamp with a wavelength of 365nm. The
excitation-emission mapping spectra of the Mito-GW (c) and Mito-GW +H,S (d).
Mito-GW: 10 umol/L; H,S: 100 pmol/L.

To verify whether our fluorogenic probe can selectively toward
mitochondrial H,S, we first investigated the optical characteristics
of Mito-GW for H,S. The absorption and emission spectra of the
fluorogenic probe were measured with or without H,S in phos-
phate buffer saline (PBS, pH 7.42) solution. As shown in Fig 1a,
the maximum absorption of Mito-GW itself was 486 nm, and as
H,S was introduced into the probe solution, its absorption peak
gradually blue-shift to 424 nm. It is important to note that the flu-
orogenic probe was initially non-fluorescence (Fig. 1c), which is
due to the strong TICT effect. For low-background or background-
free of a fluorogenic probe, it will be very beneficial for imag-
ing and detecting bioactive molecules in organisms. Once NaHS, as
the H,S source, was interacted with the Mito-GW, there is a high
contrast fluorescence signal enhancement phenomenon at 602 nm
(Figs. 1b and d)), accompanied a strong orange red fluorescence
enhancement phenomenon, observed by a 365 nm handheld ultra-
violet lamp (insert). In addition, the fluorogenic probe had a large
Stocks shift (178 nm). Therefore, Mito-GW could minimize the im-
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Fig. 2. (a) The absorbance spectra of Mito-GW (10 pmol/L) upon various concentrations of H,S titration in PBS buffer solution (10 mmol/L PBS; pH 7.42; containing 0.5%
DMSO). (b) The fluorescence response of Mito-GW upon on H,S titration in PBS solution. (c) The plot of the fluorescence emission intensities at 602nm against H,S
concentration. (d) The fluorescence emission intensities responses of Mito-GW with various analytes in PBS solution: 1. Blank, 2. CIO—, 3. NO,~, 4. "OH, 5. 0,"~, 6. ONOO—,
7.10,, 8. NO, 9. H,0,, 10. SO32-, 11. GSH, 12. Cys, 13. Hcy, 14. N3~, 15. Br~, 16. H,S. Aem =602 nm. These values were the mean + standard deviation (SD). (e) The reaction
kinetics of Mito-GW (10 pmol/L) was tested via recording the time-dependent fluorescence emission intensities of the fluorogenic probe at 602 nm to H,S (100 pmol/L H,S).
(f) The reaction rate constant of the fluorogenic probe toward H,S was to be ko, =5.2 x 10~2 min~! by calculating its pseudo first order kinetics.

pact of molecular self-absorption when detecting and evaluating
the level of H,S in living cells.

The above experimental results fully validate our design pur-
pose, which is that the probe had the potential to achieve quan-
titative analysis and detection of H,S. Therefore, it inspired us to
further explore the sensitivity of the probe to H,S. The absorp-
tion (Fig. 2a and Fig. S5 in Supporting information) and emis-
sion spectra response (Fig. 2b) of Mito-GW to various concentra-
tions of H,S in PBS solution were tested. As shown in Fig. 2c, the
fluorescence intensities of the fluorogenic probe exhibited dose-
dependent emission enhancement with increasing concentration of
H,S range from 0 to 100pmol/L. As H,S is introduced into the
probe system, as its concentration gradually increased, the fluores-
cence intensities of the probe significantly enhancement and ex-
hibited a dose-dependent effect. After analysis (Fig. 2c¢), we found
that there is a favorable linear relationship between the fluores-
cence emission intensities at 602 nm of the fluorogenic probe and
the concentrations of H,S, which was y=-0.058+0.759 [H,S]
(R?2=0.985). Through further calculation, the detection limit of
the fluorogenic probe for H,S was to be 54.0 nmol/L (limit of de-
tection, LOD, 30 /k). The above experimental results fully demon-
strated that Mito-GW could be used as a useful detection method
for quantitative evaluation the level of H,S in vitro.

Next, we investigated the specific fluorescence response of
Mito-GW to H,S on various analytes widely existing in biological
environments, including reactive nitrogen species (NO,~, ONOO~
and NO), reactive sulfur species (SO32~), reductant species (Br~
and N3~), biothiols (GSH, Hcy and Cys), and reactive oxygen
species (ClO~, "OH, H,0,, 0,"~ and !0,). As presented in Fig. 2d
and Fig. S6 (Supporting information), the fluorescence of Mito-GW
did not change for other species except HS—, implying that Mito-
GW can serve as an excellent fluorogenic probe with ultra-high se-
lectivity for H,S. In addition, we investigated the stability of Mito-
GW under physiological conditions (Fig. S7 in Supporting informa-
tion). The results indicated that Mito-GW can be used to recog-
nize H,S species under a wide range of pH 5.0 to 12.0, accompa-

nied by significant fluorescence emission at 602 nm and stable flu-
orescence intensities. Subsequently, the reaction kinetics of Mito-
GW was also investigated by recording the time-dependent fluo-
rescence emission intensities of the fluorogenic probe at 602 nm
to H,S (Fig. 2e). Mito-GW interacted with H,S and reacted al-
most completely within 45 min without any catalyst. The reac-
tion rate constant of the fluorogenic probe toward H,S was to be
kops =5.2 x 1072 min~! by calculating its pseudo first order kinetics
(Fig. 2f). The above experimental results fully demonstrated that
Mito-GW detection of H,S with high sensitivity and specificity, and
had the potential to detect the level fluctuations of H,S during HIRI
processes.

We continued to explore the reaction mechanism of the probe
towards H,S and proposed a possible reaction process as shown
in Fig. 3a. The probe is non-fluorescence owe to the strong TICT
effect. When H,S species were introduced into the reaction, the
aryl azide unit of Mito-GW would self-immolative cleaved, releas-
ing a fluorophore GW with strong fluorescence emission due to the
ICT effect. Next, the ground state structures of the probe Mito-
GW and fluorophore GW (Fig. 3b), and their absorption spectra
(Fig. 3c) were optimized using Gaussian 09. The electrostatic po-
tential and molecular orbital energy of Mito-GW and GW were in-
vestigated by frontier molecular orbital (FMO) and density func-
tional theory (DFT) to easy explain the mechanism of switch-on
fluorescence response of the probe for H,S (Fig. 3d and Table S2
in Supporting information). Since the electron-withdrawing ability
of the pyridinyl moiety arise from the probe had changed signifi-
cantly before and after reaction with H,S, the excited state of flu-
orophore GW formed ICT state instead of TICT state, resulting in
strong fluorescence emission. We carried out high performance lig-
uid chromatography (HPLC) experiments to further verify our spec-
ulation on the mechanism of Mito-GW toward H,S (Fig. 3e). Once
Mito-GW reacted with H,S, its signal gradually disappeared, fol-
lowed by the emergence of two new peaks corresponding to Mito-
G and GW, which were fully confirmed through further analysis
from mass spectrometry (MS) (Figs. S8 and S9 in Supporting in-
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Fig. 3. (a) The molecular structures of fluorogenic probe Mito-GW and fluorophore GW. (b) The DFT optimized ground state geometric structures of fluorogenic probe
and fluorophore. The structures of the molecules were represented by ball-and-stick, nitrogen, carbon, hydrogen, boron and oxygen atoms are colored in blue, gray white,
pink and red, respectively. (c) The absorption spectra of fluorogenic probe and fluorophore. (d) The frontier molecular orbitals of fluorogenic probe and fluorophore were
calculated by DFT. Highest occupied molecular orbital (HOMOs), ground states; Lowest unoccupied molecular orbital (LUMOs), excited states; the electrostatic potential (ESP)
maps were plotted with the color range from blue [3.6 electron, positive] to red [—4.15 electron, negative]. (e) The HPLC traces of Mito-GW after 3.5h incubation in H,S
solution at 37 °C (pH 7.42). (f) The proposed reaction mechanism for Mito-GW toward H,S.

formation). The new peaks appearing at m/z=387.24 ([M+H]")
and m/z=246.76 ([M]*/2) corresponding to GW and Mito-G, re-
spectively. The above quantum chemistry calculation and experi-
mental results fully confirmed our proposed reaction mechanism
and verified the specific response of the fluorogenic probe to H,S
(Fig. 3f).

We are encouraged to use Mito-GW to image the distribution
of mitochondrial H,S in living cells due to the specificity and sen-
sitivity of the fluorogenic in responding to H,S. Firstly, we inves-
tigated the cell viability of Mito-GW on four cell lines to deter-
mine the working concentration of the probe used for bioimag-
ing (Fig. S10 in Supporting information). We are excited that the
viability of LO2 cells remained above 95% when being treated
with Mito-GW for 24h. Therefore, 1 pmol/L Mito-GW would be
used for the subsequent biological experiments unless otherwise
indicated. Next, we exploited the subcellular localization of the
probe in living cells. MitoTracker deep red (MitoTracker) was em-
ployed for the colocalization imaging with Mito-GW. As expected,
the fluorescence imaging exhibited that there was a good over-
lap between MitoTracker (red channel) and Mito-GW (green chan-
nel) (Figs. S12 and S13 in Supporting information). This result
demonstrates that the probe has specifically target mitochondria
relying on the positive charge of the pyridine moiety. Then, L02
cells were incubated with Mito-GW at various times. The fluo-
rescence intensities gradually increased overtime and reached its
peak 3 h after incubation, indicating that the probe has a good re-
sponse performance to H,S in living cells (Fig. S14 in Supporting
information).

Encouraged by the specific mitochondrial targeted and H,S
responsive abilities, we further employed Mito-GW to investigate
the pattern of mitochondrial H,S change in cellular hypoxia-
reoxygenation processes. Hepatocyte hypoxia-reoxygenation
system was developed to exhibit characteristics of liver is-
chemia/reperfusion injury as seen in humans and animal models
(Figs. 4a, d, g). As shown in Figs. 4b, e, h), hypoxia conditions (3 h)
led to an increasing of Mito-GW fluorescence signals as compared
to levels of control group. However, a reoxygenation process de-

clined the fluorescence signals that induced by hypoxia to a basal
level. The above results indicated that Mito-GW can be used as an
imaging tool to reveal the relationship between mitochondrial H,S
and hypoxia-reoxygenation.

We further examined the fluorogenic probe tracking of H,S
distribution and level fluctuations in vivo by establishing mice
HIRI models (Figs. 5a and b). All experiments were conducted
on male BALB/c mice (22-26g). All the animal studies were per-
formed following the guidelines for the Care and Use of Labora-
tory Animals of the Chinese Animal Welfare Committee and the
protocol was approved by the Animal Health and Use Commit-
tee of Northwestern Polytechnical University. As shown in Figs.
5c and d, strong fluorescence was observed in ischemia group.
Our experimental results were consistent with previous report
that the lack of O, would block the activity of mitochondrial sul-
fide: quinone oxidoreductase (SQR) causes elevated levels of H,S
[20]. In contrast, the fluorescence signals of reperfusion tissues
were significantly decreased compared to that of the ischemia
group, implying that H,S levels were suppressed after nutrition
and oxygen restoration. These results demonstrated that Mito-
GW could serve as a promising imaging tool for mapping fluc-
tuation of H,S under pathological conditions of liver ischemia/
reperfusion.

In summary, we have fabricated a mitochondrial-targeted SMFP
(Mito-GW) for detections of H,S in HIRI sites. The probe ex-
hibited a significant fluorescence emission at 602 nm with large
Stokes shift (178 nm), and showed high specificity and sensitivity
(LOD, 54nmol/L) toward H,S. The response mechanism of Mito-
GW toward H,S was confirmed via quantum chemistry calcula-
tion combined with HPLC experiments. Moreover, the fluorogenic
probe was successfully used for monitoring mitochondrial H,S-
levels in vitro and in vivo HIRI models and performed well in in-
dicating the changing tendency. We thus expect that our devel-
oped SMFP has the powerful potential for studying in hepatol-
ogy to reveal the more details of HIRI. We also anticipate that
the probe would be used to evaluate the drug efficacy of HIRI
in vivo.
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