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A mitochondria-targeted chemiluminescent probe
for detection of hydrogen sulfide in cancer cells,
human serum and in vivo†

Hande Gunduz,‡ab Toghrul Almammadov, ‡b Musa Dirak, ‡b Alperen Acari,‡c

Berkan Bozkurtcd and Safacan Kolemen *bce

Hydrogen sulfide (H2S) as a critical messenger molecule plays vital roles in regular cell function.

However, abnormal levels of H2S, especially mitochondrial H2S, are directly correlated with the

formation of pathological states including neurodegenerative diseases, cardiovascular disorders, and

cancer. Thus, monitoring fluxes of mitochondrial H2S concentrations both in vitro and in vivo with high

selectivity and sensitivity is crucial. In this direction, herein we developed the first ever example of a

mitochondria-targeted and H2S-responsive new generation 1,2-dioxetane-based chemiluminescent

probe (MCH). Chemiluminescent probes offer unique advantages compared to conventional

fluorophores as they do not require external light irradiation to emit light. MCH exhibited a dramatic

turn-on response in its luminescence signal upon reacting with H2S with high selectivity. It was used to

detect H2S activity in different biological systems ranging from cancerous cells to human serum and

tumor-bearing mice. We anticipate that MCH will pave the way for development of new organelle-

targeted chemiluminescence agents towards imaging of different analytes in various biological models.

Introduction

Hydrogen sulfide (H2S) is a well-known gasotransmitter, and
is mainly synthesized by enzymatic pathways.1–4 Cystathionine
b-synthase (CBS), cystathionine g-lyase (CSE), and 3-mercapto-
pyruvate sulfur transferase (MPST) are three major enzymes
responsible for the synthesis of H2S in mammalian cells, in
which cysteine is the major substrate.5–7 It is produced in the
central nervous system, blood, gastrointestinal tract, and
heart.5,8–14 H2S is a critical antioxidant molecule that contri-
butes to reactive oxygen species (ROS) mediated signaling and
redox homeostasis.15–18 Thus, it serves as an effective cytopro-
tective agent as it can effectively neutralize numerous reactive

oxygen species.19–23 Additionally, it plays a central role in cell
proliferation, regulation of inflammation, insulin release,
angiogenesis, migration, and apoptosis.24–35 On the other side,
abnormal levels of H2S lead to cell malfunction and are directly
associated with several pathological states including Alzhei-
mer’s diseases, cancer, cardiovascular disorders, hypertension,
diabetes, depression and Down syndrome.36–40 The H2S level in
the blood plasma is around 10–100 mM and fluctuations in the
serum H2S concentration can be utilized as an indication of a
disease formation.13

CBS and CSE are known to function mainly in the cytosol.41

However, under hypoxic conditions, which are very likely to be
seen in many solid tumors, CSE translocates to mitochondria
and catalyzes the conversion of cysteine to H2S.42 H2S can also
be generated with the consecutive action of aspartate amino-
transferase (AAT) and 3-mercaptopyruvate sulfur transferase
(MPST) in the mitochondria.5 Mitochondrial H2S generation
has been shown to regulate energy metabolism by increasing
ATP production, which supports cell survival under hypoxia.43–45

Accordingly, it contributes to hypoxia resistance of cancer cells.
Furthermore, it has been reported that H2S downregulates the ROS
production in mitochondria and thereby protects mitochondria
from oxidative stress.46,47 Dysregulation of mitochondrial H2S is
also linked to the formation of previously mentioned diseases.48,49

Considering its role in physiological and pathological processes
and its unique activity in mitochondria, it is of great importance to
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monitor mitochondrial H2S fluxes, specifically in cancer cells, in
both cell cultures and in vivo with high selectivity and sensitivity.
Additionally, tools that can detect H2S levels in human serum are
highly critical in pathology.

Traditional approaches for H2S detection involve colori-
metric and electrochemical assays along with chromatographic
techniques (gas and ion-exchange chromatography, HPLC), in
which complicated instruments and sample preparation steps
are needed.50–57 Furthermore, these methods cause damage to
cells and cannot offer precise detection. To address the draw-
backs of conventional techniques, fluorescent probes that
can offer real-time imaging opportunities, high spatial and
temporal resolution, and selectivity without destruction of cells
or tissues are highly promising. To this end, numerous activity-
based fluorophores have been introduced to image endogenous
H2S activity58–61 including several probes targeting mito-
chondria.62–65 H2S has also been used for prodrug activation
in numerous literature examples owing to its correlation with
tumorogenesis.5,45,48 Common H2S-triggered reactions that
have been used in the activation of these agents and probes
are based on nucleophilic addition, thiolysis, reduction of the
azide and copper precipitation.61,66–68 Although highly valuable
results have been obtained with conventional fluorophores,
their intrinsic problems such as the need for external light
irradiation, limited penetration of the excitation light, and the
autofluorescence-induced low signal-to-noise ratio limit their
broader acceptance and application areas, especially in in vivo
models.

New generation phenoxy 1,2-dioxetane-based chemilumi-
nescent probes bearing electron-withdrawing acrylate units
have attracted great attention in recent years as an alternative
to fluorescent probes.69–77 Chemiluminescent probes do not
require external light irradiation to emit light and offer a very
high signal-to-noise ratio along with a high selectivity and
sensitivity.78–80 Additionally, they bear a modular scaffold,
which can be simply modified toward the development of
activity-based probes. Accordingly, new generation 1,2-dioxetane

derivatives have been developed to monitor numerous analytes
ranging from enzymes to ROS and biothiols including H2S.81–86

Very recently, we have introduced the first ever example of a
mitochondria-targeted chemiluminescence agent by modifying
the phenoxy 1,2-dioxetane core, which was responsive to the
leucine aminopeptidase (LAP) enzyme, with a well-established
mitochondrion targeting triphenylphosphonium (TPP) group.87

Cationic nature of TPP is critical to ensure the attraction
between the probe and the negatively charged membrane
of mitochondria as previously shown in the literature.87

We showed that TPP modification does not affect the lumines-
cence characteristics of dioxetanes, and the probe can be used
for in vivo imaging.

In this study, we turned our attention to H2S visualization
and developed a H2S-activatable and mitochondria-targeted
1,2-dioxetane-based chemiluminescence agent (MCH) (Fig. 1)
for the first time to monitor H2S activity in cell cultures, human
serum and in vivo. MCH was constructed on our TPP bearing
adamantyl-phenoxy 1,2-dioxetane core and linked to a H2S-
responsive dinitrophenyl group88,89 through an ether linkage
as a masking unit. When the phenol was masked, MCH showed
no luminescence signal. H2S-mediated nucleophilic aromatic
substitution cleaved the dinitrophenyl group and the phenolate
was generated, which was followed by the chemiexcitation
process to yield a strong luminescence signal (Fig. 1).

Results and discussion
Synthesis

The synthesis of MCH is depicted in Scheme 1. TPP-bearing
core (1) was synthesized by following our previous study.87

Then, (1) was reacted with 1-fluoro-2,4-dinitrobenzene in aceto-
nitrile to mask the phenol (2). Finally, dioxetane formation was
satisfied by reacting in situ generated singlet oxygen (1O2) with
(2). MCH was characterized by 1H, 13C NMR and high-
resolution mass spectrometry (HR-MS).

Fig. 1 Structure of MCH and its activation with H2S.

Scheme 1 Synthesis of MCH.
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Photophysical properties of MCH

After obtaining the MCH probe, we first recorded the absorp-
tion and fluorescence spectra of MCH in DMSO (2% PBS,
pH 7.4) as these are directly correlated with the chemilumines-
cence properties (Fig. 2).69,87 Upon reacting MCH (10 mM) with
H2S (2 eq.), a time-dependent increase in both absorption
(450 nm) and emission (520 nm) signals of the resulting
benzoate was observed, indicating that the probe was activated
with H2S (Fig. 2(A) and (B)). The cleavage of the masking unit
was shown to be very rapid and completed in 10 minutes
(Fig. 2(C) and (D)). We also synthesized the benzoate
(MC-benzoate),87 which is expected to be released after H2S-
induced activation, for comparison purposes. Fluorescence
spectra of H2S-treated MCH and MC-benzoate perfectly over-
lapped (Fig. S1, ESI†), suggesting that the MC-benzoate was
released upon activation. HR-MS analyses were also conducted
to further prove the MC-benzoate release and to clarify the
activation mechanism. As shown in Fig. S2 (ESI†), the signal of
MCH at 874.2660 m/z disappeared and a peak at 558.1604 m/z,
which belongs to benzoate (calculated as 558.1595 [M]+), was
detected after treating MCH with H2S.

Chemiluminescence characteristics of MCH

Next, the chemiluminescence characteristics of MCH in DMSO
(2% PBS, pH 7.4) were investigated. Upon treating MCH with
increasing concentrations of H2S (0–3 eq.), a time- and
concentration-dependent response was reported. The signal
dramatically increased (up to 206-fold) in the first 10 minutes
and then started to decrease gradually in 1 hour (Fig. 3).
Chemiluminescence intensity got stronger as the H2S concen-
tration increased (Fig. 3). When total luminescence signal
versus H2S concentration graph was analyzed, a linear increase
was shown up to 1 eq. of H2S (Fig. 3-inset). The detection limit

of MCH was calculated to be 0.0028 mM. In the absence of H2S,
no signal was detected, suggesting that MCH is stable in
solution.

The selectivity of MCH was checked by treating it with
different biologically relevant analytes, including biothiols,
hydrogen peroxide (H2O2) and anions. Remarkable signal
intensities were only reported in the case of H2S and gluta-
thione (GSH); however, the intensity of the signal was approxi-
mately 4-fold higher in the case of H2S even though the GSH
concentration (5 mM) was 250-fold higher than that of H2S
(20 mM). This result clearly indicates that MCH is selective
towards H2S (Fig. S3, ESI†).

Detection of H2S in cancer cells

Given the promising results obtained in solution, we next
sought to investigate the performance of MCH in cell cultures.
To this end, SH-SY5Y (neuroblastoma) and HCT116 (colon)

Fig. 2 (A) Absorption and (B) fluorescence spectra of MCH (10 mM) with or without the addition of 2 eq. of H2S in DMSO (2% PBS, pH 7.4) and
(C) corresponding absorbance at 450 nm and (D) fluorescence at 520 nm in the presence of 2 eq. of H2S from 0 to 10 min. lex = 440 nm.

Fig. 3 Time-dependent chemiluminescence intensity of MCH (10 mM) in
the presence of various equivalents of H2S (0–3) (inset: plot of the total
luminescence with respect to varying H2S concentrations in the linear
range) in DMSO (2% PBS, pH 7.4).
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cancer cells, in which the H2S concentration is high,90–94 were
chosen as model cell lines. Increasing doses of MCH (0–10 mM)
were incubated with the cells and time-dependent lumines-
cence measurements were taken with a plate reader. MCH
exhibited a similar kinetic profile in both cell lines. Chemilu-
minescence signal intensity increased in the first 30 minutes in
a dose-dependent manner and then decreased slowly in 2 hours
(Fig. 4), which is a typical trend for activity-based 1,2-di-
oxetanes. Treating cells with zinc chloride (ZnCl2) (300 mM), a
known H2S quencher,95,96 for 10 minutes, dramatically reduced
the signal intensity in both cells, indicating that H2S is the
major endogenous trigger of the chemiluminescence (Fig. 4
and Fig. S4, ESI†). MCH was also found to be non-toxic in the
working dose range as evidenced from the cell viability assay
results. No sign of significant cell death was detected when
both SH-SY5Y and HCT116 cells were incubated with MCH
(0–100 mM) (Fig. S5, ESI†). These cumulative results show that
MCH can be selectively activated in a cellular environment with
endogenous H2S and can detect varying concentrations of H2S.
Additionally, it is safe for bio-imaging studies.

Confocal microscopy studies were performed to further
evaluate the imaging potential of MCH and to investigate its

subcellular localization. First, HCT116 (Fig. 5) and SH-SY5Y
(Fig. S6, ESI†) cells were incubated with MCH for 1 hour, the
cells were washed and then the characteristic green emission of
the resulting benzoate was visualized upon irradiation of the
cells with a 405 nm confocal laser. A strong fluorescence signal
was detected in both cells, indicating once again that MCH can
be activated with an endogenous H2S, and the corresponding
benzoate is released. The addition of ZnCl2 to the cells remark-
ably quenched the fluorescence signal coming from the cells
(Fig. 5 and Fig. S6, ESI†), which is in good agreement with the
results obtained from the plate reader. Time-dependent activa-
tion of MCH was also captured under a confocal microscope
with HCT116 cells. The signal appeared to be detectable at
15 min and got brighter after 30 min (Fig. S7, ESI†), which also
supports the time-dependent luminescence signal data.

Localization of MCH to mitochondria

Next, a commercially available mitochondria stain MitoTracker
Redt (100 nM) and MCH (10 mM) were co-incubated with
HCT116 cells to prove their mitochondria targeting ability.
As shown in Fig. 6, the emission signals coming from the
red and green channels overlapped with a high Pearson’s

Fig. 4 Time and dose-dependent chemiluminescence signal of MCH in (A) HCT116, (B) SH-SY5Y cells. ZnCl2 (300 mM) was incubated for 10 minutes
before the addition of MCH. (n = 3).

Fig. 5 (A) Confocal microscopy images of HCT116 cells treated with or without ZnCl2 (300 mM) for 10 minutes. Data were collected after 30 minutes
MCH (10 mM) treatment. (B) Mean fluorescence. (n = 4) (lex = 405 nm/lem = 500–600 nm).
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coefficient (0.87), suggesting that the probe was localized to
mitochondria due to its cationic nature as expected. This also

clearly supports the high mitochondrial H2S activity in
cancer cells.

Fig. 6 Confocal microscopy images of HCT116 cells treated with MCH (10 mM) (ex/em: 405/500–550) and Mitotrackert Red (100 nM) (ex/em: 561/
600–650). (n = 4)

Fig. 7 Total luminescence response of MCH (10 mM) (A) in the various (1–16%, v/v) percentages of human serum, (B) with various concentrations
(1–5 mM) of ZnCl2 in 4% (v/v) human serum, (C) with various concentrations (10–100 mM) of NaHS in 4% (v/v) human serum in the presence and absence
of ZnCl2 (5 mM) (D) in 10 different healthy human serum (1% DMSO, pH 7.4, n = 3) without and with ZnCl2 (5 mM). (n = 3)
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Detection of H2S in human serum

We also tested the response of MCH in human serums, which
were collected from 10 different healthy individuals (6 females,
4 males) aged between 22–39. Initially, optimization studies
were performed using a serum sample. When the serum
concentration in the PBS solution was increased (0–16%, v/v),
a time and concentration-dependent turn-on response was
reported in the chemiluminescence signal (Fig. S8, ESI†).
Additionally, a linear increase was observed in the total lumi-
nescence signal as the serum concentration increased (Fig. 7(A)
and Fig. S9, ESI†). To prove that the signal was raised due to
H2S-induced activation, we treated a 4% (v/v) serum sample
with increasing concentrations of ZnCl2. The signal decreased
dramatically upon increasing the inhibitor concentration and
almost complete inhibition was detected at a 5 mM ZnCl2 dose
(Fig. 7(B)). Later, we treated the same serum sample (4%, v/v)
with increasing concentrations of NaHS and checked the
luminescence signal. As the NaHS concentration increased,
the chemiluminescence signal was enhanced remarkably
(Fig. 7(C)). Similarly, ZnCl2 (5 mM) treatment quenched the
luminescence signal (Fig. 7(C)), proving that MCH can detect
varying concentrations of H2S in a complex serum environ-
ment. Then, we tested MCH in 10 different serum samples to
investigate its potential for extensive usage. The average signal
obtained from 10 serum samples (4%, v/v) is shown in Fig. 7(D).
It is worth mentioning that a comparable chemiluminescence
signal was detected in all samples with slight variations
(Fig. 7(D) and Fig. S10, ESI†), suggesting that MCH can func-
tion precisely in similar serum samples. Treating the samples
with ZnCl2 (5 mM) again resulted in a strong inhibition and the
total luminescence signal dropped to a level that is correlative
with the signal obtained from untreated MCH in PBS solution,
proving selective activation (Fig. 7(D) and Fig. S10, ESI†).

In vivo tumor imaging

Finally, MCH was utilized for in vivo tumor imaging. To this
end, HCT116 cells were used to generate tumors on the right
and left flank areas of immunocompromised mice. Later, MCH
(100 mM, 100 mL) was injected intratumorally in the left flank,

and time-dependent whole-body luminescence was detected
under IVIS every 5 minutes for 1 hour period. The signal
intensity increased during the first 40 minutes and then
decreased gradually in 1 hour (Fig. 8 and Fig. S11, ESI†). As a
control experiment, a group of tumor-bearing mice was injected
with PBS (100 mL) subcutaneously, which did not give any signal
(Fig. 8). We also checked the cytotoxicity of high concentrations
of MCH in different cell lines as 100 mM of MCH was used in
animal imaging. As previously mentioned, 100 mM of MCH did
not cause significant cytotoxicity in HCT 116 and SH-SY5Y
cancer cells (Fig. S5, ESI†). We also investigated the cytotoxicity
of high concentrations of MCH in two different normal cell
lines. In this direction, Vero and HGrC1 cells were incubated
with various concentrations of MCH (0–100 mM). In both cells,
no signs of cytotoxicity were observed, indicating that 100 mM
of MCH dose is safe for bioimaging (Fig. S5, ESI†). These results
support that MCH can also be utilized for in vivo imaging
of tumor.

Conclusions

In summary, we have introduced the first example of a H2S-
responsive and mitochondria-targeted 1,2-dioxetane-based
chemiluminescent probe (MCH), which bears a cationic TPP
unit and an electron-withdrawing acrylate group. MCH exhib-
ited a 206-fold turn-on response in its luminescence signal
upon reacting with H2S. The probe was shown to be highly
selective towards H2S and further utilized successfully to image
endogenous H2S activity in SH-SY5Y and HCT116 cancer cells.
MCH did not show any cytotoxicity in both cells, which is a
critical parameter for a bioimaging probe. Its mitochondria-
targeting capability was proved using confocal microscopy by
carrying out colocalization studies with a commercially avail-
able MitoTracker dye. A strong overlap was obtained with a
high Pearson coefficient. MCH also enabled us to detect H2S in
human serums, which were collected from healthy people.
Inhibition studies were performed both in cell cultures, and
serum experiments to demonstrate that the source of the signal
was H2S-triggered activation of the dioxetane. Finally, MCH was

Fig. 8 Time-dependent in vivo imaging. Top row: Subcutaneous injection of 100 mM 100 mL PBS as vehicle control. Bottom row: Intratumor injection of
100 mM 100 mL MCH. (n = 4)
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used to image tumors generated by HCT116 cells in animal
models. Given the promising results obtained in in vitro,
human serum and in vivo studies, we believe that mitochondria-
targeted chemiluminescent probes can be further utilized to
investigate the critical roles of mitochondrial analytes in various
diseases especially cancer and neurodegenerative disorders.
Furthermore, thanks to our design approach, the core structure
can be designed easily to target different organelles. Our work
along these directions is in progress.

Experimental
Synthesis of MCH

Compound 2. 187 (54 mg, 0.071 mmol), 1-fluoro-2,4-di-
nitrobenzene (41.5 mg, 0.22 mmol), and K2CO3 (77 mg,
0.55 mmol) were placed in a round bottom flask and dry ACN
(10 mL) was added. The mixture was stirred at room tempera-
ture for 4 hours. After completion of the reaction, the reaction
mixture was filtered, and the solvent was evaporated under
vacuum. Compound 2 was obtained after column chromato-
graphy purification MeOH : DCM (5 : 95) as a pale yellow solid
(41 mg, 62% yield). 1H NMR (500 MHz, CDCl3) d 9.32 (t, J =
5.8 Hz, 1H), 8.90 (d, J = 2.7 Hz, 1H), 8.27 (dd, J = 9.3, 2.7 Hz, 1H),
7.88 (d, J = 8.1 Hz, 1H), 7.81–7.78 (m, 3H), 7.76–7.72 (m, 6H),
7.69–7.65 (m, 6 H), 7.62 (d, J = 15.7 Hz, 1H), 7.31–7.27 (m, 2H),
6.68 (d, J = 9.2 Hz, 1H), 3.68–3.41 (m, 4H), 3.32 (s, 3H), 3.25
(br. s, 1H), 2.06 (br. s, 1H), 2.00–1.75 (m, 14H). 13C NMR
(126 MHz, CDCl3) d 165.91, 155.45, 146.77, 141.71, 139.01,
138.43, 137.93, 135.41, 135.39, 133.64, 133.56, 130.81, 130.71,
129.26, 128.06, 127.44, 126.29, 122.78, 118.47, 117.78, 116.76,
57.59, 38.89, 37.11, 29.89, 29.83, 29.27, 22.51, 21.62, 21.21. MS
(ES+): m/z calcd. for C48H46ClN3O7P+: 842.2756; HRMS found:
842.2760 [M+].

MCH. 2 (30 mg, 0.032 mmol) was dissolved in DCM (30 mL)
and a few milligrams of methylene blue were added to this
mixture at 0 1C. During the reaction, the mixture was bubbled
by oxygen and irradiated with a white LED. The reaction was
monitored by RP-HPLC, upon completion the solvent was
evaporated, and the product was isolated by preparative RP-
HPLC (gradient of ACN in water) as an off-white solid (14 mg,
45% yield). 1H NMR (500 MHz, CDCl3) d 9.72 (s, 1H), 8.91 (d, J =
2.7 Hz, 1H), 8.26 (dd, J = 9.2, 2.7 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H),
7.86 (d, J = 8.4 Hz, 1H), 7.80 (m, 3H), 7.73–7.64 (m, 12H), 7.62
(d, J = 15.7 Hz, 1H), 7.23 (d, J = 15.7 Hz, 1H), 6.67 (d, J = 9.2 Hz,
1H), 3.95 (s, 3H), 3.66–3.36 (m, 5H), 2.55 (br. s, 1H), 2.10–1.87
(m, 14H). 13C NMR (126 MHz, CDCl3) d 165.69, 154.96, 147.35,
141.94, 135.49, 135.47, 134.32, 133.47, 133.39, 132.25, 130.79,
130.69, 130.48, 129.82, 129.29, 128.68, 127.95, 126.17, 122.79,
118.34, 117.65, 116.77, 52.98, 47.11, 39.39, 36.43, 29,88, 29.84,
29.81, 27.57, 22.84, 22.43. MS (ES+): m/z calcd for
C48H46ClN3O9P+: 874.2655; HRMS found: 874.2660 [M+].

Cell culture experiments

The HCT116, SH-SY5Y, Vero and HGrC1 cells were grown in a high
glucose DMEM supplemented with 2% penicillin–streptomycin

and 10% FBS. The cells were passaged with DPBS and Trypsin-
EDTA at 70% confluency and incubated in an Eppendorf Galaxy
170S incubator at 37 1C and 5% CO2.

For the kinetic measurements, HCT116 and SH-SY5Y cells
were seeded in dark-sided, clear-bottomed 96-well plates
(10 000 cells per well) and incubated overnight. One of the
groups was treated with ZnCl2 (300 mM) for 10 minutes
and washed with PBS. Then, the cells were treated with MCH
(0–10 mM) in PBS (1% DMSO, v/v, pH 7.4). The inhibition group
was treated with MCH (10 mM) in PBS (1% DMSO, v/v, pH 7.4).
The kinetic luminescence measurement was started immedi-
ately after the treatment and the chemiluminescence signal
was detected using a Biotek Synergy H1 MF microplate reader.
(n = 3, technical replicates).

HCT116 cells were seeded into 35 mm glass bottom confocal
plates (10 000 cell per plate) and incubated overnight. One of
the groups was treated with ZnCl2 (300 mM) for 10 minutes and
washed with PBS. Following the inhibition period, the cells
were treated with MCH (10 mM) and washed with PBS, after half
an hour. Time-dependent confocal images of HCT116 cells
were captured at fixed-interval z stack before and after the
addition of MCH, and recorded for 30 minutes. For the colo-
calization study, cells were treated with MCH (10 mM) for half
an hour and washed with PBS. Then, the cells were stained with
MitoTracker Red (100 nM) for 15 minutes and washed with
PBS. Finally, confocal images were collected using a Leica DMI8
SP8 Inverted Confocal Microscope. Colocalization was analyzed
using Image J software. (n = 4, technical replicates).

To perform the cell viability assay, cells at confluency were
seeded into a dark-sided clear-bottomed 96-well plate at a
density of 1 � 104 cells per well and allowed to incubate
overnight. The following day, the cells were treated with various
concentrations of MCH in DMEM (1% DMSO, v/v). After an
hour, the MCH-containing medium was replaced with fresh
DMEM, and the cells were further incubated for 23 hours.
To measure cell viability, 44 mL of fresh CellTiter-Glo reagent
was added to each well. (n = 3, technical replicates).

Monitoring H2S level in human serum

The serum experiments were performed with the approval of
the local ethical committee of Koç University. Informed consent
was obtained from all participants and experiments were
performed according to the guidelines of the Committee on
human research at Koç University, Türkiye. 10 different healthy
participant serum samples have been obtained from a previous
study, where methodological details were reported in detail.97

For optimization studies, serums were diluted with PBS in
different concentrations (1–16%), then 10 mM MCH was added
to each well. Time-dependent luminescence response was
monitored for 2 hours using a Biotek Synergy H1 MF micro-
plate reader. Later, 10 human serum samples were diluted with
PBS to a final 4% concentration. For those treated with ZnCl2,
5 mM ZnCl2 was added. All samples were incubated at 37 1C
for 30 min, then 10 mM MCH was added to each well.
Subsequently, time-dependent luminescence response was
monitored 2 hours using a Biotek Synergy H1 MF microplate
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reader. (1% DMSO, pH 7.4, n = 3, Fig. 7(A)–(C): technical
replicates, Fig. 7(D): independent replicates).

In vivo imaging

The institutional ethical committee of Koç University approved
all in vivo experiments. All animal experiments were performed
according to the guidelines of the Animal Research Local Ethics
Committee at Koç University, Türkiye. For these experiments,
6-8-week-old non-obese diabetic/severe combined immuno-
deficiency (NOD/SCID) mice were anesthetized using isoflurane.
Tumor formation was induced subcutaneously for the adminis-
tration of HCT116 cells to the mice. Each injection consisted of
2.5 � 106 cells in a 100 mL volume of PBS, and injections were
made into the right and left flank area using a 23-gauge needle.
Once the tumor diameter reached approximately 0.3–0.5 cm,
100 mL of 100 mM MCH was injected intratumorally. In control
experiments, healthy mice were injected 100 mL of 100 mM MCH
subcutaneously. For the control experiments with tumorigenic
mice, 100 mL of 100 mM PBS was injected as a vehicle control
intratumorally into another group of tumor-bearing mice. The
kinetic luminescence measurement was initiated immediately
following the injections, and in vivo imaging was performed
using the PerkinElmer IVIS Lumina Series III instrument.
(n = 4, technical replicates).
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Sci. U. S. A., 2009, 106, 21972–21977.

26 E. Pupo, A. Fiorio Pla, D. Avanzato, F. Moccia, J. E. Avelino
Cruz, F. Tanzi, A. Merlino, D. Mancardi and L. Munaron,
Free Radical Biol. Med., 2011, 51, 1765–1773.

27 Z. Cheng and R. Kishore, Redox. Biol., 2020, 37, 101704.
28 A. Katsouda, S. I. Bibli, A. Pyriochou, C. Szabo and

A. Papapetropoulos, Pharmacol. Res., 2016, 113, 175–185.
29 S. Zhang, H. Bian, X. Li, H. Wu, Q. Bi, Y. Yan and Y. Wang,

Oncol. Rep., 2016, 35, 2825–2832.
30 F. Sekiguchi, T. Sekimoto, A. Ogura and A. Kawabata, Biol.

Pharm. Bull., 2016, 39, 887–890.
31 W. Cai, M. Wang, L. Ju, C. Wang and Y. Zhu, Cell Biol. Int.,

2010, 34, 565–572.

Paper RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

7.
10

.2
5 

05
:3

7:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00070b


© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2023, 4, 675–684 |  683

32 S. Gheibi, A. P. Samsonov, S. Gheibi, A. B. Vazquez and
K. Kashfi, Biochem. Pharmacol., 2020, 176, 113819.

33 N. Shibuya and H. Kimura, Front. Endocrinol., 2013, 4, 1–5.
34 H. Kimura, Exp. Physiol., 2011, 96, 833–835.
35 H. Kimura, Amino Acids, 2011, 41, 113–121.
36 E. Disbrow, K. Y. Stokes, C. Ledbetter, J. Patterson, R. Kelley,

S. Pardue, T. Reekes, L. Larmeu, V. Batra, S. Yuan, U. Cvek,
M. Trutschl, P. Kilgore, J. S. Alexander and C. G. Kevil,
Alzheimer’s Dementia, 2021, 17, 1391–1402.

37 K. Eto, T. Asada, K. Arima, T. Makifuchi and H. Kimura,
Biochem. Biophys. Res. Commun., 2002, 293, 1485–1488.

38 S. Y. Peng, X. Wu, T. Lu, G. Cui and G. Chen, Med. Gas. Res.,
2020, 10, 125–129.

39 G. Meng, Y. Ma, L. Xie, A. Ferro and Y. Ji, Br. J. Pharmacol.,
2015, 172, 5501–5511.

40 D. J. Polhemus and D. J. Lefer, Circ. Res., 2014, 114, 730–737.
41 J. B. Kohl, A. T. Mellis and G. Schwarz, Br. J. Pharmacol.,

2019, 176, 554–570.
42 X. Cao, L. Ding, Z. Z. Xie, Y. Yang, M. Whiteman,

P. K. Moore and J. S. Bian, Antioxid. Redox Signaling, 2019,
31, 1–38.

43 R. Sanokawa-Akakura, E. A. Ostrakhovitch, S. Akakura,
S. Goodwin and S. Tabibzadeh, PLoS One, 2014, 9, e108537.

44 M. Fu, W. Zhang, L. Wu, G. Yang, H. Li and R. Wang, Proc.
Natl. Acad. Sci. U. S. A., 2012, 109, 2943–2948.

45 I. Andreadou, R. Schulz, A. Papapetropoulos, B. Turan,
K. Ytrehus, P. Ferdinandy, A. Daiber and F. Di Lisa, J. Cell.
Mol. Med., 2020, 24, 6510–6522.

46 C. Gao, P. Chang, L. Yang, Y. Wang, S. Zhu, H. Shan,
M. Zhang and L. Tao, Int. J. Mol. Med., 2018, 41, 242–250.

47 Y. D. Wen, H. Wang, S. H. Kho, S. Rinkiko, X. Sheng,
H. M. Shen and Y. Z. Zhu, PLoS One, 2013, 8, e53147.

48 B. Murphy, R. Bhattacharya and P. Mukherjee, FASEB J.,
2019, 33, 13098–13125.

49 R. Tabassum and N. Y. Jeong, Int. J. Med. Sci., 2019, 16,
1386–1396.

50 H. Peng, W. Chen, S. Burroughs and B. Wang, Curr. Org.
Chem., 2013, 17, 641–653.

51 G. Schiavon, G. Zotti, R. Toniolo and G. Bontempelli, Anal.
Chem., 1995, 67, 318–323.

52 Y. Zeng, K. Zhang, X. Wang, Y. Sui, B. Zou, W. Zheng and
G. Zou, Sens. Actuators, B, 2011, 159, 245–250.

53 M. A. H. Khan, M. V. Rao and Q. Li, Sensors, 2019, 19, 905.
54 G. K. Kolluru, X. Shen, S. C. Bir and C. G. Kevil, Nitric oxide,

2013, 35, 5–20.
55 D. Zhao, J. Zhang, M. Zhou, H. Zhou, C. Gotor, L. C.

Romero, J. Shen, X. Yuan and Y. Xie, Plant Physiol. Biochem.,
2020, 155, 367–373.

56 X. Shen, E. A. Peter, S. Bir, R. Wang and C. G. Kevil, Free
Radical Biol. Med., 2012, 52, 2276–2283.

57 X. Shen, G. K. Kolluru, S. Yuan and C. G. Kevil, Measurement
of H2S in vivo and in vitro by the monobromobimane
method, Elsevier Inc., 1st edn, 2015, vol. 554.

58 H. Li, Y. Fang, J. Yan, X. Ren, C. Zheng, B. Wu, S. Wang,
Z. Li, H. Hua, P. Wang and D. Li, TrAC, Trends Anal. Chem.,
2021, 134, 116117.

59 Z. Guo, G. Chen, G. Zeng, Z. Li, A. Chen, J. Wang and
L. Jiang, Analyst, 2015, 140, 1772–1786.

60 N. Kumar, V. Bhalla and M. Kumar, Coord. Chem. Rev., 2013,
257, 2335–2347.

61 M. Dirak, S. E. Turan and S. Kolemen, ACS Bio Med Chem Au,
2023, DOI: 10.1021/acsbiomedchemau.3c00028.

62 S. Gong, Z. Zheng, X. Guan, S. Feng and G. Feng, Anal.
Chem., 2021, 93, 5700–5708.

63 B. Ma, D. H. Tian, S. Yan, X. C. Li, F. Dai and B. Zhou, Sens.
Actuators, B, 2021, 327, 128937.

64 K. Zhong, X. Hu, S. Zhou, X. Liu, X. Gao, L. Tang and X. Yan,
J. Agric. Food Chem., 2021, 69, 4628–4634.

65 Y. Chen, C. Zhu, Z. Yang, J. Chen, Y. He, Y. Jiao, W. He,
L. Qiu, J. Cen and Z. Guo, Angew. Chem., Int. Ed., 2013, 52,
1688–1691.

66 X. Cao, W. Lin, K. Zheng and L. He, Chem. Commun., 2012,
48, 10529–10531.

67 A. C. Clark, P. Grant-Preece, N. Cleghorn and G. R. Scollary,
Aust. J. Grape Wine Res., 2015, 21, 30–39.

68 A. R. Lippert, E. J. New and C. J. Chang, J. Am. Chem. Soc.,
2011, 133, 10078–10080.

69 O. Green, T. Eilon, N. Hananya, S. Gutkin, C. R. Bauer and
D. Shabat, ACS Cent. Sci., 2017, 3, 349–358.

70 E. M. Digby, M. T. Tung, H. N. Kagalwala, L. S. Ryan,
A. R. Lippert and A. A. Beharry, ACS Chem. Biol., 2022, 17,
1082–1091.

71 M. David, Q. Jaber, M. Fridman and D. Shabat, Chem. – Eur.
J., 2023, 29, e202300422.

72 C. Peukert, S. Popat Gholap, O. Green, L. Pinkert, J. van den
Heuvel, M. van Ham, D. Shabat and M. Brönstrup, Angew.
Chem., Int. Ed., 2022, 61, e202201423.

73 S. Gnaim, S. P. Gholap, L. Ge, S. Das, S. Gutkin, O. Green,
O. Shelef, N. Hananya, P. S. Baran and D. Shabat, Angew.
Chem., Int. Ed., 2022, 61, e202202187.

74 O. Green, S. Gnaim, R. Blau, A. Eldar-Boock, R. Satchi-
Fainaro and D. Shabat, J. Am. Chem. Soc., 2017, 139,
13243–13248.

75 H. N. Kagalwala, L. Bueno, H. Wanniarachchi, D. K. Unruh,
K. B. Hamal, C. I. Pavlich, G. J. Carlson, K. G. Pinney, R. P.
Mason and A. R. Lippert, Analysis Sensing, 2023, 3,
e202200085.

76 C. Ozsan, K. Kailass, E. M. Digby, T. Almammadov, A. A. Beharry
and S. Kolemen, Chem. Commun., 2022, 58, 10929–10932.

77 M. Ponomariov, D. Shabat and O. Green, Bioconjugate
Chem., 2021, 32, 2134–2140.

78 H. N. Kagalwala, R. T. Reeves and A. R. Lippert, Curr. Opin.
Chem. Biol., 2022, 68, 102134.

79 N. Hananya and D. Shabat, ACS Cent. Sci., 2019, 5, 949–959.
80 U. Haris and A. R. Lippert, ACS Sens., 2023, 8, 3–11.
81 B. Li, Y. L. Kim and A. R. Lippert, Antioxid. Redox Signaling,

2022, 36, 337–353.
82 M. C. Cabello, F. H. Bartoloni and E. L. Bastos, Biosens.,

2023, 13, 452.
83 I. M. Mostafa, A. Abdussalam, Y. T. Zholudov, D. V. Snizhko,

W. Zhang, M. Hosseini, Y. Guan and G. Xu, Chem. Biomed.
Imaging, 2023, DOI: 10.1021/cbmi.2c00002.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

7.
10

.2
5 

05
:3

7:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/acsbiomedchemau.3c00028
https://doi.org/10.1021/cbmi.2c00002
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00070b


684 |  RSC Chem. Biol., 2023, 4, 675–684 © 2023 The Author(s). Published by the Royal Society of Chemistry

84 Y. Gong, M. Yang, J. Lv, H. Li, J. Gao and Z. Yuan,
ChemPlusChem, 2022, 87, e202200054.

85 H. N. Kagalwala and A. R. Lippert, Angew. Chem., Int. Ed.,
2022, 61, e202210057.

86 A. Acari, T. Almammadov, M. Dirak, G. Gulsoy and S.
Kolemen, J. Mater. Chem. B, 2023, DOI: 10.1039/d3tb01022h.

87 H. Gunduz, A. Acari, S. Cetin, T. Almammadov, N.
Pinarbasi-Degirmenci, M. Dirak, A. Cingoz, E. Kilic, T. Bagci-
Onder and S. Kolemen, Sens. Actuators, B, 2023, 383,
133574.

88 R. Dhivya, V. Kavitha, A. Gomathi, P. Keerthana, N.
Santhalakshmi, P. Viswanathamurthi and J. Haribabu, Anal.
Methods, 2022, 14, 58–66.

89 Y. Chen, X. Shang, C. Li, Z. Xue, H. Chen, H. Wu and
T. Wang, Sci. Rep., 2018, 8, 1–9.

90 M. Dirak, D. Kepil, T. Almammadov, Z. Elmazoglu, S. Cetin,
N. Ozogul, G. Gunbas and S. Kolemen, Dyes Pigm., 2023,
210, 111011.

91 H. Lin, Y. Yu, L. Zhu, N. Lai, L. Zhang, Y. Guo, X. Lin, D. Yang,
N. Ren, Z. Zhu and Q. Dong, Redox. Biol., 2023, 59, 102601.

92 C. Szabo, C. Coletta, C. Chao, K. Módis, B. Szczesny,
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