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ty and Ins
A B S T R A C T

Hydrogen sulfide (H2S) is a signaling molecule that plays important roles in biological systems. The
exploration of H2S as a new drug release trigger and its related fluorescent theranostic system is crucial
for cancer bio-imaging and therapy. Herein, we designed a new two-photon ratiometric fluorescent
theranostic prodrug (compound 1) and studied its spectroscopic properties and application in in vivo
imaging. Compound 1 specifically reacted with H2S and released the free active therapeutic component
of 7-ethyl-10-hydroxycamptothecin, which was accompanied with a red-shift fluorescence emission
signal from 460 nm to 545 nm. The exogenous and endogenous H2S in living cells were imaged by
compound 1 under one-photon and two-photon excitation. Furthermore, compound 1 monitored the
H2S concentration changes in Caenorhabditis elegans by fluorescence imaging. Additionally, it showed
effective drug release activation in situ tumor with exogenous and endogenous H2S as the trigger. The
H2S-sensitive activation and drug-release properties highlight the potential of theranostic compound 1
in future cancer treatment and therapy.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydrogen sulfide (H2S) is the third gas signal molecule
(gasotransmitter) after carbon monoxide (CO) and nitric oxide
(NO), and is associatedwith awide range of physiological functions
in the human body [1–4]. Endogenous H2S is enzymically
synthesized by mammalian tissues via three enzymes, including
cystathionine-β-synthase (CBS), cystathionine-g-lyase (CSE) and
3-mercaptopyruvate sulfurtransferase (3-MST) [5,6]. Abnormal
concentrations of H2S causes many human diseases, such as
Alzheimer’s, liver cirrhosis, diabetes and gastricmucosal injury [7–
10]. In particular, H2S concentration is closely related to colorectal
cancer [11], which is a multifactorial disease caused by lifestyle,
genetics and environmental factors [12]. As colon cancer cells
express more CBS than normal cells, they can produce and release
more H2S in the tumor microenvironment [13]. Compared with
traditional detection methods, visual detection of H2S concentra-
tion in biological systems is of great significance. Compared with
other detection methods, the use of fluorescent molecular probes
to detect objects in organisms has irreplaceable advantages in
biological imaging, and a lot of related work has been achieved
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[14–18]. As a result, numerous fluorescent probes for H2S detection
have been developed in recent years [19–24]. Li et al. reported
fluorescent probe DBT for visual detection of H2S in colorectal
cancer cells, which is composed of triphenylamine, BODIPY and
2,4-dinitrobenzenesulfonyl group [25]. In 2020, Muthusamy et al.
designed a fluorophore Lyso-Rh-S-DNP by orderly binding of 2,4-
dinitrophenyl and salicylaldehyde to a rhodamine backbone,
which allowed quantitative H2S detection in organisms [26]. In
our previous work, we developed a fluorescent H2S probe to
observe H2S in living cells and Caenorhabditis elegans (C. elegans)
[27]. The results showed that fluorescent detection can provide
simple and convenient methods for H2S detection in cells.
Therefore, the use of H2S as an initiator for drug release is feasible
for the treatment of tumors, especially colorectal cancer.

The theranostic system, which integrates cancer signature
species detection and the release of therapeutic drug, has attracted
great attention in recent years [28]. The most basic fluorescent
theranostic system is composed of three parts: fluorophore,
masked anticancer active drug, and connecting linker, which can
be cleaved in response to a particular over expressed species in the
cancer cells [29]. Based on this design concept, a variety of studies
have been reported [30–32]. In recently, Zheng et al. reported a
nitroreductase-activatable theranostic molecule, which can be
used in biological imaging and therapy cancer cell [33]. However,
compared with the application of various fluorophores and
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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anticancer drugs, there is a lack of innovation in the exploration of
drug release triggers.

Compared with one-photon fluorescence imaging technology,
two-photon fluorescence imaging has incomparable advantages in
the detection of active species [34–36]. As the excitation
wavelength is located in the near infrared region (700�900 nm),
it causes less photodamage to biological samples, increases tissue
penetration and effectively reduces interference of biological
background [37]. Therefore, the development of a two-photon
fluorescent theranostic system with novel H2S-triggered drug
release mechanisms is desirable.

In this work, we reported the design and synthesis of a new
two-photon H2S-triggered ratiometric fluorescent theranostic
prodrug (compound 1), for in vivo imaging. Scheme 1 shows that
compound 1 is composed of three functional parts: naphthalimide
as the ratiometric fluorophore and two-photon signal reporter,
with a disulfide bond as the cleavable linker, which can be
triggered by H2S, and 7-ethyl-10-hydroxycamptothecin (SN-38) as
the anticancer drug. As expected, the disulfide bond in compound 1
underwent cleavage in the presence of H2S, promoting the release
of free active drug SN-38, accompanied by a red-shifted fluores-
cence signal from 460 nm to 545 nm. The bio-imaging of
exogenous and endogenous H2S in living cells by compound 1
was successfully applied under both one-photon and two-photon
excitation. An effective drug release in situ tumor, as well as
fluorescence imaging were verified when compound 1 was
injected into nudemice. It showed that compound 1 is a promising
therapeutic compound for future cancer therapy.

The synthetic route for compound 1 is outlined in Scheme S1
(Supporting information). The developed ratiometric two-photon
theranostic prodrug was prepared using prototype intramolecular
charge transfer (ICT) fluorophore 1,8-naphthalimide, which
exhibits excellent spectral properties, such as high absorption
coefficient and high quantum yield in the visible region, high
photostability, large Stokes’ shift and significant two-photon cross
section. 4-Nitro-1,8-naphthalic anhydride (compound 5) was
reacted with lysosomal targeting group 4-(2-aminoethyl)morpho-
line in ethanol producing N-(2-morpholinoethyl)-4-nitro-1,8-
naphthalimide (compound 4) in 73% yield. N-(2-Morpholi-
noethyl)-4-amino-1,8-naphthalimide (compound 3) was prepared
via the reaction of compound 4with SnCl2�2H2O in the presence of
concentrated hydrochloric acid in MeOH, where the nitro group
was reduced to an amino group. In the following reaction, 3,3-
dithiodipropionic chloride was prepared by reacting 3,3-dithiodi-
propionic acid with SOCl2 in anhydrous dichloromethane under an
[(Scheme_1)TD$FIG]

Scheme 1. Proposed SN-38 release and fluorescent va
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argon atmosphere. Then, compound 3 was reacted with 3,3-
dithiodipropionic chloride in the presence of 4-dimethylamino-
pyridine (DMAP), followed by treatment with sodium bicarbonate
and dilute hydrochloric acid solution producing compound 2. In
the case of the reaction involving the introduction of anticancer
drugs, highly toxic phosgene solution or triphosgene was avoided,
instead less toxic EDCI (1-ethyl-(3-dimethylaminopropyl)carbo-
diimide hydrochloride) and DMAP reaction were employed to
connect compound 2 and SN-38 in order to produce target
compound 1. The detailed procedures and characterization of the
new compounds are described in the Supporting information.

To evaluatewhether compound 1 could activate in the presence
of H2S, we first tested the absorption and fluorescent responses of
compound 1 in the absence or presence of NaHS (a commonly used
H2S source) in a mixed solution of DMSO/PBS (1/1, v/v, pH 7.4) at
ambient temperature (Fig. 1). Owing to the typical ICT structure of
naphthalimide, compound 1 exhibited an absorption band
centered at 370 nm and a relatively weak fluorescence band
centered at 460 nm. When excess HS� (400mmol/L) was added to
compound 1 (20mmol/L) in DMSO/PBS (1/1, v/v, pH 7.4), the
absorption band at 370 nm decreased and a new band with a
shoulder at 430 nm appeared (Fig. 1A), accompanied by the visible
change of the colorless solution to jade-green (Fig. S1 in Supporting
information). Additionally, a change in the fluorescence spectrum
was observed when excited at 370 nm, in which the emission
intensity at 460 nm decreased and that at 545 nm dramatically
increased (Fig. 1B). Thus, the solution revealed significant
ratiometric fluorescence change from blue to yellow-green
(Fig. S1). The absorption and fluorescence titration spectra of
compound 1 with H2S were consistent with our predicted
detection mechanism (Scheme 1). After reacting with H2S, the
disulfide bond (S��S) of compound 1 was cleaved and BHNP-NH2

fluorophore was released, where the amide group with electron-
withdrawing substituents transformed into the electron-donating
amino group resulting in enhanced ICT effect of the naphthalimide
fluorophore, leading to the remarkable red shift of both absorption
(from 370 nm to 430 nm) (Fig. 1C) and fluorescence spectra (from
460 nm to 545 nm) (Fig. 1D).

High selectivity to the test object is an essential condition for a
fluorescent probe with excellent performance. In order to verify
the selectivity of the compound 1 toward HS–, we tested the
absorption and fluorescent responses (Fig. S2 in Supporting
information) of compound 1 (20mmol/L) in the presence of
various anions (200mmol/L) in amixture solution of DMSO/PBS (1/
1, v/v, pH 7.4). The results showed that no obvious absorption and
riation mechanism of the compound 1 with H2S.
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Fig. 1. Absorption (A) and absorption titration spectra (C), fluorescence (B) and
fluorescence titration spectra (D) of compound 1 (20mmol/L) with or without HS–

(0.4mmol/L) and incubation for 50min in a mixture solution of DMSO/PBS (1/1, v/v,
pH 7.4), lex = 370 nm. (E) Time-dependent fluorescence ratio (I545 nm/I460 nm)
responses of compound 1 (20mmol/L) toward HS– (200mmol/L), Cys (200mmol/L),
and GSH (200mmol/L) in PBS (pH 7.4), lex = 370nm, (F) Fluorescence intensity ratio
changes with the concentration of HS–. Note: the detection limit was calculated
based on the fluorescence titration. The limit of detection for HS– is 0.72mmol/L.
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fluorescent responses were found by the addition of various anions
except for HS– to the solution of compound 1.

More importantly, compound 1 also showed good selectivity for
HS– comparing to the sulfur-containing amino acids, such as Cys
and GSH, which can induce disulfide bond breakage (Fig. 1E). In
order to test whether compound 1 can be quantitatively detected
for H2S, wediagramed the fluorescence intensity ratio of two peaks
(I545 nm/I460 nm) as a function of the H2S concentrations. The
fluorescence intensity ratio of two peaks (I545 nm/I460 nm) exhibited
a good linear relationship with the H2S concentration and the
detection limit was 0.72mmol/L (Fig. 1F).

The proposed reactionmechanism is shown in Scheme 1, which
is similar to our previous work. We previous reported a cyanine-
based colorimetric and fluorescence probe for H2S detection in vivo
[27], as well as lysosome-targeted fluorescent H2S probe for H2S
visualization in living cells and tracing accumulated lysosome [37].
Both approaches employed the same disulfide bond linker as
compound 1, and the proposedmechanism involved disulfide bond
cleavage triggered by H2S. After disulfide bond cleavage, the
fragments underwent intramolecular cyclization, releasing five-
member ring compound 1,2-dithiolan-3-one and naphthalimide
fluorophore (BHNP-NH2) as well as SN-38 anticancer drugs. To
verify this mechanism, the absorbance and fluorescence spectra of
BHNP-NH2 (compound 3) were compared with that of compounds
2382
1 after H2S treatment (Fig. S1). After the addition of H2S, compound
1 produced a shoulder peak in the absorption spectrum located at
400�500 nm and a new fluorescence emission peak at
500�600 nm, which was consistent with that of compound 3.
After compound 1 reacted with H2S, the solution color changed
from colorless to light yellow-green, and the fluorescence emission
color changed from blue to yellow-green, indicating that com-
pound 1 released free compound 3 throughdisulfide bond cleavage
triggered by H2S. In addition, the proposed mechanism was
verified by ESI-MS analyses. Upon addition of 40 equiv. H2S to
compound 1, four distinctmass spectral debris signal peaks located
at m/z 325.0645 (corresponding to BHNP-NH2), 349.1550 (corre-
sponding to BHNP-NH2+Na+), 365.1165 (corresponding to BHNP-
NH2+K+) and 393.1441 (corresponding to SN-38+H+) were ob-
served by high resolution MS spectroscopy (Fig. S3 in Supporting
information). This clearly showed that after compound 1 was
triggered by H2S, it effectively released anticancer drug SN-38 and
the fluorescence signal reporter group compound 3 via cleavage of
the disulfide bond.

In order to further confirm that SN-38 drug release was
triggered by H2S, we conducted a time-dependent experiment in
which the change of fluorescence ratio I545 nm/I460 nm was
monitored. As shown in Figs. 2A and B, upon addition of HS–

(400mmol/L) to compound 1 (20mmol/L) in a solution of DMSO/
PBS (1/1, v/v, pH 7.4), within 50min the fluorescence emission
intensity at 460 nm displayed a gradual decrease, and the
fluorescence emission intensity at 545 nm a gradual increase.
This was in accordance with the fluorescence ratio I545 nm/I460 nm

changed from 0.7 to maximum of 3.5. To verify that SN-38 drug
release process coincided with the fluorescence change of
compound 1, the SN-38 release process was analyzed by RP
(reverse phase)-HPLC chromatograms, where the drug release
value of compound 1 exceeded 90% within 50min (Fig. 2C).

Based on the time-dependent release of SN-38, we conducted
cytotoxicity tests using compound 1 and reference compound 2
(details in Supporting information) in HCT116 cells in vitro. Even
compound 2 has the similar structure with compound 1, it can not
release SN-38 after breaking disulfide bond. The results are
summarized in Figs. 2D and E. When HCT116 cells (colon cancer
cells) were incubated with various concentrations (0�10mmol/L)
of compound 1 (Fig. 2D), it was found that the cell activity showed
a gradual but significant decrease. After the addition of 10mmol/L
compound 1, the cell viability decreased by 50%. However, little
change in the cell viability was observed for reference compound 2
(Fig. 2E). These results were consistent with our hypothesis, and
suggested that H2S in colon cancer cells could induce compound 1
to release anticancer drug SN-38.

In order to verify that compound 1 could locate endogenous and
exogenous H2S in living cells cumulating in drug release, we
performed fluorescence imaging experiments. As shown in Fig. 3,
HCT116 and A549 cells exhibited a more obvious blue fluorescence
and less obvious green fluorescence after incubation with
compound 1 for 30min. SAM (S-adenosyl-L-methionine) acts as
the promoter of cellular endogenous H2S. Hence, when HCT116
cells were pretreated with 3mmol/L SAM for 1 h, followed by
incubation with compound 1 (10mmol/L) for 30min, the blue
fluorescence decreased slightly, and green fluorescence increased
significantly, where the ratio of green and blue fluorescence
displayed an obvious increase. The opposite of SAM is AOAA
(aminooxyacetic acid), which is an inhibitor of cellular endogenous
H2S. When HCT116 cells were pretreated with 1 nmol/L AOAA for
1 h, followed by incubation with compound 1 (10mmol/L) for
30min, the blue fluorescence showed significant enhancement,
while the green fluorescence only slightly weakened, and the ratio
of green and blue fluorescence was significantly reduced.
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Fig. 2. Time-dependent of (A) fluorescence spectra and (B) I545 nm/I460 nm (0–50min) for compound 1 (20mmol/L) in a mixture solution of DMSO/PBS (1/1, v/v, pH 7.4) with
HS– (400mmol/L),lex = 370 nm. (C) SN-38 released from compound 1 (20mmol/L) as a function of time in the presence and absence of HS– (400mmol/L). SN-38 in RP (reverse
phase)-HPLC chromatogramswas detected by UV absorption using 370 nm as themonitored wavelength. Cell viability of compound 1 and reference compound 2 at different
concentrations. HCT116 cells (colon cancer cells) were incubatedwith various concentrations (0–10mmol/L) compound 1 (D) and reference compound 2 (E) for 24 h. Data are
shown as mean� S.D., n = 3.

[(Fig._3)TD$FIG]

Fig. 3. Identification of colon cancer cells by confocal microscopy imaging in dual-
color modality. (a1-a4) HCT116 cells incubated with compound 1 (10mmol/L) for
30min. (b1-b4) HCT116 cells pretreated with 3mmol/L SAM for 1 h, followed by
incubation with compound 1 (10mmol/L) for 30min. (c1-c4) HCT116 cells
pretreated with AOAA (1mmol/L) for 1 h were loaded with compound 1
(10mmol/L) for 30min. (d1-d4) A549 cells incubated with compound 1
(10mmol/L) for 30min. lex = 400 nm, blue channel at 410–500 nm, green channel
at 510–650 nm; ratio images generated from green channel to blue channel.

[(Fig._4)TD$FIG]

Fig. 4. Two-photon image of compound 1 (10mmol/L). HeLa cells incubated with
compound 1 for 30min (a1-a3). HeLa cells pretreated with H2S (40mmol/L) for
30min, followed by incubation with compound 1 for 30min (b1-b3), lex = 740 nm.
Ratio images generated from green channel to blue channel.
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Based on single-photon fluorescence imaging, two-photon
fluorescence imaging was performed. As shown in Fig. 4, when
excited at 740 nm, compound 1 (10mmol/L) in HeLa cells displayed
strong blue fluorescence and weaker green fluorescence. When
HeLa cells pretreatedwith H2S (40mmol/L) for 30min, followed by
incubation with compound 1 (10mmol/L) for 30min, the blue
2383
fluorescence decreased and green fluorescence increased, and the
ratio of green and blue fluorescence showing an obvious increase.
Hence, compound 1 had good capability of two-photon imaging for
H2S detection and drug release.

Determining if compound 1 could release SN-38 in C. elegans
under H2S was also examined through fluorescence imaging
experiments. All the animal studies were carried out in the Yunnan
University, with the approval number of yuncare 20200353. C.
eleganswas pretreated with different concentrations of H2S for 2 h,
and then incubated with compound 1 (20mmol/L) for 2 h. As
shown in Fig. 5, C. elegans shows a strong blue and weak green
fluorescence in the absence of H2S. In contrast, as the concentra-
tion of pretreated H2S increases, the blue fluorescence of C. elegans
gradually decreases and green fluorescence gradually increases in
a dose-dependent manner. This result was consistent with our
previous hypothesis that compound 1 may release SN-38 in the
presence of H2S.

The drug release of compound 1 in A549 cell tumor-bearing
mice was investigated via in vivo fluorescence imaging. In group 1,
tumor-bearing mice were in situ injected with compound 1 (5
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Fig. 5. Bright field images and fluorescence images of C. elegans. (a1-a4) C. elegans
incubated with compound 1 (20mmol/L) for 2 h. (b1-b4) C. elegans pretrated with
H2S (100mmol/L) for 2 h, followed by incubated with compound 1 (20mmol/L) for
2 h. (c1-c4) C. elegans pretrated with H2S (300mmol/L) for 2 h, followed by
incubated with compound 1 (20mmol/L) for 2 h. Scale bar: 20mm.

[(Fig._6)TD$FIG]

Fig. 6. Fluorescence images of the internal organs after anatomy A549 cell tumor-
bearing mice after in situ injection of compound 1 (5mg/kg) in tumor site for 3 h
(up), first in situ injection of NaHS (5mg/kg) in tumor site for 0.5 h, then in situ
injection of compound 1 (5mg/kg) in tumor site for 3 h (down).
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mg/kg) at the tumor site. In group 2, tumor-bearingmicewere first
injected with NaHS (5mg/kg) and after 30min injected with
compound 1 (5mg/kg) at the tumor site. After 3 h, the tumor and
other major organs of both tested mice were dissected and
analyzed by fluorescence imaging. As shown in Fig. 6, the tumor
sites of both groups showed obvious fluorescence compared to the
other major organs, such as the heart, liver, spleen, lung and
kidney. In comparison, the rat in group 1 showed that the
fluorescence intensity at the tumor site was considerably greater
than that in group 2, which possessed exogenous NaHS. These
results indicate that endogenous H2S could cause bond cleavage
and release of the fluorescence moiety. Furthermore, addition of
exogenous H2S increased the release of fluorescent indicators
BHNP-NH2 and therapeutic drugs SN-38, which led to stronger
fluorescence signals at the tumor site. Therefore, compound 1
could response to endogenous and exogenous H2S promoting the
release of therapeutic drugs and fluorescent emission.

In summary, through the conjugation of anticancer drug SN-38
and naphthalimide fluorophores via a disulfide bond, we devel-
oped a novel H2S-responsive ratiometric fluorescent theranostics
prodrug (compound 1). The obtained results showed that it was
able to reactwith endogenous and exogenousH2S, accompanied by
release of anticancer drug SN-38 and significantly inhibited the
activity of colorectal cancer cell HCT116. More importantly,
compound 1 was applied in the bio-imaging of endogenous and
2384
exogenous H2S in cancer cells, C. elegans, and tumor-bearing mice,
under one-photon or two-photon excitation. Compound 1
provided a promising platform for specific tumor-activatable drug
delivery system, which can be applied in future cancer treatment
and therapy.
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