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The excessive production of endogenous hydrogen sulfide (H,S) in cancer cells leads to enhanced tumor
growth and metastasis. On the other hand, decreased endogenous H,S suppresses tumor growth. The
reported approaches for inhibiting tumor growth are selective silencing of the tumor-promoting genes
and pharmacological inhibition of these proteins. To enhance the antitumor efficacy of frontline
chemotherapeutic agents, herein, we synthesized a highly sensitive endogenous H,S responsive
fluorescent probe, ie., a hydrogen sulfide-sensing naphthalimide-based peptide conjugate (HSNPc),
which showed selective inhibition of proliferation of cancer cells due to apoptosis induction.
Furthermore, HSNPc suppressed the glycolytic reserve, a critical energy source for the proliferation of
cancer cells. HSNPc also decreased the Young's modulus of Hela cells compared to the control cells,
which demonstrated a direct relation between cell apoptosis and cell stiffness. Taken together, we
demonstrated the dual function of detection and killing of cancer cells by HSNPc that can be likened to
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Introduction

Hydrogen sulfide (H,S) is an important signaling molecule that
regulates proliferation, apoptosis and angiogenesis. These
cellular events are critical regulators of growth and metastasis
of tumors.’” Malignant cells overexpress cystathionine B-syn-
thase (CBS), cystathionine y-lyase (CSE) and 3-mercaptopyr-
uvate sulfur transferase (3-MST) to produce increased H,S that
in turn promotes growth, survival and metastasis of these
cells.*” Several studies reported that overexpression of H,S
producing enzymes leads to an enhanced endogenous H,S
concentration which then acts in an autocrine mode to promote
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proliferation, angiogenesis and bioenergetic reprogramming of
the cancer cells.*®

An emerging strategy for treating cancer is targeting their
“unique” property of producing endogenous H,S that allows
differentiation between healthy and malignant tissue.® Conse-
quently, there is an active search for theranostic agents to
exploit the H,S sensing ability and in this context, several
detection methods'**® have been developed in recent years to
sense endogenous H,S."*?° Some fluorescent probes based on
naphthalimide,** rhodamine,* fluorescein,*** and
cyanine,***” show good sensitivity and selectivity among others
but there are very few reported schemes that can sense endog-
enous H,S and impede cancer cell proliferation at the same
time.*®*

Despite significant advancement in our understanding of
cancer biology and therapeutics, diagnosis and treatment are
two separate arms of the clinical management of cancer.
Discovery and development of theranostic agents could inte-
grate these two arms and potentially revolutionize cancer
management by early detection and clearance of cancer cells
without impacting normal cells. Also, cell penetration is the
biggest hurdle for drug efficacy and biodistribution. To combat
these problems, we have rationally designed a naphthalimide
conjugated diphenylalanine-based short peptide prone to
cellular uptake®* and membrane permeability.** Peptide-based
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Scheme 1 Schematics of the synthesis of the hydrogen sulfide
responsive fluorescent peptide conjugate. Bottom: represents the
non-fluorescent peptide conjugate turning fluorescent upon H,S
treatment.

agents are suitable for theranostic purposes given their
biocompatibility in human and mammalian systems. Such
peptides with cell-penetrating properties have been evaluated to
transport diverse cargoes into cells, tissues, and organs.*

The peptide-naphthalimide fluorescent pendant was further
equipped with a H,S sensing probe to make this peptide acti-
vatable at the orthogonal site to impart high sensitivity to
endogenous H,S (Scheme 1) thereby enabling it to selectively
image and simultaneously kill the cancer cells. 1,8-Naph-
thalimide derivatives such as amonafide and* mitonafide are
emerging theranostic agents with potential of cell growth
inhibition as well as cellular imaging. These molecules inter-
calate with DNA and inhibit topoisomerase and cause cell
apoptosis.**** Capping of the hydroxy group of naphthalimide
is the biggest advantage over non-capped naphthalimide-based
anticancer molecules, as the H,S-sensing group makes it
proactive and highly selective. Therefore, HSNPc is a novel and
efficient platform possessing the selective ability for cell
apoptosis and cancer cell imaging.

Results and discussion

A H,S-sensing naphthalimide-based peptide conjugate (HSNPc)
was synthesized by both, solution phase®**** and solid-phase
peptide synthesis using standard protocols.** 4-Bromo naph-
thalic anhydride was used as a precursor molecule. Conjugation
of B-alanine to this anhydride followed by substitution of
bromine with the dinitrobenzene probe at the fourth position of
4-bromo naphthalic anhydride were carried out in the solution
phase. A separate segment of the pre-synthesized diphenylala-
nine peptide was added to beta-alanine. The molecule was then
purified by preparative HPLC and characterized by "H NMR, **C
NMR and HRMS (ESI).

Our data revealed that the HSNPc is highly sensitive towards
H,S to the extent that it could be seen by the naked eye in
daylight. To further assess the H,S sensitivity of HSNPc, we
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treated its 1 mM solution with 10 mM solution of sodium
sulfide (Na,S) and observed a color transformation from color-
less to yellow color. The color transformation was also observed
under short UV light and long UV light. Under short UV light, it
was greenish-yellow and under long UV light, it was fluorescent
yellow (ESI Fig. S51). To confirm and characterize these obser-
vations, a time-dependent HPLC analysis was performed by
treating 1 mM HSNPc with 10 mM Na,S solution** and the
resultant spectra were recorded over time. The retention time of
HSNPc was observed to be ~17.17 min as a control. Notably, two
new peaks emerged for Na,S-treated HSNPc solution. The first
peak was at 12.38 min and another was at 10.85 min, while the
parent peak at 17.17 min decreased in intensity with time. The
peak at 12.38 min belongs to the peptide linked 1,8 naph-
thalimide moiety and that at 10.85 min belongs to the 2,4-
dinitrobenzenethiol group. We also observed that with 10
equivalents of Na,S, almost 99% HSNPc was degraded into two
fragments (Scheme 1) within 45 min (ESI Fig. S61).

To validate the above observations, UV-Vis titration experi-
ments were performed. A bathochromic shift was observed
when HSNPc solution was titrated with Na,S solution. The
absorption maximum (A,,,) at 350 nm was shifted to 440 nm
due to the ipso attack of the nucleophile, HS™ ions, on the
dinitrobenzene ring followed by cleavage of the 2,4-dinitro-
benzene group from HSNPc (Fig. 1A, ESI Fig. S7 and S8%). The
absorbance of 2,4-dinitrobenzenethiol was found centered at
418 nm.* Therefore, the absorbance of the free naphthalimide
conjugated peptide segment and 2,4-dinitrobenzenethiol likely
overlapped to produce a broad-range peak at 440 nm (ESI
Fig. S97). The time-course study revealed that the 350 nm peak
diminished with the concurrent increase in the 440 nm peak
when Na,S was added to the HSNPc solution (Fig. 1A). Fluo-
rescence spectroscopy data also corresponded well with the
observed UV-Vis results (Fig. 1B).

Next, we performed solution-phase studies to determine the
morphology of HSNPc. A 200 puM freshly prepared solution of
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Fig. 1 Time-dependent UV-Vis and fluorescence spectra of HSNPc,
showing sensitivity in the presence of H,S. (A) UV-Vis, (B) fluorescence
and (C) fluorescence ON and OFF mechanisms.
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Fig. 2 AFM images of HSNPc and HSNPc with H,S. (A) AFM image
shows a fibrous network of HSNPc and (B) its magnified image shows
straight fibers. (C) and (D) Shows the change in self-assembly after H,S
treatment.

HSNPc in ethanol systems self-assembled into a long and thin
fibrous assembly (Fig. 2A). However, at a higher magnification,
these fibers appeared long and twisted with fibrous assembly
(Fig. 2B) which is likely due to the non-covalent interactions
where aromatic -7 interactions played an instrumental role.
However, in the presence of H,S, the morphology of HSNPc was
altered to fibrous “bush-like” assembly (Fig. 2C and D), thus
suggesting the effect of H,S on the molecular transformation of
the peptide structure.

Since, unlike normal (non-malignant) cells, cancer cells are
known to have activated H,S production machinery, we studied
the effect of HSNPc on HeLa cells, a line derived from cervical
cancer. As shown in Fig. 3, the peptide was detected in the
nuclei from 4 h to 24 h. Human mesenchymal stem cells
(hMSCs) were used as the representative non-malignant/non-
transformed cells. Unlike in HeLa cells, a fluorescence signal
was not detectable in hMSCs when treated with HSNPc (Fig. 4,
topmost panels). Next, to assess whether endogenous H,S
promotes nuclear localization of HSNPc, we treated hMSCs with
Na,S (a HS™ donor) in the presence of the peptide. In the
presence of Na,S (80 uM and higher), a fluorescence signal was
detectable in the nuclei albeit extra-nuclear fluorescence was
also detectable. From these data, it is reasonable to conclude
that HSNPc is a H,S-dependent fluorophore that could be
developed as an imaging agent for cancer cells.

Having demonstrated the sensitivity of HSNPc to H,S, we
next assessed the effect of this peptide on HeLa cells and
hMSCs. HeLa cells and hMSCs were treated with HSNPc
(107> M to 10~° M) for 48 h. HSNPc was found to have signif-
icant cytotoxicity at almost every concentration in HeLa cells
(ICs0: 25 nM) but not in hMSCs (Fig. 5 and S13, ESIT).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Time-dependent intracellular distribution of HSNPc in Hela
cells. (B) Quantification of the HSNPc positive cells counted from the
microscopic images. Data represent mean + SEM of three indepen-
dent experiments in triplicate; *p < 0.05, **p < 0.01, and ***p < 0.001
versus control (receiving vehicle). Images were taken at 20x (bar
length 200 pm). The red arrow shows the HSNPc positive cells.
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Fig. 4 Representative images of hMSCs with indicated treatments.
Images were taken at 20x (bar length 200 um). Arrow show the
HSNPc positive cells.
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Fig. 5 Hela cells were exposed to the vehicle (DMSO) that served as
the control, and HSNPc at indicated concentrations (A) for 24 h and (B)
for 48 h to determine cellular toxicity by MTT assay. Data represent
mean + SEM of three independent experiments in triplicate; *p < 0.05,
**p < 0.01, and ***p < 0.001 versus control (receiving vehicle).

The reason for cytotoxicity of HSNPc in HeLa cells is the
presence of the 1,8-naphthalimide moiety, a well-known DNA
targeting anticancer agent which binds DNA by a combination
of interactions such as hydrogen bonding, electrostatic and
intercalation.** HSNPc appeared to have been activated in the
presence of endogenous H,S in HeLa cells and produced the
peptide-linked 1,8-naphthalimide moiety (Scheme 1, fluores-
cent probe) but failed in hMSCs due to the lack of H,S
production machinery. Therefore, the cellular toxicity of the
peptide-linked 1,8-naphthalimide moiety (control) in HeLa cells
and human mesenchymal stem cells was also studied by the
MTT assay which revealed that the control peptide has no
cellular toxicity in either cells (Fig. S14t). The observed toxicity
to cancer cells by HSNPc compared to the control peptide could
be attributed to factors including unique peptide nano-
assemblies (Fig. 2) which are known to target cancer cells,*
its stimulus (endogenous H,S)-responsive cancer cell-specific
biodistribution, and less physical deactivation to name a few.
The reported literature revealed that the presence of a-helix or
B-sheet type secondary structures can play an important role
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Fig. 6 (A) and (B) the FT-IR spectra of HSNPc and peptide linked 1,8-
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fibre network of HSNPc and control molecules that clearly shows the
differences in secondary structures and hence the morphologies.
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during cellular uptake in which the helicity of peptides is more
important for their cell-penetrating abilities.**** Therefore, we
studied the secondary structure of both the molecules by using
the FT-IR study (Fig. 6). The quantitative analysis of the FT-IR
spectra® revealed that HSNPc fibrous structures contributed
44.05% to anti-parallel B-sheets, 23.02% to B-sheets and 32.29%
to o-helix (Fig. 6A, C and Table S1}) whereas the morphologies
of the control peptide showed 84.83% for anti-parallel B-sheets
and 15.17% for B-sheets (Fig. 6B, D and Table S2). Taken
together, it is concluded that the unique peptide nano-
assemblies of HSNPc facilitated its higher cellular uptake and
therefore perhaps shows greater cellular toxicity in cancer cells.

Given the loss of viability of HeLa cells upon HSNPc treat-
ment, we surmised the induction of apoptosis as the cause of
this effect. Fig. 7 shows that HSNPc induced apoptosis of HeLa
cells at both 24 and 48 h when assessed by quantitative TUNEL
staining. We next studied the mechanism of apoptosis of HeLa
cells by using HSNPc. Cancer cells are known to be dependent
on aerobic glycolysis for deriving energy to proliferate. We,
therefore, studied the energy metabolism of HeLa cells in
response to HSNPc. Prior to this experiment, we investigated the
possible mitochondrial localization of the peptide using
a mitotracker which showed its distribution in the mitochon-
dria (ESI Fig. S121). However, our study revealed no change in
ATP production by HSNPc (Fig. 8D). Among the glycolysis
parameters (Fig. 8A-C), only the glycolytic reserve was signifi-
cantly decreased by the peptide (Fig. 8C, ESI Fig. S121). These
data suggested that consistency with the energy metabolism is
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Fig. 7 Determination of apoptosis by TUNEL assay. Hela cells were
treated as indicated and (A) representative images and (B) quantifica-
tion of TUNEL positive cells. Data represent mean + SEM of three
independent experiments in triplicate; **p < 0.01 versus control
(receiving vehicle). Images were taken at 20x (bar length 200 pm).
TUNEL positive cells were captured at 488 nm. Arrows indicate the
TUNEL-positive cells.
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Fig. 8 Bioenergetic parameters of Hela cells in response to HSNPc;
(A)-(C) data from glycostressor experiments and (D) mitostressor
experiments. Data represent mean + SEM of three independent
experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus control as
determined by one-way ANOVA followed by Tukey's multiple
comparison test.

characteristic of cancer cells HeLa cells are critically dependent
on glycolysis and depletion of glycolytic reserve likely deprived
the cells from carrying out energy-demanding events such as
proliferation. No change in ATP production is indicative of the

o

Control HSNPc

Fig. 9 AFM liguid mode studies: (A) and (B) force map and force—
distance curve of Hela cell lines. (C) and (D) Force map and force—
distance curve of HSNPc treated Hela cell lines. (E) Graph represen-
tation of the Young's modulus E (kP = kilopascal) of the control and
HSNPc treated Hela cells at 24 h. Data represent mean + SEM of 50
cells; *p < 0.05 versus control (receiving vehicle).
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lack of mitochondrial involvement in energy production by
HelLa cells.

Toseland et al. reported that cisplatin-induced DNA damage
is associated with cell stiffness.* The damage in the DNA
caused by a DNA nick by HSNPc and detected by TUNEL
staining (Fig. 7) could affect the stiffness of HeLa cells. Cell
biomechanics importantly regulates the function of the cells,"”
and stiffness is reported to alter the cell migration and invasion,
which is particularly relevant for cancer metastasis.**** These
reports prompted us to measure HeLa cell biomechanics in
response to HSNPc using atomic force microscopy (AFM). HeLa
cell lines were adhered to an 18 mm glass slide and were treated
with 25 mM HSNPc for 24 h. To determine the Young's
modulus, AFM measurements were recorded after exposing
a group of 50 cells to 10 nN force. Hertz model fitted force-
distance curves were used to calculate the Young's modulus
(‘E’). Fig. 9 shows the force-distance curve of the control and
HSNPc-treated HeLa cells. ‘E’ of HSNPc treated HelLa and
control cells was respectively 7.26 + 0.6 kP and 9.76 + 0.95 kP
thus demonstrating a significant decrease in the cell stiffness
after 24 h treatment (*p < 0.05). AFM-determined cell stiffness
showed a decrease in the Young's modulus which could inhibit
cell motility and metastasis. Kim et al. studied the effect of
paclitaxel on HeLa cell stiffness and concluded that reduced cell
stiffness is related to apoptosis.*® Moreover, drug-resistant
breast and ovarian cancer cells are stiffer than deformable
cells.”*> HSNPc by decreasing the stiffness could therefore
reduce the risk of metastasis and chemotherapeutic resistance
of cancer cells.

Conclusions

In summary, we have developed a naphthalimide-based novel
bifunctional fluorescent probe for cancer cell imaging and
concomitant induction of apoptosis. Our designed probe is
successfully activated by endogenously produced H,S of cancer
cells and could be applied for specific imaging of cancer cells.
Apart from cell imaging, the probe induced apoptosis of cancer
cells. Such unique properties of the probe make it an ideal
candidate for precise cancer diagnosis and treatment. We
anticipate that the H,S sensing peptide-conjugated fluorescent
probe such as the one described here holds potential for
becoming a theranostic agent for effective cancer management.

Experimental
Reagents and kits

Cell culture supplements were from Sigma-Aldrich, India.
TUNEL assay kit was from Invitrogen (#C10617), mitotracker
from Invitrogen (#M7514), and Seahorse XF Cell Mito Stress
Test Kit and Seahorse XF Glycolysis Stress Test Kit from Agilent
Technologies.

Cell culture

HeLa cells were maintained in DMEM high glucose medium
supplemented with 10% fetal bovine serum (FBS). Cells at 90%
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confluency were trypsinized and seeded for experiments. For
microscopic experiments, the cells were seeded in a chamber
slide with 40% confluency and treated with HSPNc for the
mentioned time period and after 24 or 48 h, the cells were
washed with phosphate buffered saline (PBS) twice, fixed with
10% formalin for 15 min, co-stained with DAPI (1 pg pL ") for
15-20 min and mounted with mounting medium. Fluorescence
microscopy was performed at 20x. For mitochondrial localiza-
tion, the cells were incubated with 200 nM mitotracker green in
1% DMEM high glucose and incubated for 30 min followed by
fluorescence microscopy. hMSCs were maintained in DMEM
F12 medium supplemented with 10% FBS. Cells were trypsi-
nized and seeded for localization of HSNPc after endogenous
H,S treatment. Cells were treated with 25 nM HSNPc for 24 h
and before termination H,S was added at different concentra-
tions (20 uM to 320 uM).

TUNEL assay

HeLa cells were plated on a chamber slide and treated with
25 nM HSNPc for 24 and 48 h. Click-iT™ Plus TUNEL Assay kit
(C10617, Invitrogen) was used for in situ detection of apoptotic
cells according to the manufacturer's protocols.>

Assessment of bioenergetics parameters in HeLa cells

HeLa cells were plated on 24-well Seahorse V7-PS Flux plates
(20 000 cells per well). After 24 h, the cells were treated with the
vehicle or HSNPc (final concentration 25 nM) for 48 h. The
detailed protocol was described before.>

Data availability

The information about detailed experiments and related data
can be found in ESI file.t
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