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A multifunctional probe for optical and
electrochemical detection of hydrogen sulfide and
real-time selective fungal imaging
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This study reports the synthesis of 2-hydroxy-N-(6-nitro-1,3-dioxo-1H-benzoldelisoquinolin-2(3H)-yl)
benzamide (SNN), designed for the selective detection of hydrogen sulfide (H,S) and real-time imaging of
Candida albicans. The probe was synthesized via imidation of 4-nitronaphthalic anhydride with salicyl
hydrazide, leveraging the environmentally responsive fluorescence properties of naphthalimide deriva-
tives. SNN demonstrated dual-mode functionality, enabling both optical and electrochemical sensing of
H,S across a range of pH conditions, thereby providing insights into sulfur chemistry. Remarkably, SNN
allowed direct wet-mount imaging of C. albicans without the need for prolonged incubation, producing
high-contrast fluorescence with minimal background noise via endogenous H,S activation. It showed
selective nuclear localization in C. albicans but did not facilitate fluorescence imaging in Aspergillus niger.
Additionally, SNN was used for effective visualization of other fungi associated with bread spoilage, high-
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lighting its promise as a versatile tool for fungal diagnostics and food safety applications. Moreover, the
H,S-specific imaging was validated through incubation studies using 2-(aminooxy)acetic acid hydro-
chloride, a selective inhibitor of the cystathionine beta-synthase enzyme involved in the production of
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1. Introduction

Fungal infections coupled with the rapid emergence of drug
resistance pose a grave threat to human health, especially in
immunocompromised individuals, and cause more than a
million deaths annually." Redox homeostasis is essential for
host colonization by fungal pathogens such as Candida albi-
cans. Hydrogen sulfide (H,S), once regarded solely as a hazar-
dous, colorless, and flammable gas with a characteristic rotten
egg odor, is now recognized as a crucial gaseous signaling
molecule in both mammals and microbes.> This paradigm
shift stems from its emerging role in regulating diverse physio-
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H,S and the metabolism of homocysteine.

logical and pathological processes.®* In fungi, H,S is gener-
ated from cysteine degradation, sulfate reduction, and trans-
sulfuration through both enzymatic and non-enzymatic reac-
tions. H,S production in fungi is a known phenomenon,
although it is not common in all species.”® Research has
shown that yeasts such as Saccharomyces cerevisiae and
C. albicans can produce endogenous H,S enzymatically
through the catabolism of amino acids (S-propargyl-cysteine)
or the utilization of the cystathionine f-synthase (CBS)
enzyme.”® In C. albicans, the CYS4 gene is annotated in the
Candida Genome Database as encoding CBS, which is respon-
sible for H,S biosynthesis.® Besides, polysulfides and gluta-
thione (GSH) could be converted to H,S via a non-enzymatic
pathway.'® H,S is more than just a byproduct in fungi; it is a
biologically active molecule involved in metabolism, redox bal-
ancing, sulfur homeostasis, signaling, stress response, promot-
ing survival under stress, morphogenesis, biofilm formation,
and possibly virulence.'"' This gaseous molecule is also
involved in the production of malformin, a phytotoxic peptide
containing p-cysteine,'” in pathogenic fungi.

Conventional H,S gas sensors, including electrochemical,
semiconductor metal oxide, and printed nanomaterial-based
devices, offer high sensitivity'® and are widely used in environ-
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mental monitoring, industrial safety, and medical diagnostics.
However, their application in complex biological systems is
constrained by challenges such as miniaturization, aqueous
compatibility, and biocompatibility. In this context, fluo-
rescence imaging has significantly contributed to our greater
understanding of the pathogenic mechanisms of endogenous
commensal fungi such as C. albicans. As an opportunistic
pathogen, it is a major cause of candidemia affecting the
blood, with a high mortality rate of ~40%.'* Microscopic
imaging is critical for exploring its virulence and improving
diagnostics; however, challenges remain. These include poor
adhesion of fungal cells to imaging substrates, thereby compli-
cating confocal microscopy imaging,'® and extensive autofluor-
escence. Moreover, limitations including non-specific binding,
background staining, photobleaching, and cytotoxicity of com-
monly used fluorophores, such as calcofluor white, fluorescein
isothiocyanate, and 4',6-diamidino-2-phenylindole, restrict
their utility, particularly in live-cell imaging. Addressing these
imaging challenges is essential for better visualization of
fungal structures, enhancing diagnostic precision and develop-
ing more effective therapeutic strategies. Therefore, there is a
growing need for less toxic, cell-permeable, and deep-tissue-
penetrating probes that can selectively label fungal structures.

Small-molecule fluorescent probes have gained significant
attention over traditional methods due to their inherent
advantages, including exceptional selectivity, high sensitivity,
real-time monitoring, non-destructive visualization, and con-
venient handling.'®>' Numerous fluorescent probes have been
developed for H,S gas detection utilizing various strategies,
such as the reduction of azides and nitro compounds to
amines, Michael addition reactions, H,S-specific disulfide
bond cleavage, nucleophilic and thiolysis reactions, as well as
H,S-induced metal displacement and metal indicator displace-
ment approaches.?>”>” These probes enable imaging of H,S in
living cells, tissues, and blood samples in vivo, even allowing
for subcellular organelle-targeted analysis. Although there are
a few widely used fluorophores, notable advancements have
not been made for fungal imaging. H,S-responsive fluorescent
probes offer a novel, selective, and real-time imaging method
to detect and study fungi. These probes exploit the endogen-
ous production of H,S in fungi to emit a measurable fluo-
rescence signal, enabling live-cell imaging, diagnostics, and
monitoring of fungal contamination in biological and food
systems. Except for a recent study by Yan et al. using a thiol-
responsive 2,4-dinitrophenyl-based fluorescent probe for the
selective detection of endogenous H,S in fungal cells, there are
no other studies reported on the real-time imaging of
C. albicans that offer insights into the role of H,S in fungal
pathogenicity.? In the present study, a new salicyl hydrazide
integrated nitronaphthalimide, 2-hydroxy-N-(6-nitro-1,3-dioxo-
1H-benzo[delisoquinolin-2(3H)-yl)benzamide ~ (SNN),  was
designed and synthesized as a multifunctional probe capable
of dual-mode detection of H,S—optical and electrochemical,
while also serving as a robust H,S-based imaging agent for
fungal visualization without any prolonged incubation
procedures.
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2. Experimental
2.1 Materials

4-Nitro-1,8-naphthalic anhydride, salicyl hydrazide, sodium
sulfide (Na,S: H,S releasing agent), disodium hydrogen phos-
phate, potassium phosphate monobasic, and sodium chloride
were procured from Sigma Aldrich. 2-(Aminooxy)acetic acid
hemihydrochloride was purchased from BLD Pharmatech.
Solvents, including ethanol, acetone, and dimethyl sulfoxide
(DMSO), were obtained from SRL Chemicals. All reagents used
were of analytical grade. The phosphate-buffered saline (PBS)
solutions of different pH values were prepared using suitable
capsules purchased from Merck in Milli-Q water.

2.2 Synthesis and structural characterization of 2-hydroxy-N-
(6-nitro-1,3-dioxo-1H-benzo[ delisoquinolin-2(3H)-yl)
benzamide (SNN)

4-Nitro-1,8-naphthalic anhydride (30 mg, 0.1233 mmol) and
salicyl hydrazide (22.5 mg, 0.1479 mmol) in ethanol (5 mL)
were refluxed for 10 h under stirring conditions and allowed to
cool down to room temperature (Scheme 1). The precipitate
formed was filtered, washed with distilled water, and dried at
room temperature for 48 h to obtain SNN.

'H and "*C NMR spectra were recorded on a Bruker Ascend
400 MHz spectrometer, acquired over 16 and 1024 scans,
respectively. Approximately 5 mg of SNN was dissolved in
0.4 mL of DMSO-ds for recording 'H NMR spectra, while
10 mg of SNN was used for recording >C NMR spectra. The IR
spectrum of solid SNN was obtained using Shimadzu IR Spirit
(Japan) equipment. The mass spectrum (MS) was recorded
using a Gas Chromatography-Mass Spectrometer (GC-MS
QP2010 Ultra). The mass of reduced SNN was analyzed with a
MALDI-TOF Mass Spectrometer (Ultraflextreme, Bruker),
which operates in both linear and reflectron ionization modes.

2.3 Theoretical studies

Theoretical calculations were performed using the Gaussian 16
software package® with density functional theory (DFT). To
obtain the ground state equilibrium geometry (S,) of SNN and
reduced SNN, the CAM-B3LYP/6-311G(d,p) level of theory was
used using the universal solvation model density (SMD) in
water medium. Furthermore, the same level of theory was
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Scheme 1 Synthetic route for SNN.

z—7Z

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an00783f

Open Access Article. Published on 24 October 2025. Downloaded on 11/7/2025 3:47:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

employed to determine the HOMO-LUMO energy gap and
binding energies.

2.4 Electrochemical measurements

Cyclic voltammetry (CV) and square wave voltammetry (SWV)
were conducted using a Biologic SP50-e instrument. SWV was
performed in the potential window of —2 to 2 V at a scan rate
of 100 mV s™', whereas CV was performed in the potential
window of —1.2 to 0.4 V at a scan rate of 5 mV s~ ". A three-elec-
trode system was used for voltammetric measurements, com-
prising a platinum foil as the counter electrode, a silver/silver
chloride (Ag/AgCl/KCl (sat.)) electrode as the reference elec-
trode, and a stainless-steel plate (1 cm x 1 ¢cm) as the working
electrode. About 0.75 mg of SNN was dissolved in 0.5 mL of
DMSO, diluted to 20 mL (1:40) using PBS, and used as the
electrolyte. Buffer solutions of pH = 3, 7.4, and 9 were used for
the study. A stock solution (0.1 M) of Na,S was prepared in dis-
tilled water. CV curves were recorded at 10 mV s ', and SWV
curves were recorded at 10 Hz, with a pulse amplitude of
25 mV, a step potential of 0.5 V, and a scan rate of 100 mV s™*
across pH 3-9. A minimum of three individual experiments
were performed, and all measurements were conducted at
ambient temperature (23 + 3 °C).

2.5 X-ray photoelectron spectroscopy (XPS) analysis

The XPS measurements were conducted using a Thermo
Fisher Scientific Nexsa Base equipped with a K-alpha source,
and the data were processed using a self-consistent fitting
approach in CasaXPS software. All high-resolution spectra were
calibrated to the aliphatic carbon peak at 284.5 eV, ensuring
internal consistency.

2.6 Optical studies

For absorption and emission studies, 3.77 mg of SNN was dis-
solved in 0.5 mL of DMSO and then diluted with PBS (pH 7.4)
to prepare a stock solution of 1000 uM. Further dilution of this
stock solution was done using PBS to obtain a 100 pM working
solution (0.25% DMSO: 99.75% PBS). Emission studies at pH
3 and 9 were conducted by preparing similar dilutions using
PBS adjusted to the respective pH values. A stock solution of
0.1 M Na,S was prepared in distilled water for optical measure-
ments. The stock solutions for selectivity studies were prepared
as follows: 100 pM Na,S (slightly higher concentration to
account for in situ H,S generation) and 60 pM each for GSH
and cysteine (Cys) and several biologically relevant metal salts
including ZnCl,, MgSO,, CaCl,, AlCl;, CuCl,, FeCl;, and
HgCl,. Absorbance measurements were carried out using a
Shimadzu UV-visible spectrophotometer 2201 with a band-
width of 3.0 nm, a scan wavelength range of 200-800 nm, and
a medium scan speed. A JASCO spectrofluorometer FP-8300
was used to detect fluorescence at excitation wavelengths of
365 and 430 nm. Time-correlated single photon counting
(TCSPC) measurements were carried out in Horiba Datastation
V2.5, Nano-LED-440L with a pulse duration of <100 ps.
Colorimetric studies were carried out using a Systronics
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Photoelectric Colorimeter with a 430 nm filter. A minimum of
three individual experiments were performed for each test.

2.7 Biological studies

2.7.1 Cytotoxicity assay. Human embryonic kidney cells
(HEK293T) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM: Thermo Fisher 11965092), supplemented
with 10% fetal bovine serum (FBS: RM9955-Himedia), and
incubated at 37 °C in 5% CO, for 24 h. To evaluate the cyto-
toxicity of SNN, 5000 cells per well were seeded into 96-well
plates and incubated overnight. The cells were then treated
with various concentrations of SNN (5-25 uM in 0.01% DMSO
and 99.99% DMEM) and incubated for 48 h. Triplicates were
maintained for each well. Furthermore, the medium was
removed, the cells were exposed to a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT: 0.5 mg mL™") solu-
tion, and incubated for 4 h. The supernatant was discarded,
and 200 pL of DMSO was added to each well. Absorbance was
measured at 570 nm using a BioTek Synergy H1 microplate
reader, and the cell viability percentage was calculated using
the following formula: percentage cell viability = OD sample/
OD control x 100, where OD sample and OD control represent
the optical density of the sample and control, respectively.

2.7.2 Fluorescence imaging of fungi. For bioimaging of
fungi, 3.7 mg of SNN was dissolved in 100 pL of DMSO and
diluted further to achieve a final concentration of 25 pM in a
DMSO (0.01%) and DMEM (99.99%) solution. C. albicans
(ATCC 24433) was cultured on Sabouraud Dextrose Agar (SDA).
Edible bread was purchased and stored for one week, after
which early-stage spores were collected. Two clean, grease-free
glass slides were prepared, and a drop of saline was placed on
each. Samples of C. albicans, A. niger (ATCC 16888), and early-
stage fungal spores were carefully transferred onto the slides
using a sterile teasing needle and evenly spread. To enhance
the visualization of cell structures, a drop of SNN solution was
applied as a stain to all slides. A coverslip was gently placed
over each sample, ensuring no air bubbles were trapped.
Excess stain was carefully blotted away using tissue paper.
Finally, all slides were examined under a microscope
(Olympus, Tokyo, Japan). Images of C. albicans and A. niger
were obtained with a 20 pm scale bar, while fungi associated
with bread spoilage were imaged with a 10 pm scale bar. The
experiments were conducted with Institutional Ethics
Committee (IEC) approval under IEC number IEC1: 515/2024.

2.7.3 H,S-mediated fluorescence imaging of fungal
species. About 3.7 mg of SNN was dissolved in 100 pL of
DMSO and diluted further to obtain a final concentration of
25 uM in a DMSO (0.01%) and DMEM (99.99%) mixture. A
drop of C. albicans and A. niger colonies was carefully trans-
ferred onto the slides, and a coverslip was gently placed on top
of it. To culture bread molds, edible bread was stored at room
temperature for one week to promote natural fungal growth.
Both early-stage and mature fungal colonies were collected.
Using a sterile teasing needle, the fungal material was gently
transferred onto the prepared glass slides. For each fungal
type, four experimental groups were prepared: (i) control
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(untreated), (ii) 2-(aminooxy)acetic acid hydrochloride (AOAH;
1 mM) incubated for 2 h, (iii) SNN added, and (iv) AOAH
(1 mM) incubated for 2 h and subsequently SNN was added. In
AOAH-treated groups, the compound was added dropwise and
incubated for 2 h. SNN was subsequently added dropwise,
where applicable. The slides were observed under a fluo-
rescence microscope at 40x magnification to assess fluo-
rescence intensity and distribution across different treatment
conditions. The data are expressed as mean + SEM, with a
sample size of n = 3. Statistical significance was evaluated
using one-way ANOVA, and the analyses and graphs were gen-
erated using GraphPad Prism 8.0.1.

3. Results and discussion
3.1 Design of SNN

The design of SNN was based on the integration of a naphtha-
limide fluorophore with a nitro group as an H,S-responsive
unit and salicyl hydrazide as a versatile scaffold commonly
employed in sensing applications. Naphthalimide derivatives
represent a unique class of environmentally responsive fluoro-
phores well-recognized for their strong fluorescence and high
photostability, making them valuable tools in biological
imaging,” anticancer therapeutics,®® and photoinduced elec-
tron-transfer sensors.’'° Salicyl hydrazides, on the other
hand, exhibit excellent optical properties due to their capacity
for hydrogen bonding, excited-state intramolecular proton
transfer (ESIPT), and intramolecular charge transfer (ICT),
which enable photocontrollable color changes in both solution
and solid states.’” Despite their individual utility, the incorpor-
ation of a salicyl hydrazide moiety into a nitronaphthalimide
framework has not been previously explored. Therefore, SNN
was designed as a novel hybrid probe integrating two func-
tional motifs to achieve dual functionality: selective H,S detec-
tion and H,S-mediated fluorescence imaging of fungi.

3.2 Structural characterization of SNN

The chemical structure of SNN was established by analyzing
the FTIR, NMR, and mass spectral data. The IR spectrum dis-
played characteristic peaks for O-H, N-H, aromatic C-H,
C=0, and C—=C stretchings (Fig. S1). The '"H NMR spectrum
showed nine aromatic protons resonating between 7.011 and
8.821 ppm and the OH proton at 11.20 ppm (Fig. S2). The *C
NMR spectrum confirmed the presence of nineteen carbons,
supporting the structural framework of SNN (Fig. S3). The
mass spectrum showed the molecular ion peak at 377 in
accordance with the molecular weight of SNN and a base peak
at 121 for the fragment (C,Hs0,) (Fig. S4a).

SNN: pale yellow; yield: 80% m.p: 300 °C; FTIR (cm™"): 1737
(C=o0 str.), 3083 (Ar. C-H str.), 3284 (N-H str.), 3491 (O-H
str.), "H NMR (400 MHz, ppm): § 7.011-7.049 (t, J = 7.6 Hz,
1H), 7.062-7.083 (d, J = 8.4 Hz, 1H), 7.510-7.546 (t, J = 7.2 Hz,
1H), 7.977-7.996 (d, J = 7.6 Hz, 1H), 8.157-8.197 (t, J = 8 Hz,
1H), 8.611-8.631 (d, J = 8 Hz, 1H), 8.719-8.752 (m, 2H),
8.800-8.821 (d, J = 8.4 Hz, 1H), 11.175-11.326 (bs, OH); *C
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NMR (100 MHZ]: 115.71, 117.61, 120.23, 122.52, 123.45,
124.73, 126.36, 128.63, 130.15, 130.35, 130.76, 131.20, 133.25,
135.26, 150.23, 158.20, 161.05, 161.79, 166.58; MS (m/z) of
C19H;1N;04: 377 (M), base peak at 121 (C;H50,).

3.3 Theoretical studies

Initially, the binding affinity of SNN for H,S was assessed
through computational studies, as presented in Fig. 1a. H,S
exhibited strong affinity for SNN, with a binding energy of
13.51 kJ mol™'. The optimized structures of SNN and its
reduced form are depicted in Fig. 1b and c. The frontier mole-
cular orbital analysis of SNN revealed a distinct ICT character.
In the ground state, the HOMO electron density was primarily
localized on the salicyl moiety, while the LUMO was concen-
trated on the nitro-naphthalimide unit (Fig. 1d), consistent
with the electron-withdrawing nature of the nitro group. A
similar distribution was observed in the excited state, further
supporting the occurrence of ICT. The calculated HOMO-
LUMO energy gap decreased from 5.76 eV in the ground state
to 5.06 eV in the excited state (Fig. 1e), indicating that lower
energy is required for electronic excitation. This reduced gap
implies enhanced electron delocalization and increased mole-
cular polarizability, both of which can contribute to improved
fluorescence efficiency and H,S sensitivity.

As the H,S-mediated reduction of the -NO, group is central
to the sensing mechanism, the electronic structure of the
reduced SNN was analyzed. The HOMO-LUMO distributions
in both the ground and excited states (Fig. 1f and g) showed
that the electron density remains localized around the amino-
naphthalimide unit in both states, indicating minimal ICT.
This stability is attributed to the electron-donating nature of
the amino group. Notably, the HOMO-LUMO energy gap
decreased from 5.78 €V in the ground state to 5.41 eV in the
excited state, suggesting enhanced photophysical character-
istics. The reduced energy gap may contribute to increased
fluorescence quantum yields and a prolonged excited-state life-
time, thereby enhancing the brightness and sensitivity of SNN
as a fluorescent probe. The ground-state (S,) optimized geome-
tries of SNN and its reduced form were calculated using the
CAM-B3LYP/6-311G(d,p) level of theory with the SMD solvation
model in water. The corresponding atomic coordinates are pro-
vided in Fig. S5a and S5b.

3.4 Electrochemical analysis of SNN

3.4.1 pH-dependent CV studies. CV of SNN was initially
performed in the presence of Na,S at pH 3. Two distinct
reduction peaks appeared at —0.5 V and —0.7 V, accompanied
by a single oxidation peak at —0.15 V under acidic conditions,
as depicted in Fig. 2a. The increase in peak intensities with
rising Na,S concentrations is likely due to intermediate for-
mation during the stepwise reduction of the nitro group in
SNN. The first reduction peak at —0.5 V could correspond to
the conversion of the nitro (-NO,) group to the nitroso (-NO)
group, while the second peak at —0.7 V could be attributed to
the subsequent reduction to hydroxylamine (-NHOH). This
sequential reduction is favored at pH 3 due to the high proton

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(a) Interaction of SNN with H,S. Ground-state optimized structures of (b) SNN and (c) reduced SNN. The HOMO and LUMO of SNN in (d)

ground and (e) excited states. The HOMO and LUMO of reduced SNN in (f) ground and (g) excited states.

availability, which stabilizes the intermediates. However, com-
plete reduction to the amine (-NH,) group is less likely, as
hydroxylamine remains relatively stable and resists further
reduction in such an environment. Thus, the nitro-nitroso-
hydroxylamine pathway predominates at lower pH, with full
reduction to amine being thermodynamically less favorable.
The oxidation peak might be due to sulfur oxidation. At acidic
pH, hydrosulfide ions (HS™) may be oxidized to elemental
sulfur (S°) or polysulfides (S,>7), contributing to the oxidation
peak. Another notable observation during the analysis was that
at pH 3, the initial colorless solution turned reddish-brown
upon the addition of Na,S, as depicted in the inset image of
Fig. 2a.

At pH 7.4, the cyclic voltammograms exhibited two
reduction peaks at —0.3 and —0.86 V, along with an oxidation

This journal is © The Royal Society of Chemistry 2025

peak at —0.1 V, as presented in Fig. 2b. Compared to acidic
conditions, the lower availability of protons at pH 7.4 influ-
ences the reduction pathway of the -NO, group in SNN. The
first reduction peak at —0.3 V shifted to —0.4 V upon an
increase in concentration probably due to the partial reduction
of -NO, to -NHOH, while the second peak at —0.86 V suggests
the further reduction of -NHOH to -NH,, which is more favor-
able under neutral conditions than at lower pH levels. The
shift in the first reduction peak at —0.5 V at pH 3 to a less
negative potential (—0.3 V) with an increase in pH to 7.4 indi-
cates that protonation stabilizes the reduction process. Under
neutral pH, sulfide from Na,S predominantly exists as HS™
rather than H,S, since the pK, of H,S is around 7. During the
CV scan, HS™ undergoes oxidation at mild potentials, leading

to the formation of S° or S,,>~, which accounts for the oxidation
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Fig. 2 Cyclic voltammograms at (a) pH 3, (b) pH 7.4 and (c) pH 9. Square wave voltammograms at (d) pH 3, (e) pH 7.4 and (f) pH 9.

peak at —0.1 V. This pH-dependent redox behavior suggests
that neutral conditions promote deeper reduction of the nitro
group while facilitating the oxidation of sulfide at lower poten-
tials. Upon the addition of Na,S at pH 7.4, the solution color
changed to yellow as shown in the inset image of Fig. 2b.

At pH 9, the CV analysis showed a single reduction peak at
—0.7 V and a single oxidation peak at —0.08 V, indicating a dis-
tinct redox behavior compared to that under lower pH con-
ditions, as shown in Fig. 2c. In an alkaline environment, the
availability of protons is significantly lower, which alters the
reduction pathway of the -NO, group in SNN. Unlike at pH 3
and 7.4, where reduction occurs stepwise (nitro — nitroso —
hydroxylamine — amine), the -NO, group undergoes direct
reduction to -NH, at pH 9. The formation of intermediate
species such as -NO or -NHOH is less favorable in the absence
of sufficient protons. Instead, a two-electron reduction process
occurs at —0.7 V, leading to the direct conversion of -NO, to
-NH, in a single step. The peak at —0.08 V corresponds to the
oxidation of sulfide (S*7) to S° or S,”". At pH 9, sulfide derived
from Na,S predominantly exists in the fully deprotonated S>~
form, in contrast to that at pH 7.4, where HS™ is the major
species. The shift in the oxidation potential occurs because S*~
is a stronger reducing agent than HS™, making its oxidation
easier at a slightly lower potential. Overall, at pH 9, the redox be-
havior of SNN is strongly influenced by the reduced proton avail-
ability and the presence of a stronger reducing agent, resulting
in a single-step nitro-to-amine reduction at —0.7 V, while the oxi-
dation peak at —0.08 V reflects the conversion of sulfide species
to sulfur compounds. At pH 9, the solution turned dark brown
upon the addition of Na,S (inset of Fig. 2c).
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The pH-dependent color changes observed in the reaction
mixture can be attributed to ICT behavior within the naphtha-
limide core, as shown in Fig. S6a. This ICT effect arises from a
“push—pull” electronic system, where the electron-donating
amino group (push) and the electron-withdrawing imide
group (pull) create a delocalized n-system across the molecule.
As depicted in the resonance structures, this delocalization
can be modulated by pH-dependent ionization or electronic
perturbation, leading to significant shifts in absorption and
emission properties. Such behavior has been widely observed
in 4-amino-1,8-naphthalimide derivatives, where solvent
polarity and substituent effects influence their photophysical
response.’® The structural and electronic changes in SNN
under different pH conditions, combined with redox inter-
actions of sulfur species, contribute to the spectral (color)
changes. Notably, all samples eventually turned yellow after
8 h (Fig. S6b-d), indicating the formation of a stable product,
probably due to the completion of nitro group reduction. As
the reaction reaches completion and the system stabilizes,
further ICT-driven transformations are significantly minimized
or cease altogether. The limit of detection (LOD: 3.30/S
method) of SNN from CV measurements using a range of Na,S
concentrations (0-36.6 nM) was found to be 12.33 nM with an
R’ value of 0.9742 and a limit of quantification (LOQ: 106/S
method) of 37.3 nM was obtained from the calibration curve,
where ¢ is standard deviation = standard error x \/n; n =10
and S is the slope of the measurement curve, as shown in
Fig. S7.

3.4.2 pH-dependent SWV studies. SWV plots at pH 3
initially showed peaks at —0.3 and 0.7 V. Upon the addition of

This journal is © The Royal Society of Chemistry 2025
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0.8 mM Na,S, a new peak appeared at —0.7 V, indicating a
specific interaction between SNN and S>~ ions, as shown in
Fig. 2d. As the Na,S concentration increased, the peak inten-
sity continued to rise, reaching its maximum at 2.24 mM Na,S.
However, beyond this concentration, the intensity gradually
decreased. At pH 3, the -NO, group in SNN undergoes a step-
wise reduction, forming -NO and -NHOH intermediates. The
emergence of the peak at —0.7 V following the addition of
0.8 mM Na,S suggests that S>~ facilitated the further reduction
of these intermediates, particularly the conversion of -NO to
-NHOH. The maximum peak intensity observed at 2.24 mM
Na,$ indicates that S>~ effectively enhanced electron transfer,
thereby promoting the redox reaction. However, beyond this
concentration, the decrease in peak intensity may be due to
the limited availability of SNN molecules for further reduction,
particularly for the final nitro-to-amine conversion, leading to
a reduced current response. Consequently, the excess sulfur
species present in the reaction medium may undergo
reduction to S~ and S°.

At pH 7.4, before the addition of Na,S, two peaks were
initially observed at —0.3 and +0.7 V. However, as the Na,S con-
centration increased to 1.76 mM, a new peak emerged at —0.78
V. This newly formed peak is likely associated with the
reduction of the -NO, group to -NH,, which becomes more
favorable under physiological pH conditions. The appearance
of the —0.78 V peak suggests that S*~ ions play a role in enhan-
cing the complete reduction of -NO, to -NH, at this pH, as
depicted in Fig. 2e. At pH 9, before the addition of Na,S, two
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peaks were initially observed at —0.3 and 0.6 V, as shown in
Fig. 2f. These peaks are likely attributed to redox-active func-
tional groups within the SNN molecule. However, as the Na,S
concentration increased to 0.8 mM, distinct peaks emerged at
—0.3, —0.6 and 0.7 V. The peak at —0.6 V is probably associated
with the direct reduction of the -NO, group to -NH,. With an
increase in Na,S concentration, the peak shifted to —0.7
V. This suggests that under alkaline conditions, S*~ ions
enhance electron transfer, promoting a more efficient nitro
reduction process. The peak at 0.7 V might be linked to the
oxidation of sulfide species (S>~ or HS™).

3.4.3 XPS analysis. XPS analysis of the electrolyte was con-
ducted to examine the chemical changes in SNN and its inter-
action with Na,S across the three pH levels studied. Survey
spectra were acquired to assess the overall chemical compo-
sition and to observe the presence of carbon (C), nitrogen (N),
oxygen (O), sulphur (S), and sodium (Na), as portrayed in
Fig. 3a, fand k.

At pH 3, the C 1s spectrum exhibited peaks at 284.8, 285.2,
288.4, and 293.0 eV, corresponding to sp>-hybridized carbon
(C=C), C-N, C=0, and n-n* shake-up features from aromatic
rings, respectively (Fig. 3b). The N 1s core-level spectrum was
deconvoluted into peaks at 399.1, 400.0, and 401.1 eV,
assigned to sp nitrogen in the naphthalimide imide core (-N-
CO), hydrazide (-NH-N=) bonds, and C-N-H, which could be
due to -NHOH/-NH, groups (Fig. 3c). The O 1s spectrum
showed peaks at 531.7 and 536.1 eV, attributed to carbonyl
oxygen (C=O0) and adsorbed water species, respectively
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Fig. 3 (a) Survey spectra and deconvoluted spectra at pH 3 and the respective (b) C 1s, (c) N 1s, (d) O 1s and (e) S 2p spectra. (f) Survey spectra and

deconvoluted spectra at pH 7.4 and the respective (g) C 1s, (h) N 1s, (i) O 1s
and the respective (1) C 1s, (m) N 1s, (n) O 1s and (o) S 2p spectra.
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(Fig. 3d). Furthermore, the deconvoluted S 2p spectrum
revealed peaks at 162.0 eV for S° 163.3 eV for S,””, 166.0 eV
for carbon-bonded sulfur (C-S), and 168.4 eV for sulfate
(S0,%7) (Fig. 3e).

At pH 7.4, the C 1s spectrum exhibited peaks at 284.8,
292.7, and 295.4 eV, corresponding to sp*-hybridized carbon
(C=C) and n-n* shake-up features associated with aromatic
rings (Fig. 3g). The N 1s spectrum displayed peaks at 399.9 eV,
attributed to N-CO (imide nitrogen), and 401.1 eV, corres-
ponding to the NH, group (Fig. 3h). In the O 1s spectrum, a
peak at 530.6 eV was observed, which is characteristic of metal
oxides, likely due to the formation of sodium oxides.
Additionally, peaks at 531.9 and 535.7 eV were assigned to car-
bonyl oxygen (O=C) and adsorbed water (H,O), respectively
(Fig. 3i). The deconvolution of S 2p XPS spectra revealed mul-
tiple sulfur species, indicating a range of oxidation states. A
peak at 162.5 eV corresponds to S° while that at 166.2 eV is
attributed to the C-S bond. The presence of sulfite (SO5>7) is
identified at 167.7 eV, whereas a distinct peak at 168.7 eV rep-
resents S=O bonding, possibly from sulfoxide or other par-
tially oxidized sulfur species. Additionally, a peak at 169.4 eV
is assigned to SO,>”, indicating the presence of fully oxidized
sulfur. The combination of these peaks suggests a coexistence
of both reduced and oxidized sulfur species, highlighting the
complexity of sulfur chemistry in the system (Fig. 3j).

At pH 9, the C 1s spectrum exhibited peaks at 284.8 and
288.3 eV, corresponding to C=C and C=O, respectively
(Fig. 31). Additionally, SNN displayed n-n* shake-up satellite
features at 292.9 and 295.7 eV, resulting from excitation
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between the filled and empty conjugated n states of the aro-
matic rings in the salicyl group and the naphthalimide
moiety.>® These higher binding energy peaks are intensified
under basic pH due to enhanced conjugation following depro-
tonation of the ~OH group in the salicyl moiety. The deconvo-
luted N 1s spectrum revealed peaks at 398, 399.6, and 400.5
eV, corresponding to sp> nitrogen in the naphthalimide imide
core (-N-CO), hydrazide (-NH-N=) bonds, and C-N-H (amino
groups), respectively (Fig. 3m). The O 1s spectrum showed
peaks at 531.4 and 535.9 eV, assigned to carbonyl oxygen
(C=0) and adsorbed water species, respectively (Fig. 3n).
Additionally, the S 2p spectrum exhibited peaks at 162.2 eV for
S°, 166.3 eV for carbon-bonded sulfur (C-S), and in the range
of 168.0 eV to 169.1 eV for sulfate species (Fig. 30).

3.5 Absorbance studies

Absorbance spectra were recorded at pH 7.4, revealing a peak
at 346 nm for SNN (100 pM). Upon the gradual addition of
Na,S (0.3-24.6 mM), the intensity of 346 nm peak decreased,
while a new peak emerged at 460 nm, with an isosbestic point
observed around 400 nm, indicating a clear transition between
two species (Fig. 4a). Time-dependent studies were sub-
sequently conducted, with spectra recorded every 3 min
(Fig. 4b). The initial peak at 346 nm gradually decreased along
with the progress in the intensity of the 460 nm peak. After
20 h, the spectrum showed only a single peak at 460 nm, con-
firming the completion of the reaction (Fig. 4b). This behavior
is attributed to the H,S-mediated reduction of the -NO, group
of SNN to -NH,. The electronic structure of SNN is altered due
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Fig. 4 UV Vis spectra of SNN: (a) concentration- and (b) time-dependent. Photoluminescence spectra of 100 uM SNN at A, = 365 nm: (c) concen-
tration- and (d) time-dependent. Photoluminescence spectra of 100 uM SNN at A, = 430 nm: (e) concentration- and (f) time-dependent.
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to the reduction of the -NO, group (electron-withdrawing) to
the -NH, group (electron-donating), leading to a shift in absor-
bance. The emergence of the new peak at 460 nm reflects the
distinct electronic transitions in the reduced product, and the
disappearance of the original peak confirms the completion of
the reaction. The isosbestic point indicates a clean, direct con-
version without the accumulation of intermediates. The
reduction is visually observable through the transition of a
colorless solution before the addition of Na,S to a brown
colored reaction mixture with increasing concentration of
Na,S. The LOD (3.30/S method) is found to be 13.20 mM with
an R* value of 0.9557, and the LOQ (106/S method) is
40.00 mM, where o is the standard deviation = standard error x
\/n; n =10 and S is the slope of the measurement curve, as
shown in Fig. S8.

The color change observed at pH 7.4 in the UV studies
(Fig. S9) prompted us to explore the H,S detection capabilities of
SNN colorimetrically at pH 7.4. The absorbance at 430 nm was
recorded for the product formed after each incremental addition
of Na,S in colorimetric sensing experiments. This color change
can be attributed to the conversion of the nitro group to an
amino group. At pH 7.4, the interaction of Na,S with the salicyl
moiety likely leads to partial deprotonation, enhancing its
nucleophilicity. This deprotonation may also contribute to the
observed spectral changes. The LOD (3.36/S method) of SNN at
PH 7.4 from colorimetric measurements is found to be 2.73 mM
with an R value of 0.9982 and an LOQ (106/S method) of
8.27 mM was obtained from the calibration curve shown in
Fig. S10, where ¢ is the standard deviation = standard error x
\/n; =9 and S is the slope of the measurement curve.

3.6 Emission studies

3.6.1 Emission studies of SNN at pH 7.4. The Na,S-respon-
sive fluorescence properties of SNN (100 pM) were further
investigated. The 3D emission spectrum recorded for SNN at
physiological pH displayed maximum excitation at 365 nm, as
shown in Fig. S11. Neat SNN showed weak emissions at 416
and 467 nm. Upon incremental addition of Na,S from 0.37 to
31.8 mM, the peak at 467 nm decreased, and a new peak at
558 nm emerged with increasing intensity, as shown in
Fig. 4c. Time-dependent emission behavior of SNN (100 pM)
was examined by adding 17 mM Na,S and recording spectra
every 3 min, as depicted in Fig. 4d. Neat SNN showed a peak at
467 nm, which underwent a drastic reduction in intensity after
3 min. The peak at 558 nm exhibited a rise in intensity every
3 min, and by 30 min, an intense peak was observed. The ratio-
metric behavior of the emission profile upon Na,S addition
arises because the reduction of the nitro group changes the
conjugation and electronic density in the molecule. As Na,S is
added incrementally, the peak at 467 nm decreases (associated
with the nitro form), while the peak at 558 nm increases
(associated with the amino form). The fluorescence observed
under 365 nm illumination is depicted in Fig. S12. Moreover,
SNN displays good selectivity towards Na,S compared to other
biological sulfur-containing analytes such as Cys, GSH and
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biologically relevant metal salts like ZnCl,, MgSO,, CaCl,,
AlICl;, CuCl,, FeCl;, and HgCl, (Fig. S13).

3.6.2 Confirmation of H,S-mediated reduction of SNN. The
3D spectrum of SNN (100 uM) was recorded after 1 h of Na,S
addition (31.8 mM), which exhibited a marked shift in excitation
wavelength from 365 nm to 430 nm and a prominent emission
at around 550 nm, as portrayed in Fig. S14. This proves the pro-
posed nitroto-amino reduction upon Na,S addition.
Concentration- and time-dependent spectra were recorded at an
excitation wavelength of 430 nm, as shown in Fig. 4e and f. The
ratiometric response in fluorescence behavior observed at Aex =
365 nm was absent at l., = 430 nm. Instead, a turn-on fluo-
rescence response, which intensifies with increasing Na,S con-
centration, is observed. A similar trend is observed in the time-
dependent experiments, wherein the intensity of the peak at
550 nm increased with time. This indicates that the reduction
reaction continues to proceed within the timeframe of the study,
leading to a greater population of the amino form and a corres-
ponding increase in emission intensity. At A, = 430 nm, only the
amino form of the molecule is selectively excited, and the result-
ing emission peak at 550 nm corresponds to the fluorescence of
this reduced species. The absence of ratiometric behavior
suggests that the system is dominated by the amino form, which
displays a “turn-on” response as its concentration increases. The
fluorescence observed under 430 nm illumination is depicted in
Fig. S15. The LOD of SNN from fluorescence measurements at
PH 7.4 (Aex = 365 nm) is 10.83 mM with an R” value of 0.977 and
an LOQ of 32.84 mM, where o is the standard deviation = stan-
dard error x \/ n; n =10 and S is the slope of the measurement
curve, as shown in Fig. S16.

The fluorescence lifetime studies provide information
about the time a fluorophore takes to transit from its excited
state to ground state, following the absorption of a photon and
subsequent fluorescence emission. The lifetime measure-
ments of pure SNN (100 uM) and in the presence of 15 mM
Na,S were investigated and are presented pictorially in
Fig. S17. Decay plots are best fitted with bi-exponential fitting,
and the lifetime values are summarized in Table S1. SNN is
dominated by a long-lived component (2.02 ns, 83%) with a
minor slower decay component (4.63 ns, 17%). However, the
lifetimes are significantly shortened (z; = 1.80 ns, 30.44%, and
7, = 2.21 ns, 69.5%) in SNN treated with Na,S. This significant
shortening of fluorescence lifetimes is due to the structural
transformation from a nitro to an amino group as observed in
the theoretical studies, which modifies the electronic structure
and promotes faster non-radiative decay pathways. This behav-
ior is consistent with the observed changes in the fluorescence
emission and further supports the reduction of SNN by Na,S.

Finally, to confirm the H,S-mediated nitro to amino group
reduction in SNN, mass spectrometric analysis of SNN was per-
formed. The spectrum (Fig. S4b) recorded after 24 h of addition
of 17.1 mM Na,S showed an M + 1 peak at m/z = 348.24, con-
sistent with its molecular weight (C;oH,3N;0,: 347).

3.6.3 Emission studies of SNN at pH 3 and 9. Although the
primary focus is to study the fluorescence behavior of SNN at
physiological pH, we also examined its response under acidic
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(pH 3) and basic (pH 9) conditions. The 3D fluorescence spec-
trum of 100 uM SNN at pH 3 revealed a maximum excitation at
310 nm (Fig. 5a). A concentration-dependent study using Na,S
(0-28.19 mM) showed a progressive increase in fluorescence
intensity, with a prominent emission peak at 420 nm. Notably,
with increasing Na,S concentration, a new emission peak
emerged at 548 nm, which intensified with higher Na,S concen-
trations. The 420 nm peak is likely attributed to SNN, while the
548 nm peak may correspond to its reduced form, where the
nitro group has been converted to an amino group. The minor
peaks, particularly at 345 nm and 620 nm, could be associated
with intermediate species formed during the reduction process
under acidic conditions, wherein incomplete or stepwise
reduction pathways might occur (Fig. 5b). Time-dependent fluo-
rescence studies were performed using 100 pM SNN and
17.1 mM Na,S, with spectra recorded at 3 min intervals. The
emission profile closely resembled that of the concentration-
dependent study, although only a weak peak appeared at 535 nm.
This suggests that the reduction of the nitro group to the amino
form proceeds much more slowly at acidic pH compared to that
at physiological pH. The reduced reaction rate under acidic con-
ditions may be due to the limited availability of reactive HS™
species, slower electron transfer kinetics, or decreased stability of
intermediates necessary for the conversion (Fig. 5c). Following
the time-dependent experiment, a 3D fluorescence spectrum was
recorded to assess changes in the emission profile. Unlike the 3D
spectrum at pH 7.4 after Na,S addition, which showed the charac-
teristic emission of the reduced form, the spectrum at pH 3
revealed distinct excitation peaks at 310 nm and 430 nm. This
indicates that the nitro group remained partially unreduced, and
complete conversion to the amino form did not occur under
acidic conditions. These findings highlight the slower and incom-
plete reduction of SNN at lower pH values (Fig. 5d).
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The 3D fluorescence spectrum of 100 pM SNN at pH 9 exhibi-
ted a maximum excitation at 270 nm (Fig. 5e). In the concen-
tration-dependent study with Na,S (0-28.19 mM), a clear ratio-
metric fluorescence response was observed: the emission inten-
sity at 420 nm gradually decreased, while a new peak at 560 nm
increased with rising Na,S concentrations. Compared to pH 3
and pH 7.4, SNN displayed significantly higher fluorescence
intensity at pH 9, indicating enhanced probe responsiveness
under basic conditions (Fig. 5f). Time-dependent studies using
17.1 mM Na,S further supported this observation. Fluorescence
spectra recorded at 3 min intervals revealed that within the
initial 0-3 min, the 420 nm peak corresponding to SNN had
completely disappeared, while the 560 nm peak, which is indica-
tive of the amino-reduced form, showed strong intensity. This
rapid and complete shift suggests that the nitro-to-amino con-
version proceeds most efficiently under basic conditions
(Fig. 5g). The post-reduction 3D spectrum revealed a single
dominant excitation at 430 nm, similar to that observed at pH
7.4, confirming complete conversion of the nitro group to the
amino form. This high reactivity at pH 9 is likely due to the
increased availability of the nucleophilic HS™ species, which
facilitates faster and more efficient reduction (Fig. 5h).

3.7 Fluorescence imaging studies

3.7.1 Cytotoxicity and photostability assessment of SNN.
Assessing the cytotoxicity of SNN is a crucial step for biological
imaging, especially in live-cell or in vivo applications.
Therefore, to evaluate the biocompatibility of SNN, its cyto-
toxicity was assessed in HEK293T cells using the MTT assay
over a concentration range of 5-25 pM. A dose-dependent
decrease in cell viability was observed: 93% viability at 5 puM
and 65% at 25 pM (Fig. S18a). These results support the suit-
ability of SNN for biological imaging applications.

This journal is © The Royal Society of Chemistry 2025
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The photostability of a fluorophore is a critical factor in
fluorescence imaging, as prolonged exposure to excitation
light can lead to signal degradation. Therefore, the fluo-
rescence response of SNN was assessed by exposing it to 20 W
UV light for various durations. Interestingly, the photo-
luminescence spectra of SNN (1ex = 350 nm) recorded after 1,
3, and 5 h of UV light exposure (Fig. S18b) showed no notice-
able changes in either fluorescence intensity or shift in the
emission peak, confirming its excellent resistance to photo-
bleaching under prolonged UV exposure.

3.7.2 Fluorescence imaging of C. albicans. Wet mount prep-
arations of C. albicans stained with SNN, without any incubation
period, produced clear, high-contrast fluorescence images,
enabling detailed morphological visualization (Fig. 6b and c).
Remarkably, the fluorophore exhibited prominent nuclear local-
ization, as shown in Fig. 6d, suggesting a specific interaction of
SNN with nuclear components. Although identifying the exact
molecular target is beyond the scope of this study, the observed
nuclear targeting highlights the potential of SNN for real-time
fungal diagnostics. The strong fluorescence observed in
C. albicans may be due to the reduction of the nitro group to an
amino group in SNN, likely mediated by endogenous H,S
present in the fungi, as previously reported by Yan et al.* In con-
trast, the control cells exhibited green fluorescence (Fig. 6a),
likely due to autofluorescence from C. albicans; however, no dis-
tinct nuclear localization was observed, highlighting a clear
difference from the SNN-stained cells.

3.7.3 Fluorescence imaging of A. niger. Wet mount prep-
arations of A. niger stained with SNN exhibited minimal fluo-
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rescence (Fig. 6f and g) compared to unstained cells (Fig. 6e),
suggesting that the probe may not have effectively permeated
the hyphal cell membrane, resulting in weak or negligible
staining.

3.7.4 Real-time fluorescence imaging of fungi in spoiled
bread. A powdery white fungal growth from stored edible
bread was collected and examined using SNN under a fluo-
rescence microscope. Wet mount imaging after SNN staining
without any subsequent incubation period revealed budding
cells and fungal colonies with exceptional contrast, as por-
trayed in Fig. 6i-k, while the untreated cells did not show any
fluorescence (Fig. 6h). Interestingly, unlike in C. albicans, the
fluorophore exhibited a uniform distribution across the entire
cell without any evident nuclear localization. This broader
uptake indicates effective binding of SNN to general fungal
components, making it an effective tool for detecting environ-
mental fungal contamination in food.

3.7.5 Fluorescence imaging of fungal H,S production
mediated by enzymatic activity. Absorbance, electrochemical,
and fluorescence studies confirmed the potential of SNN as an
H,S sensor via nitro group reduction, which generates corres-
ponding detectable signals. While colorimetric and electro-
chemical approaches are effective for bulk quantification in
solutions or on electrode surfaces, they lack the spatial resolu-
tion and real-time imaging capability required to visualize H,S
dynamics within fungal cells. Fluorescence-based measure-
ments have added advantages, including high sensitivity and
resolution, live-cell compatibility, specific localization, and
capability, for real-time dynamic studies for fungal imaging.*

Fig. 6 Fluorescence imaging of C. albicans: (a) control, (b and c) SNN stained cells, and (d) enlarged image of SNN stained cells. Fluorescence
imaging of A. niger: (e) control and (f and g) SNN stained cells. Fluorescence imaging of bread mold: (h) control, (i and j) SNN stained cells, and (k)

enlarged image of SNN stained cells.
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Despite considerable progress in the development of H,S
probes, their application in microorganisms, especially for
detecting and studying fungi, remains largely underexplored.
Several fungi are known to produce endogenous H,S as part of
their normal metabolism, particularly via the cysteine degra-
dation pathway driven by CBS, cystathionine y-lyase or cysteine
desulfhydrase, akin to that in other eukaryotes and sulfur
assimilation processes. Hence, in the present study, the ability
of SNN is further explored as a selective fluorescent probe for
H,S-mediated imaging of fungi, which is of great importance
and urgently desirable to better understand the detailed phys-
iological and pathological effects of H,S in microbes. The role
of endogenous H,S in our imaging assays was assessed in the
presence of AOAH, a selective CBS inhibitor of H,S biosyn-
thesis, as detailed in section 2.7.3. Fungal imaging was per-
formed on C. albicans, A. niger, and bread mold, with careful
examination of both bud and hyphal morphologies.

C. albicans is a pathogenic yeast and a model organism for
fungal pathogenesis. This opportunistic fungal pathogen is
known to produce H,S through cysteine desulfhydrase
activity.*"** H,S promotes the formation of biofilms, which is
a major virulence factor that facilitates surface colonization
and increases resistance to antifungal agents.43 H,S contrib-
utes significantly to the survival and pathogenicity of

AOAH

Control
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C. albicans by maintaining redox balance and mitigating oxi-
dative stress through the scavenging of reactive oxygen species
(ROS), which enhances the resilience of the fungus against
host immune defenses.® Furthermore, H,S helps the fungus to
adapt to dynamic host environments and strengthens fungal
tolerance to various environmental stresses, including oxi-
dative, nitrosative, and thermal challenges. Emerging studies
indicate that endogenous H,S influences the expression of
virulence-associated genes and regulates the yeast-to-hyphae
transition, a key feature of pathogenicity.***> Effective imaging
of C. albicans is thus essential for obtaining deeper insights
into its biofilm development and host-pathogen interactions.
In C. albicans, neither the control (Fig. 7a) nor the cells treated
with AOAH alone displayed any detectable fluorescence
(Fig. 7b). Interestingly, intense fluorescence was detected for
cells after staining with SNN alone, which indicated the abun-
dant generation of endogenous H,S in C. albicans (Fig. 7d).
However, upon 2 h incubation with AOAH and further staining
with SNN, fluorescence intensity was reduced, which validated
the specific detection of endogenous H,S by SNN (Fig. 7c).
These imaging results confirm the presence of endogenous
H,S in C. albicans, as previously reported by Yan et al.* The
marked reduction in fluorescence following AOAH treatment
validates the specificity of SNN for intracellular H,S. The com-

AOAH + SNN SNN

Fig. 7 Fluorescence imaging of C. albicans: (a) control, (b) AOAH, (c) AOAH and SNN stained cells and (d) SNN stained cells. Fluorescence imaging
of A. niger: (e) control, (f) AOAH, (g) AOAH and SNN stained cells and (h) SNN stained cells. Fluorescence imaging of buds in bread mold: (i) control,
(j) AOAH, (k) AOAH and SNN stained cells and (1) SNN stained cells. Fluorescence imaging of hyphae in bread mold: (m) control, (n) AOAH, (o) AOAH

and SNN stained cells and (p) SNN stained cells.
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parison of fluorescence intensity from all the studied groups is
portrayed in Fig. 8.

The role of H,S in A. niger, a filamentous fungus widely
used in industrial applications and known as an opportunistic
pathogen, is not as extensively studied as in C. albicans. It can
produce H,S through cysteine and methionine metabolism
under sulfur-limited or reductive growth conditions. There is a
need for targeted studies to elucidate the mechanisms of H,S
production and its physiological roles in A. niger, particularly
regarding its stress responses. The control (Fig. 7e), and cells
incubated with AOAH (Fig. 7f), stained with SNN after AOAH
incubation (Fig. 7g) and stained with SNN (Fig. 7h) did not
display any fluorescence. The endogenous H,S levels in
A. niger were too low to detect. Although Guo et al. demon-
strated that the CBS gene in A. niger mediates conversion of
cysteine to H,S,*® our results imply that either the steady-state
H,S levels in A. niger are below the detection threshold of SNN
or that SNN is unable to efficiently penetrate the thick cell wall
to access intracellular H,S. Additionally, the distinct structural
morphology of A. niger, particularly the presence of melanin in
its cell walls, may play a role. Melanin is known to act as a
physiological redox buffer, providing structural rigidity and
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protection against antimicrobial agents, and has been
described as a “fungal armour” that enhances fungal survival
under harsh conditions and contributes to virulence in several
species.*”*® We hypothesize that the absence of a detectable
signal in A. niger is likely attributable to intrinsically low H,S
output and/or limited probe penetration through the thick
fungal cell wall. However, direct uptake studies and quantitat-
ive measurements of intracellular H,S would be required to
validate this.

These species-specific differences likely reflect their ecologi-
cal and pathogenic strategies. In C. albicans, H,S production is
closely linked to virulence, supporting oxidative stress resis-
tance, redox homeostasis, protein sulfhydration, and hyphal
development, whereas in A. niger, H,S arises primarily as a
byproduct of sulfur assimilation and is not associated with
pathogenicity or adaptive stress responses. Consequently,
A. niger generates significantly less free H,S than C. albicans
under both basal and induced conditions, explaining the
absence of SNN fluorescence in this saprophytic organism.

3.7.6 Fluorescence imaging of non-enzymatic H,S pro-
duction in bread spoilage fungi. H,S may also be released non-

enzymatically under certain environmental conditions,
C.albicans
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Fig. 8 Comparative bar chart illustrating the fluorescence intensity of control, AOAH (marked as AOA)-treated, AOAH with SNN, and SNN-stained
samples for C. albicans, A. niger and bread mold (both buds and hyphae). Data are presented as mean + SEM from n = 3 independent experiments.
Statistical significance was determined using one-way ANOVA (GraphPad Prism 8.0.1); p < 0.05 was considered significant.
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especially during the degradation of sulfur-containing amino
acids in spoiled food or bread. The role of H,S in bread spoi-
lage fungi is not yet well-documented in the literature but
based on fungal physiology and H,S functions in other micro-
organisms, several potential roles of H,S have been identified,
including antioxidant and stress protection, hyphal develop-
ment, biofilm formation, and virulence gene expression in
fungi commonly associated with bread spoilage, such as
Aspergillus, Penicillium, Rhizopus, Mucor and Cladosporium
species. Spoilage fungi may similarly use H,S to regulate spore
germination, hyphal growth, or morphological adaptation to
food substrates like bread. Therefore, fluorescent H,S probes
may offer promising approaches for studying endogenous H,S
in situ.

Fluorescence imaging was conducted on stored bread
samples as described in section 2.7.3, targeting both budding
and hyphal forms to evaluate morphological differences and
the corresponding fluorescence behavior. In both forms, no
detectable fluorescence was observed in the control (Fig. 7i
and m), AOAH-incubated cells (Fig. 7j and n), or AOAH-incu-
bated and subsequently SNN-stained cells (Fig. 7k and o). In
contrast, strong fluorescence was detected in both buds and
hyphae treated with SNN alone (Fig. 7l and p), suggesting the
presence of endogenous H,S. This observation is consistent
with the established fungal physiology. For instance,
C. albicans is known to produce considerable levels of
endogenous H,S, particularly under stress conditions, as part
of its redox balance and virulence strategies. Likewise, bread
molds such as Penicillium and Rhizopus possess active sulfate
assimilation and transsulfuration pathways, enabling sulfur
metabolism and the potential generation of H,S as a metabolic
byproduct.

However, while the observed fluorescence in bread mold
stained with SNN suggests endogenous H,S production, there
is currently no direct experimental evidence or quantification
confirming this. Given that bread molds likely possess the
metabolic capability to generate H,S, the strong fluorescence
observed in SNN-treated samples supports this hypothesis.
Nonetheless, direct experimental validation is needed to
confirm whether bread mold species indeed produce detect-
able levels of endogenous H,S and to identify the precise phys-
iological or environmental conditions under which this
occurs.

4. Comparison of SNN with the
reported 2,4-dinitrophenyl-based
probes

In comparison with the recently reported 2,4-dinitrophenyl-
based probe by Yan et al,' which demonstrated robust H,S
detection and imaging in oral fungi in microscopy, flow cyto-
metry, and colony assays, SNN presents distinct structural and
functional advantages. The reported probe is built on a 2,4-
dinitrophenyl scaffold and operates through H,S-triggered
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thiolysis of the dinitrophenyl ether, whereas SNN possesses a
nitronaphthalimide core and functions via H,S-mediated nitro
reduction. The reported probe exhibits turn-on fluorescence
enhancement at 620 nm, while SNN displays ratiometric be-
havior under 365 nm excitation and turn-on fluorescence
under 430 nm excitation. Functionally, the reported probe
emphasizes systematic quantification of H,S and multimodal
validation in pathogenic oral fungi, whereas SNN enables
rapid wet-mount visualization of C. albicans with minimal
sample preparation steps and provides high-contrast nuclear
fluorescence. Both probes exhibit excellent selectivity towards
H,S, yet they cater to different application niches: the reported
probe is optimized for comprehensive quantitative analysis,
while SNN offers rapid response, species-selective imaging,
and broad applicability against both pathogenic and spoilage
fungi. Moreover, SNN exhibits dual functionality, enabling
both optical and electrochemical detection of H,S over a wide
pH range. Collectively, these studies expand the toolkit for
fungal H,S research and highlight opportunities for cross-vali-
dation and comparative studies in future investigations.

5. Conclusion and future scope

A new fluorescent probe, SNN, was successfully developed for
the selective detection of H,S by integrating both optical and
electrochemical sensing modalities for real-time imaging of
fungi. Complementary theoretical and electrochemical ana-
lyses elucidated the stepwise reduction of the nitro group in
SNN and confirmed an ICT-based detection mechanism, with
electrochemical measurements demonstrating nanomolar-
level sensitivity. The probe enabled high-contrast, wet-mount
imaging of C. albicans with selective nuclear localization, while
also visualizing spoilage-associated fungi with distinct cyto-
plasmic staining. The H,S-triggered fluorescence was validated
through inhibition studies using 2-(aminooxy)acetic acid hemi-
hydrochloride, confirming endogenous H,S as the activation
source. The ability of SNN to differentiate fungal species and
localize in intracellular targets underscores its potential as a
versatile tool for microbial diagnostics, antifungal research,
and food safety monitoring. Future studies should explore the
molecular basis of its selective localization and expand its
application to a broader range of fungal pathogens.
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