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Compounds exhibiting aggregation-induced emission (AIE) are remarkable due to their characteristic
restriction of intramolecular rotation, making them highly versatile for a wide range of applications.
Herein, an isophorone based probe (IHP) was developed for the detection of peroxynitrite (ONOO™)
using the C=N as the reactive group. Photophysical investigations were conducted to explore the
aggregation behaviour of IHP in two different solvent systems: DMSO:PBS and DMSO. In DMSO, only the
monomeric form of the dye was observed, showing no unusual behaviour. However, in DMSO : PBS (1:
1), multiple emitting species were detected, indicating the coexistence of dye aggregates and
monomers. The fluorescence spectra exhibited wavelength-dependent changes, with the aggregates
displaying a red-shift compared to the monomers, indicating J-aggregation. The AIE properties of IHP

resulted in red emission, with a fluorescence response towards ONOO™ through oxidative cleavage of
Received 29th March 2025

Accepted 19th June 2025 the C=N bond to an aldehyde accompanied by the shift in emission maximum. Under physiological

conditions, the probe exhibited good selectivity and high sensitivity to ONOO™, low detection limit of 1.1

DOI: 10.1039/d5ra02185¢ uM and rapid recognition within 200 seconds. Furthermore, the probe was effectively used to image
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1. Introduction

Nitric oxide (NO) is converted into intracellular reactive
nitrogen species (RNS) by electron transfer reactions."* Perox-
ynitrite (ONOO™), a RNS produced by the reaction of nitric oxide
(NO) and superoxide anion radicals (O, °).> This substance is
produced in mitochondria and is important for cell signal
transduction, stress response and antibacterial activity.*
Elevated levels of ONOO™ can damage vital cellular compo-
nents, and may contribute to the development of various
diseases,”” including inflammation, circulatory shock, cancer,
diabetes etc.*® At a pH of 7.4, ONOO™ shows higher reactivity
towards a wide range of bioactive substances, including
proteins and lipids, exhibiting exceptionally high reactivity
levels.***** Besides its inherent oxidation, nucleophilic, and
nitration properties, ONOO™ has the capability to transform
into more potent secondary free radicals, such as nitro radicals
(NO;), hydroxyl radicals (OH"), and carbonate radicals (CO;™").
These secondary radicals subsequently interact with
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exogenous and endogenous peroxynitrite in living cells.

biomolecules, and ultimately cause cell death.**** Therefore, it
is crucial to establish an accurate approach for ONOO™ detec-
tion in living cells.

The use of small organic fluorescent probes has become an
effective method for identifying species that are physiologically
active within living systems, providing high temporal
resolution."»**® Their affordability, along with their notable
attributes such as high selectivity, sensitivity, and easy moni-
toring, has garnered significant attention from numerous
researchers.” Nevertheless, certain drawbacks are linked to
these conventional fluorescent sensors. They are highly fluo-
rescent in the molecular state but weakly fluorescent or non-
emissive in the aggregated state, leading to aggregation-
caused quenching (ACQ), which adversely affects their sensing
capabilities.?*** Moreover, highly polar solvents exert a consid-
erable impact on the fluorescence intensity and stability of
certain fluorescent compounds.” As a result, the design of
fluorescent sensors that exhibit remarkable durability in polar
solvents and high fluorescence in an aggregated state has
gained growing importance. In dye chemistry, self-association,
or aggregation, of dyes in solution or at solid-liquid interfaces
is a common phenomenon due to the intermolecular van der
Waals attractive forces between dye molecules.>*¢

In recent years, fluorogens with a unique feature known as
aggregation-induced emission (AIE) have become an emergent
category of fluorescent sensors. The AIE fluorogens typically
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exhibit little to no emission when dissolved at the molecular
level but exhibit strong emission when they aggregate into
larger molecular clusters, operating through a mechanism of
restriction of intramolecular motions (RIMs).***”?° Primarily,
various molecular interactions, such as steric effects, hydrogen
bonding inhibit intramolecular rotations favouring a radiative
pathway, leading to strong fluorescence emission. This
phenomenon enhances the potential for on-site sensing using
a AIE fluorophore. Furthermore, the AIE phenomenon offers
numerous advantages to AIE based sensors including reduced
background noise, a large Stoke's shift, and enhanced signal
amplification which is ideal for biosensing and
bioimaging.'**”** These appealing photophysical properties
have prompted researchers to develop numerous AIE-active
fluorescent molecules. These molecules are being utilized in
numerous applications, such as optoelectronic devices,
biosensors, and the detection of explosives and metal ions.>*3*

There are few AIE probes reported in the literature for
ONOO ™ ",*** nevertheless, developing AlE-active fluorescent
probes for the efficient detection of ONOO™ remains essential
due to the significant role this analyte plays in both biological
and chemical fields. While numerous fluorescent probes have
been reported for the detection of ONOO,***®* many of these
probes suffer from slow response times, which is not suitable
for peroxynitrite detection due to the short lifetime of ONOO™
under physiological conditions and operate in the short-
wavelength window (<600 nm) (Table S1%}), thus leading to low
signal-to-background ratio and poor accuracy of imaging
limiting their biological applications.

In this work, we developed an isophorone derivative, 2-(3-
((E)-4-hydroxy-3-((E)-(2-(pyridin-2-yl)hydrazineylidene)methyl)
styryl)-5,5-dimethylcyclohex-2-en-1-ylidene)malononitrile(THP).
The probe has hydrazinyl pyridine moiety which act as electron
donor and the dicyanoisophorone moiety as the electron
acceptor. This donor-acceptor groups can render the molecule
to Intramolecular Charge Transfer (ICT) behaviour. A system-
atic investigation of IHP's photophysical properties was con-
ducted in different ratios of DMSO (good solvent) and PBS (a
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Scheme 1 Synthetic route of the probe IHP.
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bad solvent) to explore its aggregation behaviour and the
resulting changes in fluorescence properties. Notably, IHP
contains a C=N moiety, which serves as a reactive site for
oxidative cleavage by ONOO ™. The IHP probe exhibits a shift in
emission maxima in response to ONOO™, also demonstrated
better analytical properties for detecting ONOO™, including
rapid response time, high sensitivity, and strong selectivity.
Owing to these properties, IHP can function as a sensitive
fluorescent sensor for ONOO ™, making it valuable for detecting
this species in living cells through fluorescence microscopy.

2. Materials

2.1 Chemicals and instruments

All chemicals were sourced from commercial dealers and used
as such. Silica gel with a mesh size of 100-200 was employed for
column chromatography. Proton and carbon NMR were recor-
ded on a Bruker AV-500 NMR spectrometer. An Agilent QTOF
G6545 spectrometer with a resolution of 50 000 in electrospray
ionization (ESI) mode was used to measure HRMS. Absorption
spectra were recorded with a Shimadzu UV-2600 spectropho-
tometer, and emission spectra were obtained using a Shimadzu
RF-5301PC fluorescence spectrophotometer. HeLa cells,
a human cervical cancer cell line, were obtained from the
Culture Collection and Research Center, Food Industry
Research and Development Institute (FIRDI) in Hsinchu,
Taiwan.

2.2 Synthesis of the sensing molecule

The synthesis procedure of compound 1-3 is given in ESI dataf
and their characteristic data is given in Fig. S1-S6.

2.2.1 Synthesis of 2-(3-((E)-4-hydroxy-3-((E)-(2-(pyridin-2-yl)
hydrazinylidene) methyl) styryl)-5,5-dimethylcyclohex-2-en-
ylidene) malononitrile (IHP). The mixture of compound 3
(0.115 g, 0.36 mmol) and 2-hydrazinylpyridine (0.047 g, 0.43
mmol) in anhydrous ethanol (10 mL) was refluxed at 85 °C for
six hours (Scheme 1). The reaction mixture was added drop by
drop into cold water. The precipitate formed was filtered to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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afford a brick red solid (yield = 0.12 g, 86%). Melting point 262-
265 °C.

"H NMR (500 MHz, DMSO-dg) 6 (ppm): 1.02 (s, 6H), 2.55 (s,
2H), 2.60 (s, 2H), 6.78-6.8 (m, 1H), 6.85 (s, 1H), 6.94 (d, J =
8.5 Hz, 1H), 7.14 (d, J = 8. Hz, 1H), 7.27 (d, J = 16 Hz, 1H), 7.30
(d,J = 16 Hz, 1H), 7.59-7.61 (m, 1H), 7.66-7.68 (m, 1H), 7.93 (d, ]
= 2.05 Hz, 1H), 8.14-8.15 (m, 1H), 8.28 (s, 1H), 10.96 (s, 1H),
11.0 (s, 1H).

3C NMR (125 MHz, DMSO-d) 6 (ppm): 27.4, 31.6, 38.2, 42.3,
75.1,106.3,113.2, 114.0, 115.1, 116.6, 121.1, 121.6, 127.0, 127.3,
127.6, 129.0, 137.4, 137.9, 147.8, 156.3, 156.5, 157.4, 170.2
(Fig. S7 and S87).

HRMS (ESI, m/z): calculated [C,sH,4N50]", 410.1976; found
410.1984 (Fig. S97).

2.3 Spectral acquisition

1 mM stock solution of IHP in DMSO and 10 mM of analyte
solution in water was made. For absorption and emission
studies 20 pM of THP and 100 pM of analytes were added and
diluted to 2 mL using DMSO: PBS (10 mM, pH 7.4, 1:1). For
consistency, each sensing experiment was carried out three
times at room temperature. Excitation wavelength 460 nm was
used to record the fluorescence spectra.

2.4 Cytotoxicity assay

Using the conventional MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) assay, the cytotoxicity of IHP
towards the experimental cells was assessed. In summary, HeLa
cells were cultured for one night in 96-well plates, and then for
one day at 37 °C. The cells were exposed to several doses of IHP
(0, 5,10, 15, 20, 25 uM) after which the cells were treated with 50
uL of MTT solution (5 mg mL™") and incubated at 37 °C for an
extra 4 hours. Following the extraction of the leftover MTT, 150
pL of DMSO was introduced into every well to dissolve the for-
mazan crystals formed. The absorbance of each well at 570 nm
was measured with a microplate reader. The cells showed 90%
cell viability (Fig. S107) which indicated that IHP is less toxic to
the cells and can be used for bioimaging.

2.5 Cell imaging

HelLa cells were cultured in Dulbecco’'s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% (v/v) antibiotic solution at 37 °C in incubator containing 5%
CO,. For imaging experiments, cells were seeded into 6-well
plates and allowed to adhere for 24 hours. The culture medium
was then replaced with fresh DMEM, and cells were incubated
with the fluorescent probe IHP (10 uM) for 20 minutes. After
incubation, the medium was removed, and cells were washed
twice with phosphate-buffered saline (PBS) to remove probe.

Cells were then treated with peroxynitrite (ONOO™, 100 uM)
for 5 minutes. For the ONOO™ scavenger group, cells were co-
incubated with ONOO™ (50 uM) and uric acid (200 uM) for 15
minutes. To stimulate endogenous ONOO™ production, lipo-
polysaccharide (LPS, 1 pg mL ") and phorbol 12-myristate 13-
acetate (PMA, 10 nM) were dissolved in DMEM and applied to
the cells for 1 hour.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Following treatment, the medium was removed, and cells
were washed twice with PBS. Nuclear staining was performed
using 4',6-diamidino-2-phenylindole (DAPI, 0.02 mg mL ") for
15 minutes at room temperature, followed by PBS washes to
remove excess dye. The cells were fixed with 4% formaldehyde
for 15 minutes. The coverslips were then mounted for confocal
fluorescence imaging.

3. Results and discussion
3.1 Synthesis and design

The probe was synthesised by four steps as detailed above in the
experimental section and characterised using NMR and HRMS.
The NMR characterisation of probe and intermediates and the
HRMS data of the probe is given in ESI (Fig. S1 to S9).f The
probe IHP was designed for peroxynitrite detection, initially
assumed to be non-emissive due to C=N isomerization. Upon
oxidative cleavage of the C=N bond, it was expected to regen-
erate compound 3, an Excited State Intramolecular Proton
Transfer (ESIPT) emissive molecule.* However, IHP exhibited
AIE behaviour, displaying red emission upon aggregation. Upon
reaction with ONOO™, the emission maximum shifted, corre-
sponding to the formation of compound 3.

3.2 Photophysical properties

UV-vis and fluorescence studies were conducted using 10 pM of
IHP in different solvents varying from non-polar to polar
solvents. The absorbance spectra showed two bands at
approximately around 360 nm and 440 nm, and it was almost
the same in all solvents, which implies that the absorption
profiles are free from the effect of solvent polarity. In the
emission spectra, IHP showed solvatochromic behaviour. The
molecule IHP has the pyridinyl moiety as the donor group and
the dicyanoisophorone moiety as the acceptor group. The lower
energy absorption band corresponds to the n to 7* transition of
the pyridinyl moiety and the high energy absorption band
corresponds to ICT transitions from the electron releasing
pyridinyl moiety to the electron accepting isophorone moiety
and the m to w* transition. There was shift in the emission
maximum towards longer wavelength as we moved from non-
polar to polar solvents (Fig. S111). This can be attributed to
the ICT effect of the molecule.

3.2.1 Aggregation induced emission studies. The AIE
property of the probe was studied in binary solvent system
consisting of different ratios of DMSO (good solvent) and
10 mM, PBS, pH 7.4 (bad solvent). IHP in DMSO showed two
absorption peaks at 364 nm and 440 nm and as the PBS fraction
increased up to 20%, there was only a slight change in the
absorption maxima, and IHP was weakly emissive in DMSO
because of the C=N isomerisation of the molecule which
makes it non-emissive.

When the PBS buffer ratio was increased to 50% there was
a red shift in absorption bands of IHP from 364 nm and 440 nm
to 435 nm and 540 nm respectively, and the level off tails
observed in the visible region (Fig. S12at) shows the AIE
behaviour of IHP.** This shift is likely attributed to the
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aggregation of IHP induced by this solvent mixture. Since
aggregation is a process mediated by solvents, the behaviour of
molecules during aggregation will be strongly influenced by the
inherent hydrophilicity and hydrophobicity of both the solvents
and the molecules involved. It's well-known that many organic
compounds have the tendency to aggregate in poor solvents,
including water.*

In the emission spectra, IHP was non-emissive in DMSO
(good solvent), when the PBS (bad solvent) fraction increased to
50%, there was dramatic increase in the emission intensity (at
635 nm) with no shift in emission maxima, this dramatic
increase can be attributed to the AIE behaviour of IHP, which
was proved by the SEM analysis which shows spherical aggre-
gates in 50% PBS (Fig. 1a). When the PBS fraction was greater
than 50%, there was a new peak at 644 nm with reduced
intensity which may be due to the formation of aggregates of
different morphology** (Fig. S12b7). The SEM results taken in
90% PBS showed the formation of aggregates of different
morphology which had flakelike structure (Fig. 1b). To ascertain
that the aggregates contain the IHP molecule rather than
components from the PBS buffer, elemental mapping was
conducted. The results confirmed the presence of the IHP
molecule within the aggregates, as illustrated in Fig. S13.t

The fluorescence lifetime was measured Fig. S14,1 and the
lifetime in DMSO (good solvent) was 0.02 ns, because there was
minimal aggregation and the molecules are well-dispersed, the
fluorescence intensity was low due to the intramolecular rota-
tions leading to the non-radiative decay and hence the

a)

EHT=10.00 kV
WD = 10.5mm

Signal A= SE1
Mag= 10.00KX

Date :19 Dec 2023
Time :13:14.03

EHT = 10.00 kV
WD = 13.0 mm
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fluorescence lifetime is short as the non-radiative pathway
dominates.

The fluorescence lifetime in DMSO:PBS (1:1), where the
AIE effect was prominent was 0.06 ns. The lifetime is longer
than in pure DMSO, reflecting the enhanced radiative pathway.
The lifetime in 90% PBS is 0.057 ns, where there is slight
decrease in the lifetime as compared to the emissive AIE form.

When fluorescence quenching is observed upon increasing
the PBS fraction beyond 50%, it may result from the formation
of large aggregates or agglomerates. These structures can
facilitate non-radiative decay pathways, such as mw-m stacking
interactions or light scattering, leading to a significant decrease
in fluorescence lifetime.

Conversely, if the quenching is primarily due to the IFE,
where the sample itself absorbs excitation or emission light, the
fluorescence lifetime typically remains unchanged, as IFE
affects the intensity but not the excited-state deactivation
pathways.>*>*

Herein, the slight decrease in fluorescence lifetime from 0.06
ns in the DMSO: PBS (1:1) mixture to 0.057 ns in 90% PBS
suggests that both aggregation-induced non-radiative decay and
IFE contribute to the observed quenching. The minimal change
in lifetime indicates that while aggregation introduces some
non-radiative decay pathways, IFE plays a significant role in
reducing fluorescence intensity without substantially affecting
the lifetime.

Therefore, the observed fluorescence quenching at higher
PBS concentrations is likely due to a combined effect of
agglomerate formation and the inner filter effect.

b)

EHT=10.00 kV
WD = 11.0 mm

Signal A= SET
Mag= 10.00KX

Date :15 Sep 2023
Time :15:25:57

Date :29 Nov 2024
Time :11:48:13

Signal A= SE1
Mag= 1000KX

Fig. 1
DMSO : PBS (L:9, v/v, pH 7.4).
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(a) SEM image of IHP (10 pM) in DMSO (b) SEM image of IHP (10 uM) in DMSO : PBS (1: 1, v/v, pH 7.4) (c) SEM image of IHP (10 puM) in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.2 Excitation wavelength-dependent emission: confir-
mation of J-aggregates. The red shift in the absorption bands of
IHP in DMSO: PBS (10 mM, pH 7.4 1:1) is explained by the
Kasha's molecular exciton theory.*® This theory put forward that
an end-to-end alignment of chromophore transition dipoles, or
J-aggregates, is allowed to transition from the ground state to
a lower energy exciton state, which causes the bathochromic
shift in the UV spectra (Fig. S15at). In contrast, a face-to-face
alignment of dipole moments, or H-aggregation, results in
a hypsochromic shift, which signifies a transition to a higher
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energy exciton state. Thus, the observed shift in absorption of
IHP indicates the formation of J-aggregates.”**” In DMSO
solvent, there was no significant fluorescence emission of IHP.
However, with increasing PBS fraction up to 50%, a red emis-
sion is observed with emission maximum at 635 nm
(Fig. S15b¥). Restrictions in intramolecular rotation, cause the
emission intensity to increase and activate the radiative
pathway, with a higher degree of aggregation at 50% PBS. This
observation was supported by increase in quantum yield from
0.004 to 0.08 with the increase in PBS fraction from 0 to 50%.
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(a) Emission spectra of IHP in DMSO at different excitation wavelengths (b) emission spectra of IHP in DMSO : PBS (1 : 1) excited at the blue

edge of the absorption spectra (c) emission spectra of IHP in DMSO : PBS (1: 1) excited at the red edge of the absorption spectra (d) normalised
emission spectra of IHP in DMSO : PBS (1: 1) excited at different excitation wavelengths.
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In both DMSO and DMSO:PBS solutions, we examined the
emission spectra of IHP throughout a range of excitation
wavelengths that covered the red and blue margins of the
absorption spectra. The emission spectra in DMSO obtained at
various excitation wavelengths showed no discernible spectral
changes. The emission maximum was at 656 nm even on
exciting at various excitation wavelength (Fig. 2a). However, in
DMSO:PBS, the difference in the emission spectra was notably
low when the monitoring excitations were maintained at the
blue edge of the spectrum (Fig. 2b), indicating emissions from
monomeric species. Conversely, a bathochromic shift was seen
in the emission maxima when the excitation wavelengths were
situated at the red edge of the spectrum (Fig. 2¢), known as the
red-edge effect, which deviates from Kasha's rule. This red shift
in emission peak, with a magnitude as large as 39 nm, persisted
until a noise-free spectrum could be recorded (Fig. 2d),”® sug-
gesting the presence of multiple emitting species when IHP is
dissolved in DMSO:PBS. These multiple species arise from
aggregation, with the aggregates predominantly being strongly
fluorescent J-aggregates. Since each aggregated species
possesses its own fluorescence maxima, a change in the
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excitation wavelength results in the excitation of a different
species and the observation of emission characteristic of that
species. A 3D model directly representing the Excitation Emis-
sion Matrices (EEM) data in three dimensions, showing exci-
tation wavelength, emission wavelength, and fluorescence
intensity represented in Fig. S161 shows strong, red-shifted
emissions, narrow peaks and relatively small Stoke's shift also
proves the J-type behaviour of the aggregates.

To further validate the aggregation behaviour of IHP and
ascertain whether the change in fluorescence was a result of
aggregation or the presence of salts in the PBS buffer, emission
spectra of IHP were conducted in different ratios of DMSO to
H,O0. It was found that similar emission pattern was observed as
it was in DMSO:PBS. The maximum emission intensity was
observed in DMSO: H,O (1:1) (Fig. S171). On conducting the
excitation-dependent emission experiments, there was red-edge
effect observed even in DMSO:H,0 (Fig. 3a) but the magnitude
of the red shift was less (29 nm) compared to the red-shift seen
in DMSO:PBS (39 nm).

This led us to contemplate the factors influencing this
change, and our focus turned to pH. Consequently, we
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(a) Normalised emission spectra IHP in DMSO : H,O (1: 1) recorded at different excitation wavelengths (b) the emission intensity of IHP at

635 nm at different pH (c) normalised emission spectra IHP in DMSO : H,O (1: 1) recorded at different excitation wavelengths after adjusting the

pH to 7.4.
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conducted experiments to record the emission spectra of IHP in
DMSO:PBS at various pH levels ranging from 4 to 9 (Fig. 3b). The
observations revealed a decrease in the emission of IHP under
acidic conditions. This can be attributed to the conversion of
the pyridine moiety in IHP to pyridinium ion in acidic pH,
rendering it water-soluble.” Hence, this transformation
prevents aggregation and, consequently, diminishes the emis-
sion of IHP in acidic environments. As the pH is made alkaline,
the emission maximum intensity increases up to pH 10. A
dramatic increase in intensity is observed from pH 7 to 8,
potentially explaining the lower magnitude of the red-shift
emission intensity in water (pH 7) as compared to the PBS
buffer (10 mM, pH 7.4). The emission intensity is almost same
from pH 8 to pH 10 and based on that we could say that IHP can
be useful in physiological conditions. Then IHP was taken in
DMSO : H,O (1 : 1), where the pH was adjusted to pH 7.4 and the
emission spectra was recorded by increasing the excitation
wavelength in the red-edge of the spectra and then found that
the magnitude of the red-shift (38 nm) was almost equal to the
magnitude of the shift in DMSO:PBS (Fig. 3c). All these results
proved that IHP forms J-aggregate in DMSO : PBS (10 mM, pH
7.4, 1:1). Similar pattern of absorption and emission was
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observed when IHP was studied in different DMSO : H,O ratios.
This confirms the AIE behaviour of IHP.

3.3 Sensing studies

With our aim to utilize IHP for ONOO™ and considering the
alkaline-dependent stability of ONOO™,*® extensive experimen-
tation with various buffer solutions was conducted, ultimately
leading to the selection of PBS buffer (10 mM, pH 7.4) for
spectral studies. All the sensing studies were done in DMSO :
PBS (10 mM, pH 7.4, 1:1) system due to the alkaline stability of
ONOO .

3.3.1 Detection of ONOO . The stock solution of IHP was
made to 0.001 M in DMSO. Based on the literature the analytes
were prepared to 0.01 M concentration in water.>** The sensing
potential of the IHP (10 uM) was evaluated in DMSO : PBS buffer
ina1:1 ratio (10 mM, pH = 7.4) in the presence of ONOO™ (50
uM). As shown in Fig. S18,} the absorption spectra of IHP
showed two distinct bands at 435 nm and 540 nm. Upon the
addition of ONOO™, these absorption bands shifted to 460 nm,
which was accompanied by a noticeable colour change as
shown in the insets of Fig. S18a,t enabling the colorimetric
sensing of ONOO .
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(a) Fluorescence emission of IHP in DMSO: PBS (1: 1, v/v, pH 7.4) on incremental addition of ONOO™ [the dashed line represents the

emission of IHP in DMSO : PBS (1:1, v/v, pH 7.4) without the addition of ONOO™] (b) linear plot between fluorescence intensity at 651 nm and
concentration of ONOO™ (c) time response graph of IHP in DMSO : PBS (1: 1, v/v, pH 7.4) with ONOO™ and (d) the effect of pH study on IHP and

IHP + ONOO™ in DMSO : PBS (1:1, v/v, pH 7.4).
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Initially, IHP when excited at 460 nm displayed a strong
fluorescence emission at 635 nm. However, the addition of
ONOO resulted in the reduction of fluorescence intensity of
IHP and a blue shift in the emission maximum to 562 nm with
reduced intensity. This change in behaviour was also marked by
the change in fluorescence emission from red to orange as
depicted in Fig. S18b.f The large Stoke's shift (~100 nm)
observed can prevent it from autofluorescence and thus helps in
bioimaging applications.

3.3.2 Quantitative detection of ONOO . To evaluate the
selective binding efficiency of IHP with ONOO ™, a fluorescence
titration experiment was conducted by incrementally increasing
the concentration of ONOO™. As shown in Fig. 4a, the reaction
between IHP and ONOO™ resulted in two distinct emission
bands at 651 nm and 562 nm. The initial emission peak of IHP
at 635 nm exhibited a slight red shift to 651 nm, with its
intensity decreasing as the ONOO™ concentration increased.
Concurrently, a blue-shifted emission band at 562 nm emerged
and grew in intensity corresponds to the emission of compound
3. Hence, the observed emission changes in IHP upon interac-
tion with ONOO™ are ascribed to the formation of de-aggregated
species and the production of compound 3. Compound 3 is an
ESIPT emissive molecule,* but the blue-shifted peak appears to
be of lower intensity, possibly due to insufficient excitation
energy at the chosen wavelength.

A plot between concentration of ONOO™ against fluores-
cence intensity at Ise/Igs1 (Fig. 4b) exhibited a linear relation-
ship with linear coefficient (R* = 0.97). The detection limit was
calculated using 3g/m, where o is the standard deviation of the
blank, obtained by running the blank sample ten times, and m
is the slope of the plot obtained. The LOD was found to be 1.1
uM. The above experimental data showed that the probe IHP
can detect ONOO™ even in its low concentration.

3.3.3 Kinetics study. The kinetics analysis of the probe
aimed to determine the time required to detect ONOO™. To
achieve this, the fluorescence intensity of both IHP and IHP
with ONOO™ was monitored as a function of time as depicted in
Fig. 4c. Initially, the fluorescence emission of IHP (10 uM) at
562 nm remained stable for a duration of 30 minutes. With
ONOO™ (50 pM), the fluorescence intensity began to increase
gradually. This increase continued until it reached a stable level

View Article Online
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after approximately 200 seconds. These results demonstrate the
stability of IHP and its ability to rapidly identify ONOO™.

3.3.4 The pH effect. Given the physiological pH of
approximately 7.4, it was crucial to evaluate the impact of pH on
IHP's fluorescence response to ONOO ™. At acidic pH levels, IHP
exhibited weak or no fluorescence due to the conversion of its
pyridine moiety into a pyridinium ion. This transformation
increased its water solubility, preventing aggregation and,
consequently, low fluorescence emission. However, as the pH
became more alkaline, aggregation began to occur, enabling the
probe to emit fluorescence. The results, depicted in Fig. 4d,
indicate that the probe's functionality remained largely stable
across the physiological pH range of 7 to 11. These findings
underscore the probe's strong potential for biological applica-
tions, demonstrating its reliability and effectiveness under
relevant physiological conditions. Furthermore, the fluores-
cence emission of IHP after reacting with ONOO™ remained
nearly unchanged, with only minor variations. This consistency
can be attributed to the formation of compound 3, whose
structure is pH-stable and retains consistent electronic prop-
erties across the tested pH range.

3.3.5 Selectivity and interference studies. To detect ONOO ™
in physiological environments, it is crucial for the probe to
selectively identify ONOO™ without interference from other
similar analytes. Therefore, a selectivity and interference
experiment were conducted to evaluate the ability of the sensor
IHP (10 uM) to recognize ONOO ™. The sensing potential of IHP
was tested against a range of comparable analytes, including
metal ions (AI**, Ca®>*,Co*", Cu®, Cu®*, Fe**, Fe*", Mg*", Na*, K,
Zn"), anions (F~, Br~, I, CO;*>~, HCO;~, NO, ™, NO;~, SCN™,
$,05>7, SO3°7, SO,>~, OCI™) and reactive oxygen and sulphur
species (H,0,, OH, TBHP, '0,, NO, HNO, ONOO ).

As illustrated in the fluorescence selectivity graph of IHP
with various analytes (Fig. S19at), no changes in the emission of
IHP was seen, even on the addition of 100 uM of these similar
analytes, except for ONOO™ (50 pM). These spectral studies
confirm the high selectivity of IHP for ONOO™ ions in a DMSO :
PBS (1:1) solution.

To further assess the resistance of IHP to interference, the
emission at 635 nm was measured in the presence of other
active species at higher concentrations along with ONOO™

Molecular form

Scheme 2 Sensing mechanism of IHP with ONOO™.
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(Fig. S19bt). From the experimental results, it was observed that
only a small portion of these substances interfered with the
probe's response to ONOO ™. Several factors may explain this
outcome. Firstly, the probe's selectivity plays a crucial role in
minimizing interference, as it is specifically designed to interact
with the unique chemical structure of ONOO™. The probe may
also exhibit kinetic preference, reacting more rapidly with
ONOO than with other similar analytes, allowing it to produce
a detectable signal for ONOO™ while remaining unaffected by
other substances. Additionally, the chemical properties of
ONOO™ contribute to the observed specificity. As a short-lived
and highly reactive species, ONOO~ can interact with the
probe before less reactive analytes can do so. Furthermore, the
pH dependence of ONOO™ stability is a key factor. Since
ONOO is stable only within a specific pH range, probes and
assays are often optimized for this condition, reducing inter-
ference from other analytes that may be less stable or reactive in
the same environment. These factors collectively explain why
only a limited number of substances interfered with the probe's
response to ONOO™, featuring its potential suitability for
detecting ONOO™~ in complex environments. This robust
selectivity and interference resistance highlight IHP's effec-
tiveness as a fluorescent sensor for peroxynitrite in physiolog-
ical conditions.

3.3.6 Sensing mechanism. IHP, due to its C=N isomeri-
zation of the hydrazone moiety, is expected to be weakly or non-
fluorescent. However, based on its AIE characteristics, IHP
exhibits strong red emission. Upon the addition of ONOO™, an
oxidative cleavage of the C=N bond occurs, leading to
a deprotection reaction that produces compound 3 (Scheme 2).
Compound 3 demonstrates ESIPT behaviour and is emissive.
The observed shift in emission maxima is attributed to the
formation of de-aggregated species and compound 3.
Compared to IHP, the emission maximum of compound 3 is
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blue shifted, validating the transition from red to orange
emission. The blue-shifted peak appears less intense, poten-
tially due to insufficient excitation energy at the chosen wave-
length or because compound 3 is inherently less emissive
compared to the aggregates of IHP under the conditions used
for sensing studies.

To verify the above mechanism, the reaction between IHP
and ONOO~ was monitored using "H NMR. As seen in Fig. S20,}
IHP had a sharp singlet at 6 = 8.34 ppm, which correspond to
the ~-CH=N- group. However, on addition of ONOO, the sharp
singlet at 6 = 8.34 ppm disappeared and two peaks at
0 10.25 ppm and 11.02 ppm appears which correspond to the -
CHO and -OH proton in compound 3 respectively. The mech-
anism was further confirmed by HRMS in which the mass
observed 319.1441 matched with the calculated mass of
compound 3 (Fig. S217).

3.3.6.1 Theoretical calculations. To investigate the sensing
mechanism and solvent behaviour of IHP, theoretical calcula-
tions were conducted using Density Functional Theory (DFT)
with the B3LYP/6-31G basis set. Time-Dependent DFT (TDDFT)
analysis revealed that in IHP, the electron cloud in the Highest
Occupied Molecular Orbital (HOMO) is distributed across the
molecule, with a significant concentration on the hydrazinyl
pyridine moiety. In contrast, the Lowest Unoccupied Molecular
Orbital (LUMO) shows electron density predominantly localized
on the electron-deficient dicyanoisophorone moiety (Fig. 5).

Upon the addition of ONOO ™, IHP is converted to compound
3, wherein the electron densities in both HOMO and LUMO are
uniformly distributed throughout the molecule which supports
the ICT behaviour. The HOMO-LUMO energy gap of IHP is
smaller compared to compound 3, aligning with the observed
blue shift in the absorption and emission spectra of the probe
and its complex with ONOO™.

\ AE=2.59 eV

0 @ .

-5.68 eV

9
Compound3

Fig. 5 Theoretical data estimated by DFT calculations to support the sensing mechanism.
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(A) Confocal images of Hela cells: (a) control group; (b) HelLa cells were pre-loaded IHP (10 uM) at 37 °C for 20 minutes; the cells then
1) PMA (10 nM) and (e) co-incubated with ONOO™

(50 uM) and uric acid (200 uM). (B) Relative

intensity from fluorescence images in (A). The relative intensity from fluorescence image in (b) is defined as 1.0. Blue fluorescence: Aex = 405 nm,
Aem = 435-485 nm. Red fluorescence: A¢x = 555 Nnm, Aem = 620-700 nm. Each experiment was repeated thrice, and error bars are included.

3.3.7 Bioimaging. HeLa cells were used to monitor the
bioimaging ability of IHP exogenously and endogenously. The
imaging studies were carried out in PBS buffer. The control
group of cells showed no intracellular fluorescence (Fig. 6). The
cells loaded with 10 pM IHP and incubated for twenty minutes
at 37 °C showed bright red fluorescence. The cells were treated
with ONOO™ (50 puM), resulting in a reduction in red fluores-
cence intensity. However, the fluorescence was not completely
quenched, supporting the observed shift in emission from red
to orange. This indicates that IHP can detect exogenous
ONOO . To monitor the endogenous ONOO™ by IHP, the cells
loaded with THP were treated with lipopolysaccharide (LPS, 1 ug
mL ") and phorbol 12-myristate 13-acetate (PMA, 10 nM) for
another 30 minutes. It was found weak red fluorescence emis-
sion. Uric acid (200 uM), a ONOO™ scavenger was co-incubated
with ONOO™ (50 uM) and found that the intensity of the bright
red emission increased. These results suggest that IHP can trace
both exogenous and endogenous ONOO™.

4. Conclusion

A donor-acceptor-based fluorescent probe was designed by
integrating 2-hydrazinyl pyridine with a dicyanoisophorone
fluorophore to specifically detect peroxynitrite (ONOO™).
Leveraging the AIE characteristics, the probe exhibited
excitation-dependent fluorescence changes, highlighting the
presence of multiple emission species. A red shift in emission
further indicated the formation of J-aggregates. The synthesized
probe demonstrated several advantageous properties for
ONOO™ detection, including a pronounced fluorescence
response, high selectivity, and strong anti-interference capa-
bility against structurally similar analytes. These results were
attributed to the incorporation of a strategically designed

24390 | RSC Adv, 2025, 15, 24381-24392

hydrazone functional group. Additionally, the probe was effec-
tive across the physiological pH range and exhibited low cyto-
toxicity, enabling the visualization of both exogenous and
endogenous ONOO™ in living cells. A fluorescent probe
exploiting the AIE behaviour was developed was developed that
offer robust and precise detection of peroxynitrite (ONOO™) in
both biological and environmental systems.
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