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We have employed a triazine-based conjugated polymer network (CPN) for the selective detection of
hypochlorite in a semi-agueous environment. CPNs have been widely employed in gas capture,
separation, and adsorption, but the fluorescent properties of CPNs possessing extensive m-conjugated
systems tend to be unexplored. Herein, we report the photophysical properties of the CPN and
investigate its sensing capability towards hypochlorite. Spectroscopic investigations reveal that the CPN
forms m-stacked aggregates in aqueous medium, while loose aggregates were observed to be formed in
hydrophobic solvents. The fluorogenic CPN demonstrates remarkable selectivity via fluorescence
quenching and a blueshift response towards hypochlorite in a semi-aqueous medium, accompanied by
a color change under UV light. Such a turn-off fluorescence response, along with the blue shift upon
hypochlorite sensing, was attributed to the oxidation of the sulfur atom of the thiophene functionality of
the CPN, consequently resulting in suppression of Intramolecular Charge Transfer (ICT) in the
corresponding oxidized adduct. The fluorescence intensity of the CPN exhibits a linear response to
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Accepted 15th November 2024 hypochlorite concentration, achieving a low detection limit of 1.2 nM. Furthermore, the practical
applicability was demonstrated by the detection of hypochlorite in water samples and fluorescent test-

DOI: 10.1039/d4na00728] paper strips. Additionally, the present system is utilized for bio-imaging of endogenous hypochlorite in
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Introduction

Hypochlorite (ClO™) is widely present in biological environ-
ments and industries, playing crucial roles in catalysis.
However, its imbalance can trigger diseases such as Alz-
heimer's, cerebral ischemia, Parkinson's and cancer. Detecting
and quantifying CIO™ is vital for understanding its cellular

“Department of Chemistry, Birla Institute of Technology and Science Pilani,
Hyderabad Campus, Hyderabad 500078, India. E-mail: nilanjan@hyderabad.
bits-pilani.ac.in

*Department of Chemistry, Institute of Science, Banaras Hindu University, Varanasi,
Uttar Pradesh 221005, India. E-mail: bkkuila.chem@bhu.ac.in

‘Epigenetic Research Laboratory, Department of Pharmacy, Birla Institute of
Technology and Science Pilani, Hyderabad Campus, Hyderabad 500078, India.
E-mail: balaram@hyderabad. bits-pilani.ac.in

t Electronic  supplementary information (ESI) available: Additional
experimental details, materials and methods, synthesis and characterization,
"HNMR spectra of 3-(2-(2-ethoxyethoxy)ethoxy)thiophene, '"H NMR spectra of
2,5-dibromo-3-(2-(2-ethoxyethoxy)ethoxy)thiophene, 'H NMR spectra of
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impact and disease progression. Numerous fluorescence-based
chemosensors for hypochlorite detection have been developed,
including metal-organic frameworks (MOFs), polymers, and
hybrid materials.»? In parallel, conjugated polymer frameworks
(CPFs) or networks (CPNs) or conjugated porous organic poly-
mers (CPOPs) possess unique combinations of properties such
as extended m-conjugation, microporosity, and high surface

fluorescence spectra of the CPN in varying mixtures of THF:water (pH 7),
concentration-dependent fluorescence spectra of the CPN (10 pM, Aex = 365
nm) in THF-water (1:1 pH 7) medium, fluorescence spectra of the CNP upon
addition of glycerol, fluorescence spectra of CNP 1 (10 pM, A = 365 nm)
upon hypochlorite addition (0-6 mM) in aqueous medium, fluorescence
lifetime spectra of CNP 1 (10 pM, A, = 365 nm) upon addition of
hypochlorite (at 424 nm) in THF-water (1:1 pH 7) medium, DLS experiments,
fluorescence titration of control 1 (10 uM, Ax = 365 nm) with NaOCI, table
showing fluorescence lifetime values of the CPN in THF and water media,
table showing fluorescence lifetime values of the CPN upon hypochlorite
addition in THF-water, real-life sample analysis and quantification, confocal
fluorescence imaging of HEK-293 cells, results of MTT assay, and table
comparing the previously reported hypochlorite chemosensor with the
present study. See DOI: https://doi.org/10.1039/d4na00728j
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(a) Schematic representation of the present conjugated polymer network system and the molecular structures of the CPN and control 1.

(b) Schematic representation indicating the dual emission from TICT-based fluorescent probes.

area, making them promising candidates for various cutting-
edge applications.® Through careful monomer design, specific
binding sites can be introduced, which can significantly boost
analyte selectivity.® Structurally, they exhibit delocalized elec-
tronic structures in their backbones, fostering efficient coupling
between optoelectronic segments. These characteristics facili-
tate highly effective transfer of excitons to lower electron- or
energy-acceptor sites along the backbone, leading to either the
quenching of fluorescence or the amplification of acceptor
signals.>® In direct comparison with their constituent monomer
units, CPFs/CPNs stand out for their capacity to deliver excep-
tional signal amplification, owing to their porous and more
extended conjugated structures. Additionally, these framework
materials often end with low fluorescence quantum yield due to
self-quenching via aggregation from electron-rich molecular
stacks instead of their expected strong fluorescence.® One such
strategy to improve solubility and fluorescence quantum yield
by decreasing - stacking is to introduce a long side chain in
the backbone of framework materials.

Considering these factors, we have designed a novel triazine-
based CPN by conjugating a 3-(2-(2-ethoxyethoxy)ethoxy)thio-
phene (donor) unit with a triazine ring (acceptor) via a phenyl
ring linker (Fig. 1). The CPN was further explored for the
detection of hypochlorite in a semi-aqueous environment, and
also on paper strips as well as in real life water samples.
Furthermore, the probe was used for the detection of hypo-
chlorite in RAW 264.7 cells. Spectroscopic and theoretical
investigations provide a thorough elucidation of the sensing
mechanism, which involves the oxidation of the thiophene
sulfur moiety to sulfone functionality upon interaction with
hypochlorite ions. It is noteworthy that our study represents the
first report of a triazine-based conjugated polymer network
sensor specifically designed for the detection of hypochlorite
ions in a semi-aqueous medium.

Experimental section
General

All chemicals (solvents, reagents, chemicals) were
purchased from the best-known local chemical suppliers and

and
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used without further purification. FTIR spectra were recorded
on a PerkinElmer FT-IR Spectrum BX system and were reported
in wave numbers (cm ). NMR spectra were recorded with
a Bruker Avance Neo 400 spectrometer operating at 400 and 100
MHz for 'H and *C NMR spectroscopy, respectively. Mass
spectra were recorded on a Shimadzu LC-MS. The powder X-ray
diffraction (PXRD) pattern was obtained on a Panalytical
HighResolution (XRD-I, PW 3040/60) diffractometer using a Cu
Ko source operated at 45 kV and 30 mA. Gel-permeation chro-
matography (GPC) was carried out on a Malvern Panalytical
(UK) Model-GPC 5140 instrument. The scanning electron
microscopy (SEM) image was recorded on an FEI Quanta 400
FEG instrument. Nitrogen adsorption-desorption isotherms
were measured at 77 K on a Quantachrome Autosorb-iQ
analyzer after the sample was outgassed at 150 °C for 24 h.
The UV-Vis spectroscopic studies were carried out on a JASCO
(model V-650) UV-Vis spectrophotometer. Fluorescence experi-
ments were performed using a FluoroLog-TM (Horiba Scien-
tific). The fluorescence decay experiment was performed using
a time-correlated single photon counting fluorimeter (Horiba
Delta flex Modular). The detailed procedure of the sensing
studies through spectroscopic methods including sample
preparation is given in the ESIL.}

Cell culture

Macrophage cells, RAW 264.7 were purchased from the Amer-
ican Type Culture Collection (ATCC, USA). Fetal bovine serum
(FBS), trypsin-EDTA, Dulbecco's modified Eagle's medium
(DMEM), and penicillin/streptomycin solution were purchased
from Himedia Laboratories (Mumbai, India). The DMEM con-
taining fetal bovine serum (10%) and penicillin/streptomycin
(100 TU mL ") was used for sub-culturing RAW 264.7 cells and
incubated at 37 °C with 5% CO, under a humidified sterile
atmosphere. After mounting, the images were captured using
a confocal microscope (Leica Microsystems, Germany). The
excitation wavelength of the compound was 350 nm, and the
emission was observed from 430-480 nm. The Ar laser was used
at 20% efficiency and magnified at 40x. The captured images
were analyzed using Image J software. Additional studies were
carried out following the same protocol (see the ESIT).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Design and synthesis

Among the conjugated network or framework materials, 1,3,5-
triazine-based conjugated CPFs/CPNs are emerging as a unique
class of functional materials with varieties of applications
because of the planar structure of the triazine ring with high
nitrogen content and electron deficiency (triazine is a typical
acceptor unit) and show novel optical and electrochemical
properties.*”® In this regard, we have synthesized a CPN, as
illustrated in Scheme 1 (Fig. S1-S47). The successful synthesis of
the CPN through polymerization was verified by '"H NMR
(Fig. S47) and GPC (Fig. S51). Detailed synthesis procedures of
each compound and their characterization by 'H NMR study
including the polymer are described in the ESI.{ Instead of direct
D-A bonds, a phenyl ring is employed as an appropriate -
conjugated spacer group in an A-(m-D); architecture (Fig. 1). This
molecular design was carefully engineered to achieve a wide
optical band gap and facilitate effective fluorescence emission in
the high-energy spectral region by controlling the formation of
local (LE) and charge transfer (CT) excited states. The oxygen
atom of the ethylene glycol side chain, which is directly attached
to the thiophene ring will further enhance the donor ability of the
thiophene moiety through resonance resulting in increased
polarizability and better charge transfer. A hybridized local and
charge transfer excited state can be produced by combining CT
and LE excited state characteristics.”® This should enable strong
fluorescence with high quantum efficiency. The side chains in
the CPN, in principle, may also modify -7 interactions in
solution depending on solvent polarity and also in the solid state
and enhance fluorescence quantum yield.

Additionally, the presence of thiophene is well-established to
amplify both intra- and intermolecular interactions, including
van der Waals forces, -7 stacking, hydrogen bonding, and
S---S interactions, which result from the greater polarizability
due to the presence of sulfur.'® The oligo(ethylene glycol) side
chain will also increase the water dispersibility and biocom-
patibility of the polymer. In GPC with DMF as eluent, the CPN
showed M,, = 26 103 and PDI = 2.7 with multimodal distribu-
tion in the GPC trace (Fig. S5t). The multimodal distribution
and high PDI value may be due to the uncontrolled nature of Pd-
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Scheme 1 Synthesis of the CPN.
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catalysed condensation polymerization. In addition, the
successful preparation of the CPN was verified by the FTIR study
(Fig. 2a) which displays strong signals at 1505, 1368, and
811 cm ™" corresponding to the triazine ring. This indicates the
incorporation of the triazine ring into the polymer by a high
degree of polymerization. The emergence of signals at
2855 cm™ ' and 1109 cm ! attributed to aliphatic C-H and C-O
stretching respectively provides additional evidence that the
ethylene glycol side chains have been incorporated into the
polymer network. X-ray diffraction (XRD) revealed the appear-
ance of a broad hump in the region from 10 to 30° indicating an
amorphous structure (Fig. 2b). The CPN contains a long side
chain attached to the thiophene ring and the introduction of
such chains in the polymer backbone may hinder the ordered
arrangement of polymer chains leading to the amorphous
structure. These side chains will also promote interlayer
repulsion and reduce crystallinity. The scanning electron
microscope (SEM) image (Fig. 2¢) of the prepared bulk sample
reveals the nanostructure morphology of interconnected parti-
cles. The higher magnification image exhibits the presence of
sheet-like structures (Fig. S61). At 77 K, the porosity of the CPN
was studied using N, adsorption-desorption isotherms. The
BET surface area of the CPN was calculated and the value was
10.76 m”> g~ ' (see the ESIY).

The CPN shows a sharp rise in N, uptake at high relative
pressures (P/P, > 0.9) and hysteresis upon desorption indicating
the presence of mesopores (Fig. 2d). Such low porosity may be
due to the formation of disordered structure where the network
structures are non-ideal and probably incomplete with many
structural defects. The formation of a disordered structure is
also evidenced by the pXRD study conclusively affirming the
complete amorphous nature. According to the pore size distri-
bution (PSD), the average pore size for the CPN is 3.27 nm. The
pore size distribution (PSD) shows a main peak at 3.27 nm with
broad peaks in the mesopore region, also suggesting the micro
and meso-porosity of the CPN (Fig. 2e). In the CPN, 3-(2-(2-
ethoxyethoxy)ethoxy)thiophene (EET) acts as a donor and
triazine as an acceptor (A). Furthermore, we performed DFT
calculations (B3LYP functional and 6-31G(d,p) basis set) for the
CPN (Fig. S71). The HOMO is mainly delocalized on the EET and
benzene ring of one of the molecules with the least contribution
from the triazine ring. In contrast, the LUMO is located on the
entire two arms of the CPN including triazine rings, thereby
indicating charge transfer from the HOMO to the LUMO. As
a result, it becomes evident that electronic transitions in the
CPN involve utilizing both local excited (LE) and intramolecular
charge transfer (ICT) characteristics.

Nanoaggregate formation in aqueous medium. The probe
CPN exhibited a sharp fluorescence spectrum in THF with
emission maxima at 480 nm whereas, in water, the spectrum
appeared to be broad and significantly red-shifted (A,,ax at 520
nm) along with a reduction in fluorescence intensity (Fig. 3a).
To ascertain whether the observed broad spectrum is because of
single or multiple photoactive species, we performed excitation
spectra measurements at various emission wavelengths in the
aqueous medium (Fig. S81). The excitation spectrum corre-
sponding to the 480 nm emission band displayed a single peak

Nanoscale Adv., 2025, 7, 183-1194 | 1185
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at 372 nm whereas, the excitation spectrum for the 520 nm
emission exhibited an additional broad peak approximately in
the 304-380 nm region. Therefore, we can infer that the emis-
sion band at 480 nm is likely associated with monomeric or
loosely aggregated species,'*> whereas the emission band at
approximately 520 nm might be attributed to densely packed
aggregates.'>* Additionally, we investigated the fluorescence
properties of the CPN in varying ratios of THF-water mixtures. It
was noted that the fluorescence intensity slightly increased in
the presence of a 20% water fraction, while a 50% water fraction
resulted in fluorescence enhancement of the CPN. Further
increase in the water fraction, resulted in a significant dimi-
nution of fluorescence intensity with a blue shift (~36 nm) from
500 to 464 nm (Fig. S9T). Upon increasing the water fraction to
100%, a bathochromic shift in the emission spectra was
observed along with quenched fluorescence. This could

186 | Nanoscale Adv., 2025, 7, 1183-1194

probably be due to the m-m stacked structures of the fluo-
rophores upon aggregation, leading to a reduced band gap with
a red shift in their emission maxima.'>'® Nevertheless, the
concentration-dependent fluorescence spectra showed a dimi-
nution in the fluorescence intensity at the 520 nm band upon
successive dilution (Fig. S101). Similarly, as the temperature of
the solution gradually increased from 20 °C to 80 °C, we noted
a remarkable decrease in fluorescence intensity at the 520 nm
band, accompanied by a significant blue shift in the emission
maxima (Fig. 3b), likely due to the dissociation of pre-existing
aggregated structures. We also performed the Dynamic Light
Scattering (DLS) experiment of the CPN and the hydrodynamic
diameter was found to be 223.68 + 2.25 nm, suggesting the
formation of nanoscopic self-agglomerated species (Fig. S117).
The aggregated structures of the CPN were also evident in the
FE-SEM images (Fig. 3a, inset). The fluorescence decay profile of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the CPN showed a multiexponential decay profile both in THF
and water media with an average lifetime of ~1.48 ns and ~1.85
ns respectively (Fig. 4a). The presence of photoexcited species
with longer average lifetime values is indicative of the self-
assembly of probe molecules in the aqueous medium with
prominent mw-7 stacking interactions.'” Nevertheless, the UV-
Vis spectra of the CPN in THF (Fig. 2f) exhibit a major absorp-
tion band at 362 nm with a hump around 421 nm attributed to
m-m* transitions of the conjugated moiety and intramolecular
charge transfer (ICT) respectively. Whereas, in the thin film
state both the bands show a slight red shift to 368 nm and
around 445 nm (Fig. 2f). The ICT may originate from charge
transfer interactions between the electron-deficient triazine and
the pendant alkoxy group attached to thiophene. Moreover, the
CPN shows emission colors of blue with high quantum yields (¢
= 0.4) in THF.

Microenvironment-sensitive fluorescence response. In the
THF-water (v/v 1 : 1) mixture, the CPN exhibited an emission band
at 500 nm, which could probably be due to a long donor-acceptor-
type m-conjugated structure.”® The introduction of the ethylene
glycol sidechain in the probe may lead to increased solvation of
the excited state (S;), which consequently results in the excited
state of the probe experiencing more significant energy lowering,
leading to a reduced energy difference between the ground state
(So) and the excited state (S;). This reduction in energy difference
contributes to an increase in the emission wavelength (Amax)
during fluorescence emission.” On the contrary, the monomeric
unit of the CPN (Control 1, Scheme S1f) exhibited emission

© 2025 The Author(s). Published by the Royal Society of Chemistry

maxima in the lower wavelength region (~472 nm) (Fig. S127),
which could probably be due to the lack of extended conjugation
as compared to the CPN. The substantial differences observed
between the CPN and the control 1 highlight the enormous
potential of employing extended 7-conjugated networks for fluo-
rescent applications. In non-polar solvents, such as n-hexane, the
CPN exhibited sharp vibronic bands in the fluorescence spectrum.
Upon moving to moderately polar solvents, such as dioxane,
a subtle broadening was observed while retaining the presence of
two well-defined peaks at 406 and 427 nm (Fig. 4b). In non-polar
solvents, the vibronic emission spectra can be attributed to their
origin from the planar locally excited (LE) or Frank Condon (FC)
states. However, in solvents of comparatively higher polarity, such
as CH;CN, DMF, and DMSO, the fluorescence spectra displayed
significant broadening and a discernible redshift, probably
attributed to the Twisted Intramolecular Charge Transfer (TICT)
state.'””® Given that the electronic energy levels of the LE and TICT
states are not significantly different, these two states coexist in
solvents of moderate polarity.** Notably, our observations revealed
a significant reduction in the fluorescence intensity of the probe in
the presence of polar solvents, which could be due to the TICT
state being more susceptible to various non-radiative quenching
processes than the LE state.” To ascertain the involvement of the
TICT process, we recorded the temperature-dependent fluores-
cence response of the compound in THF : water (1 : 1) medium. As
the temperature increased, we observed a consistent rise in fluo-
rescence intensity, accompanied by a slight blue shift in emission
maxima (Fig. 4c). This observation could plausibly be due to the

Nanoscale Adv, 2025, 7, 183-1194 | 1187
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diminishing solvent polarity with increasing temperature, conse-
quently promoting the prevalence of a less twisted molecular
conformation of the CPN.**?* As the temperature increases, higher
vibrational bands within the TICT state become thermally acces-
sible, increasing the likelihood of radiative electron transitions
from these elevated TICT states back to the ground state.”® This
shift in transition dynamics causes a blue-shift in the emission
spectrum, as emissions originating from these higher-energy
vibrational bands become more prominent at elevated tempera-
tures.”® Furthermore, in less polar solvents, the TICT state is
destabilized, which results in a larger energy gap between the TICT
and Franck-Condon states. This is demonstrated by the observed
blue shift in probe emission spectra in the THF:water (1:1)
medium. We also investigated the effect of pH on the fluorescence
response of the CPN. In both acidic and basic pH, we observed
a significant quenching of fluorescence intensity (Fig. 4d), attrib-
utable to changes in the protonation equilibrium of the triazine
nitrogens.”” Notably, the incorporation of the triazine structural
unit significantly enhances the electron-accepting capacity in both
the excited and protonated states.®

Due to the presence of multiple rotatable groups within the
CPN, we were interested in investigating the effect of viscosity
on its photophysical properties. Notably, the fluorescence
intensity of the CPN exhibits a slight enhancement, along with
a slight blue shift with increasing glycerol content (Fig. S137) in
THF : water (1:1) medium. Additionally, we also investigated
the effect of viscosity in methanol medium (Fig. S141). We
observed a significant fluorescence enhancement at the 426 nm
band which is presumably due to the suppression of TICT
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emission owing to the inhibition of the rotational conformation
of the CPN, upon increasing the viscosity of the medium.*

Response to hypochlorite

Despite significant progress in the development of hypochlorite
sensing probes, many existing systems suffer from limitations
such as low selectivity, poor sensitivity, high detection limits,
and limited applicability in complex biological or environ-
mental matrices (Table S1t). Therefore, in our study, we inves-
tigated the sensing behavior of the CPN towards hypochlorite.
Initially, the fluorescence response of the CPN towards hypo-
chlorite in the aqueous medium (buffer pH 7) showed no
change upon the addition of NaOCl, probably due to the
quenching effect caused by the extensive aggregation of CPN
molecules in water (Fig. S151). Since THF : water (v/v 1:1) was
found to be the optimal solvent mixture in terms of balance
between the photophysical response and aggregation of the
CPN, we investigated the sensing behavior towards hypochlorite
in THF : water (1 : 1) medium. When the fluorescence spectra of
the CPN were recorded with an increasing amount of hypo-
chlorite (0-100 uM), a gradual decrease in emission intensity at
the 500 nm band, with a concomitant blue shift (~15 nm) and
an emergence of a new emission band at 424 nm was observed
(Fig. 5a). Likewise, fluorescence quenching upon hypochlorite
addition was also noted in acetonitrile (Fig. 5b) and ethanol
(Fig. S16t1) without any blue-shift of the emission maxima.
However, the degree of quenching observed was comparatively
less pronounced when compared to the quenching observed in
the THF : water medium. The saturation in the emission signal
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(a) Fluorescence spectra of the CPN (10 uM, A¢x = 365 nm) upon addition of NaOCl (0-100 pM) in THF : water (1: 1 pH 7) medium. (b)

Fluorescence spectra of the CPN (10 uM, Ao = 365 nm) upon addition of NaOCl (0-100 puM) in CHsCN. (c) Time-dependent changes in
fluorescence of the CPN (10 uM, Ay = 365 nm) with NaOCL (100 pM) in THF—water (1: 1 pH 7) medium. (d) Change in fluorescence intensity of the
CPN and control 1 (10 uM, Aex = 365 nm) at 520 nm and 472 nm upon hypochlorite addition (0-100 uM) in THF : water (1: 1 pH 7) medium.
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reached saturation at ~100 pM of hypochlorite addition. The
interaction of NaOCl with the CPN might result in the formation
of a product, which is structurally different from the CPN and
hence these structural differences could be responsible for the
fluorescence quenching observed. A similar observation was
evidenced by the Lei group and Honguo et al. who correlated the
hypochlorite-mediated fluorescence quenching to the forma-
tion of sulfone.>*° It has also been reported that the fluores-
cence of aromatic sulfoxides is less due to the non-radiative
decay pathways involving the oxidation of sulfur of the thio-
phene functionality.*** Furthermore, the average lifetime of the
CPN in THF : water medium decreased negligibly from 1.48 to
1.43 ns upon hypochlorite addition (Fig. S171). Despite the
substantial reduction in emission intensity, there was a negli-
gible decrease in the average lifetime of the CPN and it still
exhibited a multiexponential decay pattern, upon hypochlorite
addition.

Furthermore, the changes in fluorescence intensity at the
500 nm band were plotted against the concentration of added
NaOCl. We observed linear regressive plots indicating the reli-
ability of the present system in the quantitative detection of
NaOCl and the detection limit was found to be 1.2 nM in the
semi-aqueous medium. The time-course analysis was per-
formed by monitoring the changes in fluorescence spectra of
the CPN upon the addition of 10 equiv. of NaOCI. The kinetic
study revealed that the spectral changes reached saturation
within 12 minutes of NaOCl addition (Fig. 5c). The long
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response time could be possibly due to the co-existence of
multiple-step oxidation reactions toward hypochlorite.**

To mark the significance of the conjugated polymer network
in hypochlorite sensing, we employed control 1, which lacked
the conjugated polymer backbone. There was no significant
change in the emission spectra even when a higher amount (0-
100 pM) of hypochlorite was added to the solution (Fig. 5d and
S18t). This could be due to the absence of II-conjugated
extended functionalities and lack of multiple binding sites
and hence lack of signal amplification, consequently resulting
in insignificant emission change upon hypochlorite addition.
We were further interested in evaluating the effect of tempera-
ture on the detection of NaOCl, and hence we recorded
temperature-dependent fluorescence spectra of the CPN at 20 °©
C and 80 °C in the presence of hypochlorite (~100 uM). We
observed that at lower temperatures, the fluorescence intensity
quenches slightly but at higher temperatures, the fluorescence
intensity of the probe almost vanishes (Fig. 6a), suggesting that
the extent of interaction increases with increasing temperature.
This could probably be due to the de-aggregation of pre-formed
CPN aggregates at higher temperatures, which further improves
the sensing behavior towards hypochlorite ions. Additionally,
the hydrodynamic diameter significantly decreased to 125.28 £+
4.15 nm, suggesting a disruption of the aggregated structures,
upon the addition of NaOCl. To further corroborate this
observation, we obtained FESEM images of the probe in the
presence of NaOCl. The SEM images confirmed that the larger
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Fig. 6

(a) Temperature-dependent fluorescence spectra of the CPN (10 uM, Ax = 365 nm) at 20 °C and 80 °C in the presence of hypochlorite

(~100 puM) in THF—water (1:1 pH 7) medium. (b) Fluorescence titration of the CPN (10 uM, A, = 365 nm) with hypochlorite (0-100 pM) in the
presence of pH 2 buffer in THF—water (1: 1) medium. (c) Reversible interaction of CPN. NaOCl with Na,S in THF—water (1:1 pH 7) medium. (d)
Change in fluorescence intensity of the CPN (10 uM) in the presence of other competing analytes (500 uM) in THF—water (1:1 pH 7) medium.
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spherical aggregates disintegrated into smaller spherical
structures upon NaOCl addition, thereby supporting the
dissociation of the preformed nano aggregates (Fig. S197).
Interestingly, the CPN could detect hypochlorite, even in the
presence of acidic buffer (pH 2), which was evident by the
significant fluorescence quenching (~5-fold) in the THF : water
(1:1) medium (Fig. 6b). Furthermore, upon treatment of CPN.
NaOCl solution with Na,S, a ~5-fold fluorescence enhancement
was observed, which ultimately retained the original spectral
signature of the CPN, thereby suggesting a reversible interac-
tion between CPN. NaOCI and Na,S (Fig. 6¢). To comment on
the specificity, we recorded the fluorescence spectra before and
after adding various competitive analytes (10 equiv.) to the
semi-aqueous solution of the probe. The tested species didn't
show any significant change in the fluorescence response
towards the CPN (Fig. 6d). These results confirm the selective
sensing ability of the CPN specifically for hypochlorite without
significant interference from other competing analytes.

Mechanistic investigation

The sensing mechanism of the CPN towards hypochlorite was
comprehensively investigated using FT-IR, "H NMR, and ESI-MS
studies. As depicted in Fig. 7b, a new broad-band appeared at
1404 cm ™" in the FT-IR spectra of the probe upon hypochlorite
addition, which is the characteristic absorption of the sulfone
group, indicating the oxidation of the sulfur in the thiophene
unit of the CPN.** Furthermore,"H NMR spectra of the CPN with
and without NaOCI (6 equiv.) were recorded in the DMSO-d,
medium (Fig. 7c). In the presence of NaOCl, the spectra revealed
a noticeable downfield shift of proton signals near the sulfur
atom of the thiophene moiety, which could be attributed to the
deshielding effect of the O=S=O0 unit.** Furthermore, the ESI-
mass spectra also show a prominent peak at m/z = 1046.6
(Fig. 7a), which also provides evidence of the oxidized adduct.

Inkn
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The above results demonstrate that the observed
hypochlorite-promoted fluorescence spectral changes were
based on the reaction that involved the thiophene functionality
of the CPN. The initially observed intense fluorescence of the
CPN can be attributed to the Intramolecular Charge Transfer
(ICT) occurring within the 7-conjugated system. Upon the
introduction of hypochlorite, the oxidation of the thiophene
sulfur to sulfone occurs, resulting in the disruption of the
donor-acceptor system and native -conjugation arrangement
which induces alterations in the charge distribution within the
molecule,” thereby inhibiting the ICT process (Fig. 8a).*
Consequently, this leads to a fluorescence quenching accom-
panied by the emergence of a blue-shifted emission band, due
to the suppression of the ICT transition.**
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Fig. 8 (a) Plausible sensing mechanism of the CPN towards NaOCL. (b)

Fluorescence spectra of the CPN (10 uM, Aex = 365 nm) before and
after exposure to tap water in THF : water (1: 1) medium. (c) Images of
the color change of pre-coated test paper strips upon exposure to
increasing concentrations of hypochlorite (under UV light).
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Application to the real-life water samples and test paper strips

Detecting sodium hypochlorite (NaOCl) in water is important
due to its pivotal role in ensuring water quality and safety.
NaOCl is widely employed as a disinfectant in water treatment
processes, making its precise measurement crucial to prevent
the proliferation of harmful microorganisms and safeguard
public health. In this regard, we conducted hypochlorite
detection in real water samples, such as tap water. We per-
formed the fluorescence measurements in the THF-water (tap
water, 1:1) mixture. In tap water, the probe molecule showed
~3-fold emission quenching as compared to distilled water
(Fig. 8b), which could be due to the presence of NaOCl in tap
water.

In addition, we prepared a series of NaOCl solutions with
known concentrations (10 pM to 100 uM) in tap water. For each
concentration, we measured the response of the CPN probe
sensor under identical conditions. The fluorescence intensity of
the probe was plotted against the corresponding NaOCl concen-
tration, resulting in a linear calibration curve over the tested range
(Fig. S201). This curve has a strong correlation coefficient (R* =
0.98), and the recovery values were calculated to be in the range of
97.8-102.6%, demonstrating the sensor's high sensitivity to
NaOCl concentration in tap water. Furthermore, to validate the
practical application of our sensor system in detecting hypo-
chlorite in complex water samples, we applied this standard curve
to an industrial waste sample with an unknown NaOCI concen-
tration. The procedure involved collecting the wastewater sample,
filtering using a 0.2 pm membrane to remove any particulate
matter, and subjecting it to the same experimental conditions as
those used for the standard curve generation.”” Following up, we
recorded the fluorescence response of the CPN towards the
industrial wastewater sample. The fluorescence intensity of the
probe was then compared to the standard curve, allowing us to
determine the exact concentration of hypochlorite present in the
wastewater sample. This approach not only quantifies the hypo-
chlorite levels but also demonstrates the sensor's capability to
function effectively in real-life water matrices, where interference
from other compounds may be present.

Moreover, due to the limited availability of laboratory facil-
ities in remote areas, there is a critical need to devise alternative
methods for detecting hypochlorite that do not rely on sophis-
ticated instrumentation. In this regard, we have employed
paper strips coated with the CPN. These test strips exhibited
bright cyan fluorescence when exposed to UV light (>365 nm).
Intriguingly, upon immersion in THF-water (1:1) solutions
containing increasing concentrations of hypochlorite, the strips
showed a remarkable fluorescent color change from cyan to
blue (Fig. 8c). Hence, such easily prepared test strips hold
promising potential for visually detecting the presence of
hypochlorite.

Live cell imaging

Hypochlorite is generated through the peroxidation of chloride
ions catalyzed by myeloperoxidase (MPO), mainly located in
neutrophils, macrophages, and monocytes.*® Besides, hypo-
chlorite as reactive oxygen species (ROS) plays crucial roles in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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physiological and pathological processes.*® Considering these
factors, we explored the potential of the devised probe CPN to
detect CIO™ ions in biological systems (live cells).

Cellular internalization studies. The RAW 264.7 cells were
treated with 70 uM CPN and the probe got internalized inside
the cells after 2 h treatment. Bright blue fluorescence was
emitted from the cells at 450 nm and the emission intensity was
gradually increased with the increased concentration from 70
UM to 500 pM with an intensity of 43.97 + 2.3 to 84.54 + 4.1
respectively (Fig. 9a). Surprisingly, after the incubation period
of 4 h, the quenching in the fluorescence was observed with an
increase in the concentration of the compound, with an emis-
sion intensity of 11.87 £ 1.6 to 0.23 % 0.05 for concentrations 70
UM to 500 uM respectively as shown in Fig. 9a. The quenching
may be due to the reaction time of the CPN with the endogenous
hypochlorite present in the cells. As per our analysis, a sufficient
amount of the CPN got internalized after 2 h thereby showing
bright blue fluorescence. With the increase in the incubation
time of the CPN, the CPN reacts with the endogenous hypo-
chlorite, thus quenching in fluorescence was observed. The CPN
concentration of 70 uM was used for further experiments.

Nevertheless, we have evaluated the potential comparison of
hypochlorite detection in normal cells to validate the selectivity
of our probe. It is well-documented that cancer cells and
macrophages typically exhibit elevated levels of reactive oxygen
species (ROS), including hypochlorite, due to their altered
metabolic and redox states. In our current study, we focused on
RAW 264.7 cells (macrophages) to evaluate the probe's ability to
detect hypochlorite produced during the immune response. As
normal human cells do not produce hypochlorite, we conducted
a comparative study using the HEK-293 cell line to test whether
the probe would be internalized in non-ROS-producing cells.

From our results (Fig. S21}), we observed that the fluores-
cence was not detectable in the case of HEK-293 cells when
treated with a concentration of 70 pM (of the CPN) for 2 h and
4 h, under the same optimized conditions used for our primary
experiments. This suggests that the CPN probe selectively
accumulates in cells that produce more hypochlorites. These
findings support the hypothesis that our probe is selective for
the cells capable of generating hypochlorite, such as macro-
phages, and does not interact with normal human cells such as
HEK-293 that lack this capability.

Effect of glucose-induced cells/4-ABAH treated cells. The
glucose-induced cells treated with the CPN (70 uM) had shown
complete quenching in fluorescence after a 4 h time point with
an emission intensity of 2.79 + 0.08 (Fig. 9b). Under glucose
conditions, the cells produce more hypochlorite endogenously,
and the complete quenching in the fluorescence may be due to
the reaction of the CPN with excess hypochlorite present in the
cells. To further validate the sensing application of the CPN, the
cells were treated with 4-ABAH to eliminate and block the
production of hypochlorite inside the cells. As expected, the
time-dependent increase in the fluorescence was observed with
an emission intensity of 42.39 £ 3.1 and 78.35 4.2 at 2 h and
4 h treatment respectively (Fig. 9c). The unavailability of
endogenous hypochlorite in the cells led to the enhancement of
emission fluorescence of the internalized CPN.
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Fig. 9 (a) Confocal fluorescence imaging of endogenous hypochlorite in living RAW 264.7 cells using the CPN. Cells were incubated with
compounds (70 uM, 100 uM, and 500 uM) for 2 h and 4 h. Blue channel images were obtained from 450 to 480 nm. The average fluorescence
emission intensities were quantified from the blue channel images of the cells. (b) Fluorescence images of glucose-exposed cells after 2hand 4 h
treatment with the compound (70 pM), and bar graph displaying the emission intensity. (c) Confocal fluorescence images of RAW 264.7 cells
treated with the 4-ABAH blocker (200 pg) followed by CPN (70 uM) incubation for 2 h and 4 h with their emission intensities. Scale bar 100 pm.
Mean + SD, n = 3. The data are represented as P < 0.001 as ***, ns — no significance.

Cytotoxicity by MTT assay and IC50 determination. An MTT Colocalization evaluation using Lyso-Tracker Deep Red
assay was conducted to assess the cytotoxicity of the probe in
RAW 264.7 cells following the reported procedure.* The probe
was tested at a concentration of 70 uM across different time
points — 2 h, 4 h, 12 h, and 24 h. The results (Fig. S22b¥) indi-
cated that the probe exhibited minimal cytotoxicity for a 2 h
incubation period for sensing, with cell viability remaining
=85%. However, at the extended time points of 12 h and 24 h,
an increased cytotoxicity was observed (Fig. S22at). The probe
needs to be further modified to reduce its toxicity if the sensing

application needs a longer period for the in vivo system. Based To evaluate the specific accumulation of the probe in phag-
on these findings, it can be concluded that for sensing appli- olysosomes, we conducted a co-localization experiment using

cations, using this probe within shorter incubation periods (up Lyso-Tracker Deep Red (0.1 pM), a commercially available
to 4 h) should not pose significant toxicity concerns.

Based on our experimental observations, the CPN probe
primarily localizes to regions where hypochlorite production is
known to occur. In RAW 264.7 macrophages, hypochlorite is
predominantly produced in phagolysosomes, which are formed
through the fusion of phagosomes and lysosomes during the
immune response. Given the role of phagolysosomes in hypo-
chlorite production, we hypothesize that the CPN probe accu-
mulates in these compartments, where it can effectively detect
hypochlorite as it is generated.

Colocalization
Bright field Fluorescent Mitotracker Merged image scatterplot

Opm 25 Opm 25 Oum 25

Fig. 10 (a) Bright field and fluorescence images of RAW 264.7 cells treated with the probe CPN (70 pM) and Lyso-Tracker Deep Red (0.1 pM).
Cells were treated with the CPN (70 uM) for 2 h and subsequently with Lyso-Tracker Deep Red (0.1 uM) for 1 h. Scale bar: 25 pm. Images were
captured using a Leica DMI8 fluorescence microscope with 40 x magnification.
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lysosomal tracker, to co-stain RAW 264.7 cells along with the probe
(70 uM) (Fig. 10). The fluorescence images of the probe and Lyso-
Tracker Deep Red showed significant overlap, with a Pearson's
correlation coefficient of 0.90, indicating strong co-localization.
These results demonstrate that the probe localizes well in
lysosomes, confirming its accumulation in the appropriate
cellular compartment where hypochlorite production occurs.

Conclusion

In the present study, we have introduced a fluorescent conju-
gated polymer network (CPN), designed specifically for the ‘turn
off’ detection of hypochlorite in a semi-aqueous medium. The
CPN was found to form self-assembled aggregated structures in
aqueous medium. Moreover, due to the presence of multiple
rotatable moieties extending via the polymer backbone, the
CPN displayed LE and TICT emissions in non-polar and polar
solvents respectively. The response mechanism was elucidated
by monitoring changes in its structure using LCMS and '"H NMR
spectra, which indicates that the selective interaction of hypo-
chlorite with the CPN was mainly ascribed to the oxidation of
thiophene sulfur to sulfone, which consequently results in the
disruption of ICT within the CPN. To extend the practicability of
the present system, we employed cost-effective test paper strips
and also detected hypochlorite in real life water-samples.
Furthermore, the bio-imaging experiments demonstrated the
sensing capabilities of the CPN in selectively detecting endog-
enous hypochlorite within RAW 264.7 macrophage cells. To
validate the endogenous sensing of hypochlorite in macrophage
cells, we have employed glucose-induced cells so that the
endogenous hypochlorite production increases. On the other
hand, we have also used 4-ABAH as a hypochlorite inhibitor. In
both cases, we found that the CPN could selectively detect
hypochlorite ions endogenously.
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